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Physical Oceanography Division 
 
 
The Physical Oceanography Division (PhOD) is part of the Atlantic Oceanographic and 
Meteorological Laboratory (AOML) together with the Ocean Chemistry and Hurricane Research 
Divisions. The Physical Oceanography Division carries out interdisciplinary scientific investigations 
of the physics of ocean currents and water properties to assess and monitor the state of the ocean. The 
goal of PhOD is to strengthen our scientific understanding of the state of the ocean and its link to 
ocean dynamics, extreme weather events, fisheries, and ecosystems, by enhancing our observational 
work, research, technological development, and science communications. The tools used to carry out 
these studies range from sensors on deep ocean moorings to satellite-based instruments to 
measurements made on research and commercial shipping vessels and autonomous vehicles, and 
include data analyses and numerical modeling as well as theoretical approaches. 
 
Some of the major areas of research are in PhOD: 
 
    * The dynamics and variability of ocean currents; 
    * The redistribution of heat, salt, and momentum through the oceans; 
    * The interactions between oceans, atmosphere, and coastal environments 
    * The link of the state of the ocean on hurricanes and tornadoes; 
 
To learn more about the work we do, please see the PhOD web site: 
 

http://www.aoml.noaa.gov/phod/index.php 
 

The following pages provide highlights of PhOD ongoing research projects that are either led by or 
involve PhOD investigators together with essential science support personnel from NOAA and from 
University of Miami/Cooperative Institute for Marine and Atmospheric Studies (CIMAS).  Many of 
these projects are also led by or involve investigators from other AOML Divisions and national and 
international institutions. For additional details about these projects, please contact the AOML 
investigators working on the projects, the PhOD website, or the list of publications at the end of this 
report. 
 

 
 

National Oceanic and Atmospheric Administration (NOAA) 
Atlantic Oceanographic and Meteorological Laboratory (AOML) 

Physical Oceanography Division (PhOD) 
4301 Rickenbacker Causeway 

Miami, Florida 33149 
                       305.361.4420 
 
 
 

http://www.aoml.noaa.gov/phod/index.php
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50 Management and Conservation of Atlantic Bluefin Tuna (Thunnus Thynnus) and other 

Highly Migratory Fish In the Gulf of Mexico under IPCC Climate Change Scenarios: A 
Study Using Regional Climate and Habitat Models 

51 Toward Developing a Seasonal Outlook for the Occurrence of Major U.S. Tornado    
       Outbreaks 
52 High-Resolution Ocean-Biogeochemistry Modeling for the east and Gulf Coast of the U.S. 

in Support of the Coastal Monitoring and Research Objectives of the NOAA OA Program 
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processes in the northern Gulf of Mexico 
54 Variability and Predictability of the Atlantic Warm Pool and Its Impacts on Extreme Events 
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Regional Tropical Cyclone Prediction System 
59 2km resolution data-assimilative simulation of the Gulf of Mexico 
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60 Deep Ocean Data Retrieval System 
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Additional PhOD information 
 
62   Shipboard Surveys of Regional and Worldwide Field Operations 
64   National and International Partners 
65   Publications 
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Selected key applications on divisional work 
 
 
Improved prediction of extreme weather events 

 
 
 

 
Together with national and international 
partners, PHOD leads efforts to investigate 
how the oceans are linked and/or impact 
tornadoes, hurricanes, rainfall and floods, 
droughts, heat waves, and monsoons. 

 
 
 
 
 
 

 
 
 
 
Improving hurricane forecasts 
 

 
 
 
The ocean plays a critical role in the genesis and intensification of Atlantic hurricanes. PHOD 
partners with other NOAA Line Offices to carry out sustained observations from moorings, 
research ships, underwater gliders, drifters, and ocean profilers to improve hurricane intensity 
forecasts.   
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Improving fish stock assessments of highly commercial species 

 
 
 
PHOD partners with NOAA National Fisheries 
Service scientists to provide ocean 
environmental conditions, which is critical for 
determining favorable conditions for species 
such as the Atlantic bluefin tuna. 
 
 
 

 
 
 
 
 
 
Provide rapid response in support of environmental emergencies 

 
 
AOML carried out the only research cruise to assess 
the potential pathways to the Florida Keys and US 
east coast during the Deepwater Horizon incident. In 
partnership with NOAA/NESDIS, AOML provides 
daily global ocean currents to the NOAA National 
Ocean Service Office of Response and Restoration 
for debris tracking, oil spills, search and rescue, etc 
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Research in Support of Service 
 
Protecting marine life 

 
In partnership with the NOAA 
National Fisheries Service PHOD 
leads the efforts to maintain the 
Mandatory Ship Reporting System to 
reduce the risk of ship strikes with 
northern Right Whales. 
 
 
 

Search and Rescue 
 
 
 
Crew of the M/V Cape Nelson and survivors from 
the fishing vessel Abound that sank 625 miles off the 
coast of San Francisco on October 26, 2005. This 
rescue was facilitated through a PHOD partnership 
with National Weather Service and the United States 
Coast Guard. 

 
 
 

 
Marine weather 

Together with the National Weather 
Service, PHOD contributes to the 
acquisition and transmission of global 
marine weather observations from 
volunteer ships, the largest source of 
marine weather observations. These 
observations are routinely used by the 
Tropical Analysis and Forecasting 
Branch of the National Hurricane Center 
to forecast the track and intensity of 
hurricanes. 
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Argo Profiling Floats 
Molly Baringer, Claudia Schmid and Silvia Garzoli 
 
 

Argo is an international program designed to deploy and maintain an array of 3,000 profiling 
floats to monitor the upper 2 km of the global ocean. Argo is an international program designed 
to monitor quantitative changes in the state of the upper-ocean and patterns of ocean climate 
variability from months to decades using an array of more than 3,000 profiling floats.  Argo data 
is used to initialize and assimilate into ocean-atmospheric forecast models, model testing and 
verification as well as direct quantitative estimates of oceanic heat and freshwater storage and 
transport.  AOML uses this data to examine water circulation pathways and diagnose the 
dynamics of the circulation in order to better understand the processes of air-sea interaction and 
climate variability. AOML plays several roles in the Argo project: a) AOML is the US Argo 
Data Assembly Center (DAC); b) AOML contributes to logistical efforts related to the 
deployment of Argo floats in the Atlantic Ocean, and c) AOML performs the last stage of the 
scientific quality control. The DAC collects all the US Argo data, processes them in real-time 
and makes them available to the operational centers and scientists in real-time through Global 
Telecommunication System (GTS) and the two Argo Global DACs. To achieve this, the US 
DAC has developed and maintained an automatic system for decoding, quality control, and 
distribution of data obtained from the US Argo floats, which runs in a 24/7 mode. The US DAC 
participates in the International Argo Data Management Team, which is in charge of issues 
related to developing standards for ensuring a high quality of the data, and in the International 
Argo Steering Team. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the cycle typical of an Argo float, a 
float starts at the surface and dives to 
a depth of 1000 meters (the parking 
depth) where it rests for 9 to 10 days. 
After 9 days at rest it dives to a depth 
of 2000 m, turns on its sampling 
equipment and measures ocean 
properties as it rises to the surface 
where it rests for sufficient time to 
transmit the data collected to Argos 
or Iridium satellite systems. It then 
returns to the parking depth to start 
another cycle, the typical duration of 
a complete cycle is 10 days. 
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The Global Drifter Program 
Satellite-tracked Surface Drifting Buoys 
Rick Lumpkin and Renellys Perez  
 

 
NOAA’s Global Drifter Program (GDP) is the principal component of the Global Surface 
Drifting Buoy Array, a branch of NOAA's Global Ocean Observing System and a scientific 
project of the Data Buoy Cooperation Panel. Its objectives are to:  

1. Maintain a global 5°x5° array of ~1300 satellite-tracked surface drifting buoys to meet the 
need for an accurate and globally dense set of in-situ observations of mixed layer currents, sea 
surface temperature, atmospheric pressure, winds and salinity, and  

2. Provide a data processing system for scientific use of these data.  

These data support short-term (seasonal to interannual) climate predictions as well as climate 
research and monitoring. These surface drifters are also used to collect barometric pressure 
observations for improved weather forecasting. 

 NOAA's Atlantic Oceanographic and Meteorological Laboratory houses two vital components 
of the Global Drifter Program: the drifter Data Assembly Center and the Drifter Operations 
Center.  These components of the GDP coordinate deployments, process the drifter data, archive 
the data, maintain metadata files describing each drifter deployed, develop and distribute data-
based products, and maintain the GDP website at: http://www.aoml.noaa.gov/phod/dac. 

 

 
 
Recent status of the global drifter array.  The instantaneous size of the array varies according to regional deployments and 
fluctuations in death rate, while the annual average is maintained at close to ~1300 drifters. 

  

http://www.aoml.noaa.gov/phod/dac
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Western Boundary Time Series Program   
Molly Baringer, Christopher Meinen, and Silvia Garzoli  
 
 
 
Climate studies using observational data require long time series in order to capture the 
interannual and decadal fluctuations associated with climate variability.  One of the premier 
long-term time series for study of the Atlantic Meridional Overturning Circulation (AMOC) 
phenomenon is the record of transport and water mass variability in the Florida Current/Gulf 
Stream and the Deep Western Boundary Current (DWBC) collected as part of the NOAA 
Western Boundary Time Series (WBTS) program.  This program began in 1982 by collecting 
daily estimates of the Florida Current transport via a submarine cable and via regular shipboard 
sections near 27°N in the Straits of Florida.  In 1984 the program expanded to begin monitoring 
the DWBC east of the Bahamas along 26.5°N.  Some of the technologies used in the intervening 
25+ years have changed with time, but this program has produced a critical nearly-continuous 
time series of ocean transport that is used in validating nearly all ocean models used for study of 
climate variability. The important long records collected by this program have also proven 
invaluable for determining time scales of variability for phenomenon such as the AMOC – the 
bulk of which is carried in the Florida Current and DWBC at these latitudes.  The Florida 
Current is presently still monitored using a submarine cable and routine shipboard 
measurements, while the DWBC is monitored using a line of four pressure-equipped inverted 
echo sounders (PIES) and one current-and-pressure-equipped inverted echo sounder (CPIES) 
along with annual hydrographic cruises.  Furthermore, the WBTS project has served as the 
cornerstone of the international RAPID/MOCHA program to measure the basin-wide, full-water-
column, transport of the AMOC at 26.5°N using a combination of cable, PIES/CPIES, tall 
subsurface moorings, and hydrographic sections.. 
 

 
 
                 Summary locations of continuous time series components of the Western Boundary Time Series program 
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CLIVAR Repeat Hydrography/CO2 Inventories 
Molly Baringer  
 
 

Together with Drs. Rick Wanninkhof and Jia-Zhong Zhang of the Ocean Chemistry Division, 
this program aims to reoccupy selected trans-basin sections previously occupied over the last 50 
years to document changes in heat, fresh water, carbon, nutrients, oxygen, and trace gases in the 
ocean.  Sections, selected based on their historical record and geographic importance for 
capturing ocean circulation features, are occupied by NOAA and NSF investigators with the aim 
of approximately decadal repeats along each line.  Despite numerous technological advances 
over the last several decades, ship-based hydrography remains the only method for obtaining 
high-quality, high spatial and vertical resolution measurements of a suite of physical, chemical, 
and biological parameters over the full water column.    
  
Ship-based hydrography is essential for documenting ocean changes throughout the water 
column, especially for the deep ocean below 2 km (52% of global ocean volume).  Hydrographic 
measurements are needed to:  

• reduce uncertainties in global fresh water, heat, property and sea-level budgets,  
• determine the distributions and controls of natural and anthropogenic carbon (both 
organic and inorganic),  
• determine ocean ventilation and circulation pathways and rates using chemical tracers,  
• determine the variability and controls in water mass properties and ventilation,  
• determine the significance of a wide range of biogeochemically and ecologically 
important properties in the ocean interior, and  
• maintain the historical database of full water column observations necessary for the 
study of long-timescale changes (figure).  

 
 
 
 
 
 
 
 
 
 
 
 
 
Contour plots of O2 (top); 
Dissolved Inorganic Carbon 
(DIC) in the Florida Straits 
along 27N.  These are the 
types of measurements 
obtained in the Clivar/Go-
Ship program that help to 
provide estimates of the 
amount of carbon and 
oxygen that are transported 
in the ocean.  Note the 
‘uplift’ of low oxygen and 
high DIC towards the east 
coast of Florida. 
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The XBT Network  
Gustavo Goni, Shenfu Dong and Molly Baringer 
  

 

The Ship Of Opportunity Program (SOOP) is an international effort that supports the 
implementation of a network of cargo vessels, cruise ships, and research vessels to deploy 
scientific instruments that collect oceanographic observations. The most important component of 
this effort is the Expandable Bathy Thermograph (XBT) network. XBTs are deployed along 
fixed pre-established transects, which are repeated at least 4 times per year, to measure water 
temperature profiles from the sea surface to a maximum depth of 850 m. The XBT network 
currently in place has been recommended by the international scientific community during.  The 
countries that provide the largest contributions to this program are the United States, Australia, 
France, South Africa, Brazil, Germany, Italy, and Japan.  In average, approximately 20,000 are 
deployed per year, of which AOML is involved in some aspect of the logistics, operations, data 
processing, etc, of about 90% of them.  AOML leads or co-leads with its international 
collaborators the implementation and operations of 12 Atlantic Ocean transects. 
 

These XBT temperature measurements are used to monitor changes of key surface and 
subsurface currents, to study meridional heat transport in all ocean basins, and to supplement 
other observational platforms to assess the variability of the upper ocean heat content. All XBT 
transects have been justified base on our understanding of how the upper ocean dynamics and 
thermal structure may be linked to long-term climate signals, extreme weather events, ecosystem 
assessments, etc.  Most of the data obtained though this project are distributed into the GTS 
within 24 hours of its acquisition, providing critical input for weather and climate forecasts 
models and scientific applications. XBT data are distributed to NOAA/NODC and to other data 
distribution centers. 
 

This project also involves activities aimed to the continuous development of new technologies in 
support of the operations carried out as part of the XBT network. During recent years the 
engineering group at AOML has developed new equipment for the automatic deployment of 
several models of XBTs during cruises with high rate of deployments, for the transmission of 
data in real-time using different satellite networks, and for the substitution of several components 
to carry out cost-effective operations.  In addition, AOML scientists continue working on XBT 
fall rate studies and collaborating with Lockheed Martin Sippican to develop a new, upgraded, 
XBT probe that will be able to provide climate quality observations. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Recommended XBT network 
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Thermosalinograph Operations  
Gustavo Goni and Francis Bringas 
 
The Thermosalinograph (TSG) operation is one of the components of the Ship Of Opportunity 
Program (SOOP) at AOML. TSGs are instruments that continuously measure the sea surface 
temperature and sea surface salinity along a ship’s track. Research vessels gather TSG 
observations from various regions of the global ocean, while ships of opportunity – cruise and 
cargo vessels – obtain long time series of temperature and salinity data for frequently-repeated 
transects. AOML’s TSG operations are based on obtaining data from NOAA’s fleet of research 
vessels, and from ships of opportunity.  TSG data have enhanced global data collection efforts 
for close to 20 years and have been critical to understanding long-term changes in the marine 
environment. SOOP’s TSG observations have many applications, in climate and ocean dynamics 
research, determination of boundary regions in ocean currents, and as input for climate and 
weather forecast models. One component of the TSG operation supports efforts of the global 
inventory of carbon dioxide in the oceans, a project led at AOML by Dr. Rik Wanninkhof. In 
collaboration with other NOAA laboratories, universities, and the international partners, AOML 
acquires and distributes TSG data of more than 20 ships.  
 
Data are received in real-time mode, typically one file per day containing 24 hours of data, and 
are subjected to quality-control procedures. Quality-control approved TSG records are 
distributed on the Global Telecommunication System (GTS) in real-time. The data are archived 
at the National Oceanographic Data Center (NODC) and at the French Research Institute for 
Exploration of the Sea (IFREMER), France.  

 

 
 
 

Location of TSG observations by AOML and other institutions during 2001-2014. TSG observations obtained from the NOAA 
fleet are predominantly gathered off U.S. coastal regions and represent more than 5.5 million records, of which more than 35% 
are located at latitudes above 45N. TSG observations obtained from ships of opportunity comprise more than 10.5 million 
records in the Atlantic Ocean, with more than 2 million records obtained at high latitudes 
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AMVER SEAS Program 
Gustavo Goni, Caridad Gonzalez, Francis Bringas, and Pedro Peña 
 
 

The Shipboard Environmental (data) Acquisition System (SEAS) is a Windows-based, real-time 
data acquisition and transmission system developed at AOML in 2001 with the assistance of 
NOAA’s Office of Marine and Aviation Operations. This software enables various types of 
atmospheric and oceanographic data to be obtained from ships and transmitted in real-time to 
AOML for quality control. The data are subsequently transmitted to the Global 
Telecommunication System and several operational databases for use by scientists as input to 
weather and climate forecast models. A major component of SEAS is the acquisition of ocean 
data using Expendable BathyThermographs (XBTs).  AOML, the National Weather Service 
(NWS), and the Scripps Institution of Oceanography are the principal users of the SEAS 
software. 
 
The NWS uses SEAS software to generate and transmit marine meteorological (MET) 
observations. Over 400 vessels operated by NOAA, the University-National Oceanographic 
Laboratory System (UNOLS), the Coast Guard, and vessels participating in NOAA’s Volunteer 
Observing Ship Program, participate in reporting MET observations, which contain atmospheric, 
oceanographic, and position data acquired both manually and automatically by shipboard 
sensors. More than 200,000 SEAS MET observation bulletins are transmitted annually. 
 
Additionally, the Coast Guard uses AMVER reports, along with SEAS MET observations, to 
support their AMVER vessel search and rescue program. The SEAS software creates a series of 
reports that include a ship’s medical personnel, point of departure, route, positions underway, 
and arrival to help locate able vessels near vessels in distress. Over 14,000 AMVER reports are 
transmitted annually to the Coast Guard.  These reports have helped rescue more than 2,100 
people during the last seven years; SEAS accounts for nearly 20% of the Coast Guard’s AMVER 
reports. The SEAS is used for data transmissions by different NOAA line offices with 
applications to physical, biological, and meteorological marine studies.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Location of oceanographic (yellow=XBTs, green=TSGs) and meteorological (red) observations transmitted 
with SEAS  during 2007. 
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The Mandatory Ship Reporting System 
Paul Chinn, Ricardo Domingues  and Gustavo Goni 
 

The North Atlantic right whale has shown no significant signs of recovery over the past 60 years 
despite being a protected species. Ship strikes account for nearly one third of all known right 
whale mortality. In an effort to reduce the number of whales killed or injured by ship strikes, the 
United States proposed the creation of the Mandatory Ship Reporting system (MSR) to educate 
merchant mariners on the plight of the right whale, and to provide information about reducing 
the risk of ship strikes. The MSR was formally adopted in December, 1998, through the 
Resolution A.858(20), and commenced its operation on 1 July 1999. It requires all commercial 
vessels heavier than 300 gross tons to report to the Coast Guard upon entering two designated 
report areas: (1) the northeast area includes the waters off Cape Cod Bay, Massachusetts Bay, the 
Great South Channel, and the Stellwagen Bank National Marine Sanctuary; (2) the southeast area 
includes waters within 25 nautical miles of the coast along a 90 nautical mile stretch of the 
Atlantic seaboard in the vicinity of the Florida/Georgia border. 

AOML houses the SEAS Programs, which  is used for oceanographic and meteorological 
observations transmissions. This program structure is now being used as the basis for the new 
MSR. AOML has been awarded with the development, management and housing of the MSR, 
version 2.0. Reports sent by ships upon approaching the two designated areas are received 
through e-mail (RightWhale.MSR@noaa.gov) or Telex (236737831), processed and stored in the 
MSR 2.0 database, and the system immediately returns a whale location report providing the 
mariner with information on how to reduce the risk of collisions with whales. The outgoing 
message also provides latest right whale sighting information derived from NOAA-operated 
whale surveys. 

The information collected by the MSR 2.0 database yields data on ship traffic volume, routes, 
and ports of call and assists in tailoring any necessary future ship strike mitigation measures. It 
also enables the generation of reports about the ship compliance with the U.S. MSR. 

 

 
       
                 On the (left) North Atlantic right whale with calf, (center) Whales North area, and (right) Whales south area 
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Meridional Overturning Circulation and Heat Transport Array / 
Rapid Watch Climate Change Program 
Molly Baringer and Christopher Meinen  
 
"An outstanding problem in the oceanic sciences is the rate of heat and freshwater transport from the 
equator to the poles, for it is this transport which powers the Earth's weather and climate system."  Keffer 
and Holloway, Nature (1988).  
  
The Meridional Overturning Circulation (MOC) and Heat-flux Array (MOCHA) is a 
collaborative project, partnered with the Rapid Watch Climate Change Program (UK RAPID), to 
measure the MOC and ocean heat transport in the North Atlantic Ocean (see figure). These 
transports are primarily associated with the thermohaline circulation. Simply put, warm waters 
move poleward at the surface of the ocean, where they cool and sink, to return equatorward in 
the deep ocean.  Climate models suggest that the MOC in the Atlantic, and the accompanying 
oceanic heat flux, vary considerably on interannual time scales. In addition to abrupt climate 
change scenarios in which the MOC can virtually shut off (Manabe and Stouffer, 1993; Vellinga 
and Wood, 2002), the “natural” interdecadal variation may range from 20% to 30% of its long-
term mean value, according to some models (e.g., Hakkinen, 1999). However, until recently no 
direct measurement system had been put in place that could provide regular estimates of the 
Meridional Overturning Circulation to determine its natural variability or to assess these model 
predictions. Such a system is now deployed along 26.5°N in the Atlantic as part of the joint 
U.K./U.S. RAPID-MOCHA program, which has been continuously observing the MOC since 
March 2004.  
 

 
Estimates of Atlantic Ocean 
meridional overturning circulation 
from the Argo/Altimetry estimate at 
41°N (black; Willis 10), the 

RAPID-WATCH/MOCHA/WBTS 
26°N array (red; McCarthy et al. 
2015), and the German/NOAA 
MOVE array at 16°N (blue; end et 
al. 2011) shown versus year. All 
time series have a three-month 
second-order Butterworth low-pass 
filter applied. Horizontal lines are 
mean transports during similar 
time periods as listed in the 
corresponding text. Dashed lines 
are trends for each series over the 
same time period. For the MOVE 
data, the net zonal and vertical 
integral of the deep circulation 
represents the lower limb of the 
MOC (with a negative sign for 
southward flow) and hence a 
stronger negative southward flow 

represents an increase in the MOC. The light grey lines show the ECCO2-derived transports: (top) thin grey is the 41°N 
transport, thick grey is the 26°N transport, (bottom) shows the negative meridional overturning circulation in the model for ease 
of comparison with the 16°N  
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Southwest Atlantic Meridional Overturning Circulation Array 
Christopher Meinen, Silvia Garzoli, Renellys Perez and Shenfu Dong  
 
 
 
Variations in the Atlantic Meridional Overturning Circulation (AMOC) in both the North and 
South Atlantic have been shown to relate to changes in important climate variables including 
precipitation and surface air temperatures as well as hurricane intensification, heat waves, and 
other extreme weather events.  The AMOC consists primarily of vertical and north-south flow in 
the oceans, with new deep waters forming in the high latitudes, particularly in the northern North 
Atlantic, and surface waters flowing from around the globe to replace the sinking deep waters.  
Direct knowledge of how the AMOC varies is limited due to the difficulty in making the 
necessary basin-wide measurements.  Scientists in PhOD have been at the forefront of this 
challenging field, working with national and international partners to develop and implement 
several critical measurement systems that provide data on the AMOC at important locations.  
One such project is the Southwest Atlantic Meridional Overturning Circulation (“SAM”) array; 
the SAM project involves a line of moored pressure-equipped inverted echo sounders (“PIES”) 
deployed along 34.5°S near the continental slope of South America.  This project, funded by the 
NOAA Climate Program Office – Climate Observations Division, has been measuring the key 
western boundary components of the AMOC at 34.5°S since March 2009.  AOML-PhOD has 
been maintaining the SAM PIES array together with partners in Argentina and Brazil, and the 
initial successes have led to a broader coalition of countries including France and South Africa 
who have augmented the SAM array with both additional western boundary moorings and with 
eastern boundary moorings, producing a true trans-basin AMOC array. 

Time series of the volume transport of the upper limb of the AMOC across 34.5°S calculated following the methods 
described in Meinen et al. (2013).  Data from the AOML-PhOD SAM project are used together with the parallel 
French-South African “GoodHope” project to produce these daily (gray) and 30-day low-pass filtered (red) time 
series.  Other data from the global ocean observing system, including Argo profiles and satellite observations, are 
used to augment the moored instruments in creating this time series. 
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The PIRATA Northeast Extension:  
Observing Tropical Atlantic Ocean Variability 
Rick Lumpkin, Claudia Schmid, Gregory Foltz and Renellys Perez  
 
 
The Prediction and Research moored Array in the Tropical Atlantic (PIRATA) is a joint project 
of Brazil, France, and the United States.  PIRATA aims to improve our knowledge and 
understanding of ocean-atmosphere variability in the tropical Atlantic.   Implementation of 
PIRATA started in 1997 with an array of backbone moored ATLAS buoys, similar to the 
Tropical Atmosphere-Ocean (TAO) array of the equatorial Pacific. Starting in late 2005, 
extensions were added to the backbone array in key regions, including the US-led PIRATA 
Northeast Extension (PNE). 

The PIRATA backbone of buoys (red squares), the Northeast Extension (blue stars) led by the United States, the 
Southwest Extension (green circles) led by Brazil, the Southeast Extension serviced with French ship time (yellow 
triangle), and island-based observation sites (green crosses). Buoys with barometers and longwave radiometers, 
capable of estimating net ocean/atmosphere heat fluxes, are indicated with black circles. 

 
PNE is a joint AOML and PMEL effort that has extended the array into the tropical North 
Atlantic, a region of strong climate variations with impacts upon rainfall rates and storm 
landfalls for the surrounding regions of Africa and the Americas.  Important processes in this 
region include the formation of Cape-Verde type hurricanes, seasonal migration of the 
Intertropical Convergence Zone (ITCZ) and the Guinea Dome, interannual to decadal variations 
of the ITCZ migration associated with rainfall anomalies in Africa and the Americas, off-
equatorial heat advection by Tropical Instability Waves, and overturning-related ventilation of 
the oxygen minimum zone.  AOML organizes and leads the annual cruises to maintain the buoy 
and collect a suite of meteorological and oceanographic observations in the region, while PMEL 
provides the equipment and technicians for the mooring operations. 
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Hurricane Underwater Gliders in the Caribbean Sea and Tropical 
North Atlantic Ocean  
Gustavo Goni and Sang-Ki Lee 
 

This is a multi-institutional effort that brings together the research and operational components 
within NOAA and members of the university community to implement and carry out sustained 
and targeted ocean observations using underwater gliders in the Caribbean Sea and the 
southwestern tropical North Atlantic Ocean. The upper ocean thermal structure in this region has 
been linked to rapid intensification of hurricanes, and to the seasonal Atlantic hurricane activity. 
However, there are only a few (<300) upper ocean thermal observations carried out per year in 
this region. This project provides 4,500 to 5,500 profile observations per year. The main 
objectives of this work are to implement upper ocean observations using underwater gliders to 
evaluate their impact on and to improve: (1) hurricane intensity forecasts and (2) hurricane 
seasonal forecasts; using a combination of these new sustained observations, targeted 
observations, data analysis, and current NOAA operational forecast models. The first mission of 
the AOML underwater glider operations was successfully carried out between July-November 
2014. During this mission, 2800 temperature and salinity profiles were collected including 
observations obtained under hurricane wind conditions.  

   

 

(left) Underwater Glider. (right) The two regions (bounded with red lines) where Seagliders will be deployed. Tracks of Cat. 1-5 
cyclones (in grey) in a region of the Atlantic Warm Pool during 1993-2011, with circles indicating the location of their 
intensification. The background color is the Tropical Cyclone Heat Potential (proportional to the upper ocean heat content). 
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AOML South Florida Studies 
Elizabeth Johns and Ryan Smith 
 
 

AOML's Physical Oceanography and Ocean Chemistry and Ecosystems Divisions (PhOD and 
OCED) have conducted regular interdisciplinary shipboard observations of south Florida coastal 
waters since the early 1990's as part of the AOML South Florida Program (SFP).  The 
collaboration has enabled scientists and resource managers to keep a watchful eye on the 
sensitive marine habitats found in the region and has served as a sentinel during periods when the 
ecosystem has been subjected to extreme events such as hurricanes, harmful algal blooms 
(HAB), and more recently, potential oil spill contaminants and Mississippi River intrusions.  
Additionally, the AOML SFP has produced a comprehensive, long-term baseline regarding 
regional circulation, salinity, water quality, and biology for the ecosystem.  These data have been 
the only regular, synoptic measurements of these inter-related parameters throughout the 
southwest Florida shelf, Biscayne and Florida Bays, and the Florida Keys reef tract.  The AOML 
SFP integrates data from environmentally and economically important areas, including three 
national parks (Biscayne, Everglades, and the Dry Tortugas) as well as the Florida Keys National 
Marine Sanctuary (FKNMS). 
 

The SFP field program has provided NOAA the ability to quickly sample extreme events, which 
have originated both locally (e.g. "black-water", HABs) and remotely (e.g. tropical cyclones, oil 
spills), by adapting/modifying routine sampling via ships and small boats.  Originally designed 
to fulfill NOAA's responsibility to South Florida Ecosystem Restoration and the ongoing 
Comprehensive Everglades Restoration Plan (CERP), the AOML SFP remains a key component 
of NOAA's contribution to CERP and more recently has served as an important element in 
NOAA's response to the Deepwater Horizon oil spill. 
 

As NOAA develops a new coordinated 
long-term science plan for the Gulf of 
Mexico, it will be important to 
incorporate regional coastal 
components such as the AOML SFP 
into the larger mosaic. The 
development of baseline metrics for 
the larger region will have to rely 
heavily on existing data assembled 
from the few observational programs 
already operating throughout the Gulf. 
Management and maintenance of long-
term environmental records such as the 
AOML SFP data time-series is critical. 
These data are required to determine 
the natural system spatial and temporal 
variability, and are a precursor to 
quantifying and assessing the impacts 
of the more intermittent, extreme 
events which can affect the region. 

 

Continuous shipboard measurements of sea surface salinity gathered over 
the SFP domain for a representative cruise conducted in February 2011. 
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Figure 1. Left panel: a project acoustic Doppler current profiler (ADCP) mooring and mooring site locations at PO-A (northern 
Dry Tortugas), PO-B (southern Dry Tortugas), and PO-C (Pulley Ridge). Right panel: the eFKEYS-HYCOM model domain with 
markers indicating project mooring site locations. The model, nested within a larger Gulf of Mexico (GOM) HYCOM, has 26 
layers and a resolution of 900-meters. 

Connectivity of the Pulley Ridge and the South Florida Coral Reef 
Ecosystem 
Ryan Smith and George Halliwell 
 
 

Scientists from AOML’s Physical Oceanography Division (PhOD), in conjunction with more 
than 30 researchers from multiple universities and two NOAA Cooperative Institutes, are 
studying the connectivity between Pulley Ridge and the larger south Florida coral reef 
ecosystem. West of the Dry Tortugas in the Florida Keys, Pulley Ridge is a mesophotic reef on 
the southwest Florida shelf (Fig. 1). Until recently, the physical and biological connections of 
deeper reefs, such as Pulley Ridge, with the shallower reefs of the Dry Tortugas and Florida 
Keys National Marine Sanctuary (FKNMS) have not been considered when planning 
management strategies for the region. PhOD collaboration in this multi-year project is supported 
by AOML and NOAA’s Center for Sponsored Coastal Ocean Research (CSCOR). 
 
This interdisciplinary research program is led by the University of Miami and focused on three 
principal themes: population connectivity, community structure, and ecosystem value. The 
population connectivity theme is comprised of four subgroups: the regional physical 
oceanography (model and observations), a biophysical model, population genetics, and a 
population dynamics model. PhOD scientists are involved with the physical oceanography 
subgroup. This arm of the project is tasked with the management and subsequent data processing 
and analysis of a moored current meter array deployed at Pulley Ridge and the Dry Tortugas 
between August 2012 and June 2015 (34 months). The subgroup is also responsible for the 
development of a new 900-meter resolution HYCOM-based model for the project (extended 
Florida Keys, eFKEYS-HYCOM). The in situ mooring data are being used for model validation. 
In turn, many of the products obtained from the eFKEYS-HYCOM, which include real-time 7-
day forecasts of circulation, sea surface height (SSH), and sea surface temperature (SST), are 
supporting the other program subgroups (including the biophysical model) with the data needed 
to further examine the biological connections between Pulley Ridge and the FKNMS. 
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Biophysical Connectivity in the Intra-Americas Sea 
Ryan Smith and Elizabeth Johns 
 
 

Over the past 14 years, AOML/PhOD and the Southeast Fisheries Science Center - Early Life 
History laboratory (SEFSC/ELH) have worked in collaboration to study regional biophysical 
linkages at several locations within the Caribbean Sea and Gulf of Mexico (Intra-Americas Sea). 
PhOD - ELH partnered field programs typically include biological sampling combined with 
standard physical sampling methods. This approach provides greater insight to scientific and 
management questions regarding larval recruitment pathways than biological sampling alone. 
 

Many of these partnerships 
have included work in the 
western Caribbean and 
Gulf of Mexico (GOM) 
targeted at improving our 
understanding of regional 
larval dispersal and 
recruitment connections 
for important pelagic (e.g. 
Atlantic Bluefin tuna, 
ABT) and reef fish (e.g. 
grouper, snapper, and 
parrotfish) species. By 
expanding the search for 
larval ABT outside of their 
known spawning grounds 
in the GOM, scientists will 
be able to improve larval 

habitat models for the species. Additionally, gaining a better understanding of the biophysical 
connectivity of coastal resources, such as the Mesoamerican reef system, the reefs of 
northwestern and southwestern Cuba, and the Florida Keys reef tract will help scientists 
determine what component of recruitment of reef fish species to these areas is due to regional 
biophysical connections versus self-recruitment within an individual site. 
 
These collaborative endeavors have also focused on the northeastern Caribbean Sea, where 
transport of larval reef fish across the Puerto Rico and US Virgin Islands (PR/USVI) shelf and 
through passages between the islands is poorly understood. The natural dispersal of these newly 
spawned larvae is affected by many factors, including bottom regime, island/shelf/bank 
geometry, tides, small-scale retention mechanisms, mesoscale eddies, and larger-scale mean 
fields such as wind-driven transport. This work is designed to help scientists and resource 
managers gain a better understanding of how managed and non-managed areas of the US 
Caribbean and surrounding region (British Virgin Islands and Leeward Islands) are linked via the 
highly variable flow across this region, and to determine what economically important larval reef 
fish dispersal and recruitment pathways exist as a result. An improved understanding of region-
wide coral reef ecosystem connectivity is required for the development of effective long-term 
adaptive fisheries management strategies in the US Caribbean.  

Figure 1. A 10-day composite of sea surface height, overlaid with surface current velocity 
vectors from hull-mounted acoustic Doppler current profiler (ADCP) measurements, is 
shown above for April 26 through May 5, 2015. Velocity vectors are show in black along 
the NOAA Ship Nancy Foster NF-15-02/03 cruise track for the period. Over the western 
portion of the map, meso-scale eddy circulation and dominant current systems (Yucatan, 
Loop, and Florida) are prevalent, while the surface conditions offshore southeastern Cuba 
are characterized by lower velocity small-scale eddy circulation. 
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Satellite Ocean Monitoring 
Gustavo Goni, Joaquin Trinanes, and Francis Bringas 
 
 

PhOD distributes on its web server (www.aoml.noaa.gov/phod/satprod) several products for 
climate and weather studies. The data used to derive these products come from a wide array of 
observing platforms such as satellite-derived sea height anomaly and sea surface temperature, 
temperature profiles from profiling floats and expendable bathythermographs, and surface 
currents from drifters.  Real-time global geostrophic surface currents, tropical cyclone heat 
potential, and long term time series of important oceanographic variables are available through 
the PhOD website. 
 
CoastWatch to OceanWatch 
 
CoastWatch is a National Oceanic and Atmospheric Administration program that provides 
remotely sensed satellite and other environmental data to government decision makers and 
academic researchers.  In a collaborative effort with NOAA/NESDIS, the Caribbean/Gulf of 
Mexico Regional Node is hosted at NOAA/AOML.  This node is one of several sites throughout 
the United States set up for the processing and distribution of information in near real-time. The 
primary data source for CoastWatch data is the Advanced Very High Resolution Radiometer on 
the NOAA series polar orbiting weather satellites. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Altimeter-derived geostrophic currents are posted in real-time with surface drifter trajectories 
superimposed. These fields can be obtained from: 
http://www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE/index.html 
Altimeter-derived geostrophic currents overlaid over the dynamic height field for September 7, 
2009. Drifter trajectories for the period UGUST 25 – September 7, 2009, are superimposed. 

http://www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE/index.html
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The Use of Satellite Derived Oceanographic Data for Fish Stock 
Assessment in the Gulf of Mexico 
Gustavo Goni, Francis Bringas and Ricardo Domingues 
 

 
In collaboration with Dr. David Lindo (RSMAS) and researchers from NOAA’s Southeast 
Fisheries Science Center (SEFSC), ocean parameters and data of fish catches are being used to 
investigate the link between ocean dynamics and stock assessment of several species in the Gulf 
of Mexico.  The oceanographic data includes sea surface temperature (SST), sea height anomaly 
(SHA), chlorophyll a and derived products, such as eddy kinetic energy (EKE) and sea surface 
height (SH). The data of catches correspond to bluefin tuna (BFT), yellowfin tuna (YFT) and 
swordfish (SWO) and were obtained from a U.S. longline fleet operating in the Gulf of Mexico. 
A methodology based on the oceanographic observations was developed to determine whether 
captures occurred in regions of anticyclonic or cyclonic features, frontal locations, or in Gulf 
common waters. Results show that catches of BFT, YFT and SWO were not homogeneous in 
space and time as reflected by their Catch-Per-Unit-of-Effort (CPUE). BFT catches seem to be 
associated with temperatures below 27.2°C, while YFT catches were associated with higher 
temperatures. BFT CPUE showed a ‘dome shape’ response to SHA, SH, SH gradient, ocean 
color, and EKE with highest values associated with the frontal areas of the cyclonic rings. BFT 
CPUE was zero in areas associated with anticyclonic rings. Lower fishing effort in areas 
dominated by anticyclonic features diminished the capability of drawing sound conclusions from 
the relationship between CPUE and these features. The qualitatively different responses of the 
CPUE of BFT, YFT and SWO to oceanographic features could be used to locate specific areas 
where the catches of a certain target species could be enhanced while reducing the incidental 
catch of non-target species. At the present time, estimation procedures used to standardize catch 
rates (CPUE) for the US pelagic longline fleet do not include environmental observations. 
Identifying the oceanographic features that affect catch rates is the first step towards the 

incorporation of environment effects in 
the process of stock assessment and 
ecosystem based management. 
 
 
Captures of bluefin tuna, yellowfin tuna and 
swordfish are linked with the oceanographic features 
in the region. Each location is labeled according to 
the ocean dynamics: anticyclonic feature, cyclonic 
feature, frontal region, or common waters, based on 
values of sea height and on the horizontal gradient of 
sea height. The most important features of the region 
are revealed by the field of sea height, where 
cyclonic and anticyclonic rings and the main 
location of the Loop Current can be observed. 
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Dual Salinity Drifters: Investigating the Processes Contributing to 
the Salinity Differences between Aquarius and in situ Measurements 
Shenfu Dong, Denis Volkov, Gustavo Goni, Rick Lumpkin, and Gregory Foltz 

 
Sea surface salinity (SSS) measurements provide valuable observations to study the global 
hydrological cycle and, thus, advance our understanding of the Earth’s climate system as a 
whole. Prior to their application in climate studies, space-borne SSS measurements need to be 
compared with in situ salinity in order to assess the accuracy of remote sensing products and, 
ultimately, to improve the satellite SSS retrieval algorithms. The direct comparison, however, is 
challenged by the fact that microwave radiometers onboard satellites measure salinity at a depth 
of 1 cm, whereas in situ measurements of SSS are taken at depths from 1 to 5 m. Knowledge of 
the near-surface salinity structure is, therefore, fundamental for interpreting the differences 
between satellite and in situ SSS measurements. 
 
The ultimate goal of this project is to maximize the value of the SSS measurements provided by 
satellites. In order to reach this goal, we have established the following two specific objectives: 
(1) validate satellite SSS retrievals, and (2) investigate the surface salinity stratification in the 
upper 5 m of the ocean. In particular, we aim to explore the effect of salinity differences at the 
two measurement depths on the salinity differences between satellites and Argo. 
 
To accomplish the two objectives of our investigation, we deployed an array of salinity drifters 
in the subtropical South Pacific (3), and the South Atlantic (3). Additional six salinity drifters 
will be deployed in the Eastern Tropical Pacific in 2016 and 2017. Each drifter is equipped with 
two conductivity/temperature probes at 15-20 cm and 5 m depth. These drifters are specifically 
designed for this project. The drifter records will provide a valuable data set to validate satellite 
SSS retrievals and to improve our knowledge of the near-surface salinity structure. Ultimately, 
better SSS product will advance our understanding of the global climate system. In total, we will 
deploy 12 drifters. Eight out of these 12 drifters are contributed by NOAA/AOML.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Trajectories of the three salinity drifters deployed in the subtropical South Pacific in April/May 2015. White triangles indicate 
the location of deployments. Color map shows the mean sea surface salinity from the World Ocean Atlas 2013. 
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Monitoring of the Gulf of Mexico Conditions during the Deepwater 
Horizon Oil Spill 
An AOML - wide effort 
 
As part of NOAA's mission to study the role of the ocean in climate and ecosystems, AOML 
scientists have for many years been devising methods and tools to allow for the real-time 
monitoring of ocean conditions.  Following the Deepwater Horizon explosion in April 2010, 
AOML mounted a scientific response effort building upon these capabilities.  A web portal 
(http://www.aoml.noaa.gov/phod/dhos) was designed to provide data and graphical products 
about ocean currents, sea surface temperature, sea level, ocean color, and particle displacement, 
obtained using direct ocean measurements, remote observations collected via satellite, and 
outputs from numerical models.  AOML and NMFS/SEFSC organized an oceanography 
workshop in Miami on July 1-2, 2010, where observations, methods, and strategies were 
discussed.  AOML scientists also participated on spill related research panels lead research 
cruises focused on assessing the extent of the spill in the greater Gulf of Mexico and the potential 
for entrainment via the Loop Current to downstream ecosystems, and published scientific 
manuscript related to the ocean conditions during the oil spill. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Upper left:  Altimetry-derived Gulf of Mexico surface currents, available via the web portal.  Upper right and lower left: Cruise 
tracks and sampling operations conducted on AOML oil spill response cruises.  Lower right: AOML and SEFSC personnel 
prepare a neuston net to sample for tar balls. 

http://www.aoml.noaa.gov/phod/dhos
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Ocean Stratification and the Intensification of Tropical Cyclones 
Gregory Foltz  
 
This project is in collaboration with scientists at Pacific Northwest National Laboratory. 
Traditional metrics of tropical cyclone heat potential are based on a vertical average or integral 
of temperature down to a fixed depth or isotherm, respectively. These static methods however do 
not accurately account for tropical cyclone-induced vertical mixing, which depends critically on 
the upper-ocean stratification and wind strength. In this project, a simple new “dynamic heat 
potential” was derived that is based on considerations of stratified fluid turbulence. An analysis 
of tropical cyclones for the 10-year period 2004-2013 and spanning the entire Northern 
hemisphere shows that while previous methods explain 0%-16% of the variance in tropical 
cyclone intensification rates, the dynamic heat potential explains 11%-32%. Furthermore, it was 
found that if salinity is removed from the dynamic heat potential the variance explained for 
major tropical cyclones decreases by as much as 7%. Future work will involve developing 
methods to obtain near-real-time subsurface temperature and salinity profiles from satellite-based 
surface temperature, salinity and sea level with the goal of introducing dynamic heat potential 
into operational tropical cyclone intensity forecasts. 
 

 
 
(A) Dynamic heat potential, (B) comparison to traditional heat potential, and (C) contribution of salinity to dynamic heat 
potential.  
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An Enhanced XBT probe  
Marlos Goes and Gustavo Goni 
 

Expendable BathyThermograph (XBT) observations account for a large percentage of the  
existing global ocean temperature record. Historical temperature differences between XBT and 
conductive- temperature-depth (CTD) profiles are found in the historical record, which are 
mostly due to time variable XBT depth biases. These biases account for most of the apparent 
interannual variation of heat content in the ocean, and therefore, may influence the ability of 
climate models to better simulate the ocean heat uptake. 
Traditional XBT probes do not contain pressure sensors. Depth is estimated according to a semi-
empirical quadratic relationship between the time of descent and depth, known as the fall rate 
equation (FRE). According to the manufacturer, systematic errors associated with XBT 
temperature measurements are typically a linear bias of ± 2% of depth, a depth offset of ± 5m, 
and a temperature accuracy of ±0.15°C. The objective of this work is to produce a new XBT 
probe which will produce temperature profiles with a temperature precision of ~ 0.02°C and a 
maximum depth bias of ~ 2m, comparable to Argo measurements. Scientists and engineers from 
NOAA/AOML along with Lockheed Martin Sippican engineers are carrying out theoretical and 
sea experiments to design a new Climate Quality XBT (CQ-XBT) system. The CQ-XBT system 
will consist of three main improvements upon its predecessor:  
1) The inclusion of pressure switches in the XBT probes (Figure) will reduce the depth biases 

associated with the FRE. Results from a theoretical study (Goes et al., 2013) show that given the 
typical XBT depth biases, using two pressure switches is a reliable strategy for reducing depth 
biases, and that the measurements should be taken in the lower thermocline and deeper in the 
profile.  
2) Improved thermistor calibration to reduce pure temperature errors. Several sea trials have 

already been carried out in the tropical and North Atlantic oceans aiming at testing different 
thermistor calibration methods. 
3) An updated firmware to accommodate all the changes, as well as be capable to work with 

previous systems. 

 

Schematic of the depth correction using pressure 
switches. During the descent of the XBT probe (probe not 
to scale), a temperature profile is produced. Pressure 
switches installed in the probe are triggered at various 
depths, and the recorded measurements P1, P2,..., Pn 
correct the profile to the actual depths 
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Expendable Bathythermograph Fall Rate Equation 
Marlos Goes, Gustavo Goni, and Francis Bringas 
 
Analyses of concurrent Expendable Bathythermograph (XBT), Conductivity, Temperature, and 
Depth (CTD) and Argo float observations are being carried out, to systematic differences in 
temperature to assess profiles, which is likely due to an error in the XBT fall-rate equation. This 
error has introduced a warm bias in the global XBT data base. AOML is participating with the 
international community to evaluate these biases. Results obtained from this and other studies 
indicated that new coefficients the XBT fall rate equation may need to be used. A methodology 
was developed at AOML to identify and estimate systematic biases between XBT and Argo 
observations using satellite altimetry.  Pseudo-climatological fields of isotherm depths are 
computed by least squares adjustment of in–situ XBT and Argo data to altimetry–derived sea 
height anomaly (SHA) data.  In regions where the correlations between isotherm depth and SHA 
are high, this method reduces sampling biases in the in-situ observations by taking advantage of 
the high temporal and spatial resolution of satellite observations. The increase in XBT minus 
Argo differences with depth is consistent with known problems in the XBT fall rate equation.  
Least-squares fit of the depth-dependent XBT minus Argo differences suggests a global 3% bias 
in the XBT depths with respect to Argo.  The depth-dependent 3% error is robust among the 
different ocean basins confirming that the terminal velocity is a problem in the XBT instruments. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scatter plot of the differences between 
the pseudo-climatological isotherm depth 
estimates as a function of depth for the 
global ocean. The depth axis 
corresponds to the pseudo-climatological 
isotherm depth derived from Argo.  
Positive hXBT – hArgo differences indicate 
that the XBT estimates result in deeper 
isotherms for the period 2000–2007. Red 
dots correspond to significant biases, 
while gray dots to not significant biases. 
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Tropical Atlantic Current Observations Study   
Renellys C. Perez, Gregory Foltz, Rick Lumpkin, Claudia Schmid 
                                     
 
Hurricane activity in the Atlantic Ocean and rainfall over the neighboring continents are strongly 
impacted by coupled ocean-atmosphere interactions in the tropics. Fine-vertical-scale (less than 
10 m) variations in the upper ocean velocity impact sea surface temperature and air-sea fluxes in 
the tropical North Atlantic through their contributions to vertical turbulent mixing and horizontal 
advection of heat and salinity. It is therefore critical to understand how the upper ocean velocity 
is modified by wind forcing events on daily to interannual (year-to-year) timescales, and by 
ocean phenomena such as tropical instability waves on daily to monthly timescales.  
 
As part of the Tropical Atlantic Current Observations Study (TACOS), the PIRATA Northeast 
Extension (PNE) mooring at 4°N, 23°W in the tropical Atlantic will be augmented with ten 
acoustic current meters. The current meters will begin collecting data in February 2017.  The 
instruments will collect velocity measurements at 5 m intervals from the surface to 40 m depth 
and with larger spacing (10 to 20 m intervals) between 40 m and 100 m depth. With the real-time 
data collected during this experiment, we will be able to measure for the first time the fine 
vertical structure and shear of surface mixed layer currents at 4°N, 23°W and examine their 
connections to local air-sea fluxes and upper-ocean heat and salinity changes, using near-surface 
meteorological and subsurface temperature and salinity data already collected by the buoy.  

  
 
Schematic of the depths of the Tropical Atlantic Current Observations Study (TACOS) current meters (CM) relative to the depths 
of temperature (T), conductivity (C), and pressure (P) measurements made by the standard PNE ATLAS mooring.   
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Meridional heat Transport in the South Atlantic reveals links with 
global monsoons 
Hosmay Lopez, Shenfu Dong, Sang-Ki Lee and Gustavo Goni  
 
Although the majority of efforts to understand the dynamics of the Atlantic Meridional 
Overturning Circulation (AMOC) and its climate and weather impact are focused on the North 
Atlantic, recent studies have suggested the possibility of the southern origin of the anomalous 
AMOC and associated meridional heat transport in the Atlantic. The objective of this study is to 
illustrate that multi-decadal variability of South Atlantic meridional heat Transport (SAMHT) 
plays a key role in modulating global atmospheric circulation via its influence on 
interhemispheric redistributions of momentum, heat, and moisture. Weaker SAMHT at 30°S 
produces anomalous ocean heat divergence over the South Atlantic, resulting in cooler ocean 
surface temperature about 20 years later. This drives an anomalous Hadley circulation, 
transporting atmospheric heat from the Northern Hemisphere (NH) to the Southern Hemisphere 
(SH) and moisture from the SH to the NH, thereby modulating global monsoons. This study 
illustrates that decadal variations of SAMHT could modulate the strength of global monsoons 
with about 20 years in advance, suggesting that SAMHT is a potential predictor of global 
monsoon variability. In summary, all NH summer monsoons are enhanced during a weaker 
SAMHT. The results presented in this study highlight the need and value of sustained ocean 
observational efforts, necessary to improve our knowledge of the complex interaction between 
the South Atlantic Ocean and global climate variability and monsoons. 
a) 
 

 

b) 

 
a) Illustration of the role of weaker-than-normal SAMHT in atmospheric circulation at 20 years lead-time. Weakened SAMHT is 
shown by thick black arrow. This results in a cooler than normal South Atlantic Ocean (purple shade) which produce an 
anomalous Hadley circulation labeled by counterclockwise circulation. The lower branch of the circulation (red arrow) brings 
warm and moist air from the Southern Hemisphere (SH) to the Northern Hemisphere (NH). This circulation sense produces 
ascent and precipitation in the NH thus enhancing the NH monsoons. b) (left-column) seasonality of precipitation and 850mb 
winds for the monsoon regions. (middle-column) composite difference of JJAS precipitation (shaded) and 850mb wind for each 
monsoon region with respect to weak minus strong SAMHT at lead-time 20 years after the anomalous SAMHT. Blue stipples 
indicate regions where n differences are significant at 95% confidence level. (right-column) Lag-lead Spearman ranked 
correlation between SAMHT and NH monsoon index. The blue dashed lines depict the 95% significance level. Negative lag 
indicates periods when SAMHT leads the NH monsoon index. Periods with significant correlation between the SAMHT and 
monsoon are shaded blue. 
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Assessment of the Meridional Overturning Circulation and 
Meridional Heat Transport and their Meridional Variability in the 
South Atlantic Ocean 
Gustavo Goni and Shenfu Dong 
 
 

This project is geared towards making use of the 20+ years of continuous altimetry 
measurements combined with satellite-derived sea surface temperature (SST) and in situ data to 
estimate the MOC and MHT in the South Atlantic and to investigate their latitudinal and 
temporal changes in the South Atlantic. 
 

To accomplish these goals, this work includes several well-defined components: 

• Estimation of the temporal evolution of the MOC/MHT at every 5° of latitude from 20°S 
to 35°S since 1993; 

• Assessment of the error of the above estimates through comparisons with XBT-derived 
estimates at 35°S and with CLIVAR A10 section estimates at 30°S; 

• Assessment of the individual contributions of the geostrophic and Ekman components to 
the MOC/MHT at different latitudes; 

• Investigation of year-to-year and inter-annual variability of the MOC/MHT and of their 
components (e.g., Ekman/geostrophic, gyre/overturning, boundary currents/interior, 
eddies/large-scale flow) and investigate potential links with wind forcing; 

•  evelopment of South Atlantic 20-year proxies against which the performance of ocean 
general circulation models (e.g. HYCOM) and coupled climate models (e.g. CCSM4 and 
GFDL CM 2.1 and 2.4) can be evaluated;  

 
 
                         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               
 

         MOC and MHT estimated from high-density XBT line (AX18, black line) and satellite altimeter measurements (red line). 
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Meridional Heat Transport Variability in the Atlantic Ocean 
Shenfu Dong, Molly Baringer, Silvia Garzoli, and Gustavo Goni                 
 
 

The Atlantic Ocean Heat Transport is estimated and monitored to diagnose and understand ocean 
circulation variability, identify changes in the Meridional Overturning Circulation (MOC) and to 
monitor for indications of possible abrupt climate change. The Atlantic Ocean is the major ocean 
basin involved in large-scale northward transports of heat typically associated with the MOC 
where warm upper layer water flows northwards, and is compensated for by southward flowing 
North Atlantic Deep Water. This large-scale circulation is responsible for the northward heat flux 
through the entire Atlantic Ocean.  
 
In recent results, the variability of the Atlantic Meridional Overturning Circulation (AMOC) and 
its effect on the net northward meridional heat transport (MHT) in the South Atlantic are 
examined using a trans-basin expendable bathythermograph (XBT) High Density transect at 
35°S (AX18).  An update to this time series is shown in the Figure below.  The mean MHT is 
0.59 ± 0.15PW and no significant trend is observed from 2002 to 2011.  The MOC varies from 
13.7 to 25.6Sv with a mean value of 19.3 ± 2.8Sv and the maximum overturning transport is 
found at a depth that is deeper than that in the North Atlantic (mean depth of 1250m). Statistical 
analysis suggests that an increase of 1 Sv in the MOC leads to an increase of the MHT of 0.04 ± 
0.01 PW.  
 

 
 
                   Time series of the MHT (black) and the AMOC (red) along nominally 35°S for the time period 2002 to 2011. 
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Meridional Volume and Heat Transport in the South Atlantic  
Claudia Schmid, George Halliwell and Sudip Majumder

 
 
The Atlantic Meridional Overturning Circulation (MOC), consisting of a northward flow  
of warm water in the upper layer and southward flow of cold water in the deeper layers, plays an  
important role in the global energy balance. The Atlantic MOC transfers heat from the tropics 
and southern hemisphere to the north, and is believed to be linked to several climate phenomena 
such as past climate change, hurricane intensity in the North Atlantic and anthropogenic climate 
forcing. Even though the South Atlantic plays a key role by transporting heat from the south 
towards the equator, and includes large areas where water masses from different oceans mix, this 
ocean is historically poorly sampled compared to the North Atlantic.  
 

This project aims at understanding the variability of Meridional Overturning volume and heat 
transports (MHT) across four different latitudes in the South Atlantic using Argo observations, 
satellite altimetry and wind products. Results from the observations are analyzed in conjunction 
with model-based estimates from three different models with data assimilation. Time series and 
mean values of transports are obtained, seasonality (Figure 1), interannual variations and 
correlations between the overturning volume and heat transports (Figure 2) are examined.   
 

Results reveal differences in seasonality of MOC in observations and model-based estimates.  
Mean transports from the observations are often higher than the model estimates; the main 
exception of this are transports from HYCOM.  Estimates from the models not only differ 
observations in mean strengths and seasonality, but the MOC strengths at the boundary and the 
interior vary greatly in different models.   

                                                                                                                                                                                                                                                                                                      
                   
HYCOM are not shown for 25oS.  
 
 
Continuous Records of the Mixed Layer Heat Budget in the  
 

Figure 1                                                                         Figure 2   
Climatological annual ccyle of anomalies of MOC strengths               Scatter plot of MOC strengths against MHTs from across 
35oS, 30oS, 25oS, and 20oS from Argo & SSH (black),                        Argo & SSH.  Straight lines are the corresponding 
 NCEP/GODAS (blue), SODA (cyan) and HYCOM                            linear fits. latitudes: 20oS (magenta), 25oS (red),  
(red). Shading indicates 95% confidence interval. Results from           30oS (blue) and 35oS (black). 
HYCOM are not shown for 25oS.  
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Tropical Atlantic 
Gregory Foltz, Claudia Schmid, and Rick Lumpkin 
 
The tropical Atlantic Ocean and surrounding continents have experienced several extreme 
climate events during the past two decades that have resulted in once-in-a-century droughts in 
the Amazon, extreme drought and flooding in Northeast Brazil, and unprecedented hurricane 
activity in the Atlantic basin. Almost all of these extreme events have been connected to highly 
anomalous sea surface temperatures in the tropical Atlantic. However, the mechanisms driving 
the extreme SST fluctuations are poorly known.  

Empirical analyses of SST variability in the tropical Atlantic usually rely heavily on data 
from satellites, atmospheric reanalyses, and global hydrographic profiles. Direct measurements 
from the Prediction and Research Moored Array in the Tropical Atlantic (PIRATA) are used 
much less frequently, despite the generally higher quality of the atmospheric measurements 
compared to those from satellites and reanalyses, and the enhanced temporal sampling rate of all 
PIRATA data. Part of the reason is that data from the PIRATA moorings is more difficult to 
interpret because of the presence of occasional gaps and biases in the time series. 
 A powerful quantitative tool for assessing the mechanisms responsible for SST variability 
is mixed layer heat budget analysis. In this project we aim to address gaps and biases in the 
PIRATA records and avoid inconsistencies in the parameters chosen for heat budget analyses. 
The resulting product will be a consistent and continuous data set containing the main terms in 
the mixed layer heat budget of the tropical Atlantic Ocean during 1998-2015. The data set will 
consist of daily time series of each heat budget component from each of the 17 moorings of 
PIRATA. The product will be valuable for assessing the causes of extreme climate events in the 
tropical Atlantic, for validating ocean and climate models, and for diagnosing biases in coupled 
climate model simulations.  

 
June 2010 SST anomaly (shaded over ocean) and JJAS 2010 rainfall anomaly (shaded over land). Black squares show the 
positions of the PIRATA moorings. 
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Changes of the salinity in the upper ocean  
Claudia Schmid                                                                                                                               
 
This project is a collaborative effort between AOML and colleagues from NCEI and PMEL (G. C. 
Johnson, J. Reagan, J. M. Lyman, T. Boyer and R. Locarnini).  
 

Salinity patterns, both long-term means and their variations, reflect ocean storage and transport 
of freshwater, a key aspect of global climate (e.g., Rhein et al. 2013).  Ocean salinity 
distributions are largely determined by patterns of evaporation, precipitation and river run off 
(e.g., Schanze et al. 2010). In some high latitude regions, sea ice formation, advection and 
melting are important (e.g., Petty et al. 2014). The result is relatively high surface salinity in the 
subtropics where evaporation dominates and fresher SSS values under the Intertropical 
Convergence Zones and in the subpolar regions where precipitation is stronger. These fields are 
further modified by ocean advection (e.g., Yu 2011). In the subsurface, fresher subpolar waters 
slide to intermediate depths, underneath saltier subtropical waters, which are in turn capped at 
low latitudes by fresher tropical waters (e.g., Skliris et al. 2014). Salinity changes in these layers 
quantify the increase of the hydrological cycle with global warming over the recent decades, 
likely more accurately and directly than analysis of E–P estimates (Skliris et al. 2014). 
 

The project aims to detect and analyze changes of the salinity in the world oceans. For example, 
in 2005-2015 the near surface salinity in the Pacific gradually increased resulting in a transition 
from a negative anomaly to a positive anomaly in 2008. A reversal of this trend is detected in 
2014 to 2015. This and other features are discussed in the salinity section of the BAMS issue on 
the state of the ocean. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Average monthly salinity anomalies from 0-1500m depths for the Atlantic a) from 2005-2015 and b) the change from 2014 to 
2015, Pacific c) from 2005-2015 and d) the change from 2014 to 2015, and Indian e) from 2005-2015 and f) the change from 
2014 to 2015.  The data was smoothed using a 3 month running mean.  The anomalies are relative to the World Ocean Atlas 
2009 monthly salinity climatology (Antonov et al. 2010). 
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Variability of the South Atlantic Subtropical Gyre 
Renellys C. Perez 

 
 
The rate at which heat is transported northward vs. stored by the South Atlantic (SAtl) 
subtropical gyre is of great importance, as the gyre plays a significant role in the establishment of 
oceanic teleconnections, and changes occurring in the South Atlantic alter the Atlantic 
Meridional Overturning Circulation (AMOC). As part of this study, the time-variability of the 
SAtl subtropical gyre through analysis and interpretation of satellite and in situ data, synthesis 
products, and ocean-only and coupled climate models will be investigated. The overall goals of 
this project are two-fold: a) to describe the evolution of the SAtl subtropical gyre over the past 
two decades in the surface and intermediate waters; and b) to improve our understanding of the 
mechanisms that control the variability of the SAtl subtropical gyre, and the currents that 
delineate the boundaries of the gyre, on interannual to decadal timescales. Specifically, we will 
characterize the time-mean and time-varying components of the Brazil Current, South Atlantic 
Current, Benguela Current, Agulhas leakage, and South Equatorial Current, and ascertain 
whether the primary mechanisms and sources responsible for the variability of each of those 
currents are the same as the mechanisms that govern the gyre variability. This work is done in 
collaboration with Rym Msadek (CERFACS, France) and Ricardo Matano (OSU/CEOAS). 

 

Map of mean near-surface (15-m) currents delineating the boundaries of the South Atlantic subtropical gyre from the Lumpkin 
and Garzoli (2011) drifter-altimetry synthesis product.  Color shading: meridional currents (blue indicates southward and brown 
indicates northward). Vectors show horizontal currents with magnitudes in excess of 10 cm/sec. Labels indicate major 
circulation features. 
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Transports in the eastern and western boundary regimes of the 
subtropical South Atlantic  
Claudia Schmid  
 
The goal of this project is to improve the knowledge and understanding of the meridional 
circulation along the boundaries of the subtropical South Atlantic, which is an important 
component of the Meridional Overturning Circulation. Monthly three-dimensional fields of the 
horizontal velocity for the years 2000 to 2014 were derived from Argo profiles, AVISO satellite 
sea surface height, and subsurface trajectories from Argo and other floats (Argo & SSH; Schmid, 
2014) for the purpose of studying the circulation in the South Atlantic. Due to space limitations, 
this summary focuses on the Brazil Current. 
 
The mean annual cycle of the Brazil Current is characterized by high (low) southward transports 
in austral summer (winter), both in Argo & SSH and in data assimilation models. The best 
agreement is visible at 24oS. At 35S NCEP has smaller transports and both at 35oS and 38oS 
SODA has larger transports. The full time series also reveals interesting signs of interannual 
variability, both in terms of magnitude and in terms of variations of the annual cycle. Periods 
exceeding a year with relatively low/high transports are observed at 24oS and 35oS (e.g. 24oS: 
5/2008-8/2009 with 2.7±0.3 Sv and 12/2013-5/2014 with 5.0±0.8 Sv). 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mean annual cycle of the meridional transports in the Brazil Current at three latitudes. Red, 
blue and cyan lines are from HYCOM reanalysis, NCEP/GODAS and SODA, respectively. 
Shading indicates standard errors. Gray dots are based on transport estimates by Garzoli et. 
(:2013). Gray crosses indicate estimates from other studies. 
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The Brazil Current variability and basin-scale interactions 
Gustavo Goni, Molly Baringer, Marlos Goes, and Shenfu Dong   
 
 
The Brazil Current (BC) closes the circulation of the South Atlantic subtropical gyre as a western 
boundary current,. Although much weaker than the Gulf Stream, its North Atlantic counterpart, 
the BC is also subject to strong mesoscale variability. South of 30ºS, the BC encounters the 
Malvinas Current, producing a highly energetic system, the Brazil-Malvinas Confluence. Recent 
studies show that the confluence region is highly variable, including a latitudinal migration of the 
Brazil Current front to the south. The association of these changes with the large scale features 
such as the South Atlantic subtropical gyre and the meridional overturning circulation is still an 
open question. 
 
This work aims at assessing the link between the BC variability and large scale features in the 
South Atlantic. In order to accomplish this, we use a suite of hydrographic and satellite 
observations in the South Atlantic, which include three high-density XBT transects (namely 
AX08, AX18 and AX97), satellite altimetry, wind products, and Argo data, to bring a large scale 
view of the South Atlantic changes.  
 
One key finding includes a southward shift of the BC front separation from the continental shelf 
break of approximately 1.5° during the last 20 years.  Additional results, obtained in partnership 
with researchers from the Federal University of Rio Grande, Brazil, indicate that there is a strong 
relationship between the BC current and the extent and intensity of the subtropical gyre. A 
stronger BC has been linked to the northward migration of the subtropical gyre in seasonal 
scales. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Regional absolute dynamic height fields in dyn.cm (left) and the corresponding geostrophic circulation in cm/s (right) during the 
February 2006 and August 2004 AX97 XBT 
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Extratropical Triggering of El Niño Events Through the Trade-
Wind Charging Mechanism 
Renellys C. Perez  
 
This project is a collaborative effort between AOML, Bruce Anderson (Boston University), 
Benjamin Giese (Texas A&M University). This work investigates the relationship between year-
to-year variations in the extratropical atmosphere and their influence on the initiation and 
evolution of El Nino/Southern Oscillation (ENSO) events using data taken from observationally 
constrained reanalyses and numerical model experiments. Previous results indicate variations in 
subtropical North Pacific sea-level pressures (SLP) influence the state of the tropical Pacific 12-
15 months prior to mature boreal-winter ENSO events. Research has also shown that these SLP 
anomalies associated with the southern lobe of the North Pacific Oscillation (NPO) and the 
accompanying changes in central Pacific trade winds modify sea surface temperatures (SST) 
across the tropical/subtropical North Pacific that subsequently shift equatorward via anomalous 
air-sea interactions. Less well understood is how these trade-wind changes modify subsurface 
temperatures across the tropical Pacific, despite the fact that temperature variations along the 
equatorial thermocline are a key initiator of ENSO events. For this project we will develop a 
numerical model framework designed to estimate the response of the ENSO system to 
observationally-constrained estimates of NPO-induced changes in the atmosphere. The oceanic 
response to these changes will be determined using an ocean-only model. The output from this 
model will be used to initialize a coupled ocean-atmosphere model, which will be integrated 
forward to determine the resulting evolution of the tropical Pacific, with a focus on the state of 
the ENSO approximately 12-15 months after the boreal winter NPO variations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Schematic of surface and subsurface changes in the tropical Pacific linked to weakened North Pacific trade winds during Boreal 
Winter (Courtesy of B. Anderson). Black Vectors: Wind-stress anomalies.  Surface Shading: Sea surface temperature anomalies. 
Subsurface Shading: Vertically-averaged temperature anomalies from 0-300m. Cones: Vertically-integrated meridional mass 
transport anomalies derived from the curl of the wind stress anomalies and vortex stretching.  The cones represent the key 
feature of the Trade Wind Charging (TWC) mechanism linking the tradewind variations to the subsurface ocean temperatures. 
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Near-inertial Energy Pathways 
Renellys Perez and Rick Lumpkin 
 
 

Wind stress fluctuations acting at the surface of the ocean cause the mixed layer to “ring" with 
strong near-inertial oscillations. Some fraction of this energy is locally dissipated within the 
mixed layer or in the strongly stratified zone at its base. A large portion, however, makes its way 
into the ocean interior as propagating near-inertial waves, which eventually break and drive 
small-scale mixing. The near-inertial energy pathways, far from being controlled by linear 
processes, appear to be shaped at first order by interactions with the mesoscale eddy field. The 
nature of these interactions may be more complex than previously thought, involving several 
distinct mechanisms of energy transfer.  
 

In this study, we investigate fundamental aspects of the near-inertial pathways through a 
combination of data analysis and numerical modeling in collaboration with principal 
investigators from the University of Miami (UM), Northwest Research Associates, Inc. 
(NWRA), Earth and Space Research (ESR) and international scientists. Our strategy is built 
around accessing and interpreting data from the Global Drifter Program network of surface 
buoys, available globally at approximately hourly resolution since 2005. Analysis of the surface 
drifter dataset will quantify previously unobservable details of the near-inertial variability in the 
surface mixed layer. At the same time, outstanding dynamical questions of wave/eddy 
interactions will be explored with high-resolution numerical experiments and dynamical models. 
The net result will be an improved and quantitative understanding of the near-inertial energy flux 
from the mixed layer to the ocean interior, an important element of the ocean's energy budget.  
Through this effort, a new hourly-interpolated drifter product with an explicit near-inertial 
component has been generated and made available to the science community. 

 
 
A schematic detailing the processes by which energy input by the wind is converted into propagating internal waves (courtesy of 
Jonathan Lilly, NWRA).  
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Intra-American Study of Climate Processes 
Sang-Ki Lee 
 
 

The Intra-American Study of Climate Processes (IASCLIP) is scheduled to run from 2009 
through 2014, as a new component of CLIVAR VAMOS. The geographic milieu of IASCLIP is 
the Western Hemisphere warm pool (WHWP) comprised of the Caribbean and Gulf of Mexico, 
the eastern North Pacific warm waters off the Pacific coast of Central America and the western 
tropical Atlantic immediately east of the Lesser Antilles, including the islands and land regions 
in and around the WHWP. The overarching goal of IASCLIP is to estimate and exploit potential 
predictability of warm-season weather and climate in the region, mainly on intraseasonal to 
interannual timescales, with an aim to improve our understanding and modeling of relevant 
physical and dynamical processes.  IASCLIP will also seek to link research to societal 
applications in the region.  
 
Almost yearly, extreme weather and climate events cause damage to economies in the Western 
Hemisphere mounting in the millions, sometime billions of US dollars. In the United States 
they occur most often during summer in the form of droughts and tropical cyclones and in late 
springtime as tornadoes and floods. There is mounting evidence that summer climate depends on 
tropical Atlantic even more than on the Pacific. The WHWP is the boreal summer heating center 
for the Western Hemisphere; it is responsible for funneling moisture to all the surrounding 
regions during the summer season, and controls the summer environment for Atlantic hurricanes. 
 
By orchestrating the efforts of scientists in the U.S., Mexico, Caribbean and Central/South 
American countries over the 2009-2014 time period, IASCLIP aims to: (1) Promote, coordinate, 
and organize research activities that aim to understand better the climate and hydrological 
processes in the IAS region, (2) Improve our ability to represent these processes in global climate 
models and predict them on subseasonal to interannual timescales, and (3) Facilitate applications 
of climate forecast products in the IAS region. Scientists at AOML have contributed greatly to 
IASCLIP.  

 
 

 

 

 
The tropical Atlantic SST varies in 
proportion to the size of the pool of 
water greater than about 28°C (red 
contour). Climate impacts accrue as 
well, the example shown here being the 
number of tropical cyclone tracks in a 
hurricane season. Upper left: smaller 
warm pool (2000) and fewer storm 
tracks (small dots). Lower right: larger 
warm pool (2005) and more storm 
tracks.  
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Atlantic Warm Pool and Tropical Cyclone Activity in the North 
Atlantic  
Sang-Ki Lee  
 
 

The 2010 Atlantic hurricane season was extremely active, but no hurricanes made landfall in the 
United States, raising a question of what dictated the hurricane track. Work done in collaboration 
with Dr. Robert Atlas (AOML/OD) indicates that the Gulf of Mexico, the Caribbean Sea and the 
western tropical North Atlantic play an important role in determine hurricane tracks. An 
eastward expansion of the AWP all shifts the hurricane genesis location eastward, decreasing the 
possibility for a hurricane to make landfall. A large AWP also induces barotropic stationary 
wave patterns that weaken the North Atlantic subtropical high and produce eastward steering 
flow anomalies along the eastern seaboard of the United States. Due to these two mechanisms, 
hurricanes are steered toward the northeast without making landfall in the United States. 
Although the La Niña event in the Pacific may be associated with an increased number of 
Atlantic hurricanes, its relationship with land-falling activity has been offset in 2010 by the 
effect of the extremely large AWP. We continue to work on influences of climate variability and 
changes on hurricane activity. In addition, we also investigate climate/oceans and tropical 
cyclone activity in the western North Pacific. In particular, we will focus on how climate/oceans 
and global warming affect the number, tracks and intensification of tropical cyclones in both the 
North Atlantic and the western North Pacific. 
 
 

 
 

 
Tropical Cyclone genesis location (dots) and sea surface temperature (color shading) for (a) large and (b) small Atlantic warm 
pool years and the tracks of TCs that formed in the main development region for (c) large and (d) small Atlantic warm pools. 
pools. 
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Tropical Cyclone Heat Potential 
Gustavo Goni, Joaquin Trinanes, and Francis Bringas 
 
 
 

Sudden tropical cyclone (TC) intensification has been linked with high values of upper ocean 
heat content contained in mesoscale features,  particularly warm ocean eddies, provided that 
atmospheric conditions are also favorable. Tropical cyclones occur in seven ocean basins: 
tropical Atlantic, northeast Pacific, northwest Pacific, southwest Indian, north Indian, 
southeast Indian, and south Pacific. The intensification of TCs is very complex with 
influences from TC dynamics, upper ocean interaction, and atmosphere circulation.  In 
general, the accuracy of TC intensity forecasts has lagged behind TC track forecasts because 
of the complexity of the problem and because many of the errors introduced in the track 
forecast are translated into the intensity forecast (DeMaria et al., 2005). The importance of 
the ocean thermal structure in TC intensification was first recognized by Leipper and 
Volgenau (1972).  While sea surface temperature (SST) plays a role in the genesis of TCs, 
the ocean heat content contained between the sea surface and the depth of the 26°C isotherm, 
also referred as Tropical Cyclone Heat Potential (TCHP), has been shown to play a more 
important role in TC intensity changes (Shay et al., 2000).  The TCHP shows high spatial 
and temporal variability associated with oceanic mesoscale features.  TC intensification has 
been linked with high values of TCHP contained in these mesoscale features, particularly 
warm ocean eddies, provided that atmospheric conditions are also favorable.  Since sustained 
in-situ ocean observations alone cannot resolve global mesoscale features and their vertical 
thermal structure, different indirect approaches and techniques are used to estimate the 
TCHP.  Most of these techniques use sea surface height observations derived from satellite 
altimetry, a parameter that provides information on the upper ocean dynamics and vertical 
thermal structure.   AOML posts real-time fields of TCHP at: 
http://www.aoml.noaa.gov/phod/cyclone/data/. 

  
(left) Track of Hurricane Katrina (2005) in the Gulf of Mexico superimposed on the altimetry-derived tropical cyclone heat 
potential field.  The path of this TC shows an intensification when the hurricane traveled over a warm ring.  (right) Minimum 
atmospheric pressure at sea level during the passage of hurricane Katrina in the Gulf of Mexico in 2005,  showing the actual 
observations (black), and the reduction of error in the GFDL model output with (red) and without (green) initializing the model 
with the TCHP produced at NOAA National Hurricane Center. 

http://www.aoml.noaa.gov/phod/cyclone/data/
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Origins of African Dust over the Tropical Atlantic Ocean 
Gregory Foltz, Rick Lumpkin and Claudia Schmid  
 
The goal of this project is to determine the source regions of African dust that is transported 
across the tropical Atlantic Ocean. Improving our knowledge of the continental origins of dust 
aerosols will enhance our understanding of ocean biogeochemistry, sea surface temperature 
variability, and tropical cyclone formation and intensification.  
 
Previous work identified six moorings of the PIRATA array that are subject to significant dust 
buildup during their yearlong deployment in the tropical North Atlantic (see Figure 1). During 
the PIRATA Northeast Extension cruise in early 2013, dust sample were collected from the 
radiometers on three buoys and send to Max Planck Institute for isotope analysis. By comparing 
the ratios of different elemental isotopes present in the dust, the regions in Africa from which the 
dust originated were determined. For example, the samples from the 2013 cruise indicate that 
some of the dust came from the Bodélé depression in Chad (Figure 2). Dust samples will 
continue to be obtained from PIRATA mooring during each Northeast Extension cruise (run by 
AOML and PMEL) and 38°W cruise (run by Brazil) with the goal of building up a robust 
database of isotope ratios that can be used to trace African dust aerosol to their geographic 
origins.  
 
Currently we are collecting dust aerosols that accumulate on the buoy’s meteorological sensors. 
The ability to obtain samples therefore depends on the time of year in which the PIRATA cruise 
took place because there is strong seasonality in dust buildup on the sensors. During some years 
there is no dust buildup on a particular buoy because recent rainfall has washed it away. Future 
plans include building simple aerosol collectors that can be mounted to the PIRATA moorings to 
ensure consistent sampling.  
 
 

 

 
Annual mean aerosol optical depth (shaded) and locations of 
PIRATA moorings with significant dust buildup. 
 
 
 
 

Scatter-plot of Sr and Nd isotopes from various 
dust samples in the tropical Atlantic. Samples 
from the 2013 PIRATA Northeast Extension 
cruise are shown in light blue. 
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South Atlantic Meridional Overturning Circulation: Pathways and 
Modes of Variability 
Renellys Perez and Silvia Garzoli 
 
 
This project is a collaborative effort between AOML, Ricardo Matano (OSU/CEOAS), and Rym 
Msadek (CERFACS, France and NOAA/GFDL). Previous observational and modeling efforts on 
the meridional overturning circulation (MOC) have been focused on the North Atlantic and the 
Southern Oceans, which are the preferential sites for deep-water formation. To understand the 
feedbacks between the North Atlantic and the Southern Oceans we need to improve our 
understanding of the pathways of the upper and lower limbs of the MOC in the South Atlantic 
(SA) Ocean, which are the most important links between them. The SA is not just a passive 
conduit for the transit of remotely formed water masses, but actively influences them through 
air–sea interactions, mixing, subduction, and advection. Therefore, we are characterizing the 
pathways of the upper and lower limb of the MOC in the SA and identifying the dynamical 
mechanisms that control these pathways. The study focuses on identifying the natural modes of 
variability in the SA and their impact on the MOC. We are also determining the response of the 
SA pathways to predicted climate change scenarios and assessing the impact of this response on 
the MOC. Our research focuses on the analysis of state-of-the-art eddy-permitting and eddy-
resolving NOAA/GFDL climate model simulations. Specifically, we are using a suite of 
experiments done with the CM2.5 and CM2.6 coupled models, which were forced with present 
day conditions and different climate change scenarios. We are to comparing those simulations 
against the non-eddying Coordinated Model Intercomparison Project and Intergovernmental 
Panel on Climate Change Fifth Assessment Report models including the NOAA/GFDL coarse 
resolution models (CM2.1, CM3), a suite of process-oriented numerical experiments using 
regional ocean models, and global in-situ and satellite observations.  
 
 
 

 
 
 
 
 
The low-frequency modes of variability in the SA: a) schematic of the proposed modes; b) first EOF of the SSH AVISO data and 
its associated geostrophic circulation. 
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Inter-Ocean Exchanges and Regional Sinks of Heat during the 
Warming Hiatus 
Denis Volkov, Sang-Ki Lee and Rick Lumpkin 
 
Global warming is a consequence of the Earth’s radiative imbalance: our planet is absorbing 
more energy from the Sun than it radiates back to space. The imbalance can be due to natural 
variability as well as to anthropogenic influence (emission of greenhouse gases, landscape 
transformation that changes the reflectivity of the earth’s surface, etc.). The ocean, covering 71% 
of the Earth’s surface, serves as the main energy reservoir. The well-established global mean sea 
level rise is one of the most certain indicators of global warming. The sea level rise reflects both 
the thermal expansion of the entire water column (due to ocean warming) and the freshwater 
input from melting glaciers (mainly in Greenland and Antarctica). The latest reports based on 
high-accuracy satellite altimetry measurements available since 1992 indicate that sea level has 
been steadily increasing at the rate of 3.3±0.4 mm yr-1. In contrast to sea level, the global surface 
temperature rise reportedly slowed down after 1998 and entered a more stable period termed 
“hiatus”. A suite of studies has attempted to explain this slowdown by redistribution of heat 
between the near-surface and deeper layers of the ocean and between different oceanic basins. A 
more recent study, however, claims that the apparent “hiatus” is a possible artifact of data biases. 
Regardless of whether “hiatus” is real or not, the question of surplus heat sequestration, in 
particular, by the deep ocean remains actual. The focus of this research project is to better 
understand the inter-ocean exchanges of heat, freshwater and carbon using global ocean-sea ice 
coupled models, in-situ hydrographic data and satellite-based sea level data.  
 

 
Satellite-based steric sea level trend over 2005-2014 obtained by subtracting GRACE Mascons data from altimetry records. 
Prior to computing the difference, altimetry fields were smoothed over 3°×3° Mascons and interpolated onto a 0.5° grid. Dashed 
rectangles A and B outline two regions in the South Pacific Ocean and Indian Ocean where the sea level increased much faster 
than other regions; the surface area of each region is about 16 million km2. 
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The Mediterranean and Black Seas: Analysis of Large Sea Level 
Anomalies 
Denis Volkov 
 

Satellite altimetry observations by OSTM/Jason-2 and Envisat missions have revealed extremely 
large sea level fluctuations that occurred in the Mediterranean and Black seas in the winters of 
2010 and 2011. During this time the basin-wide non-seasonal sea level in the Mediterranean Sea 
increased by about 10 cm reaching the record maximum during the observational period. Similar 
anomalies were observed in bottom pressure derived from the gravity field measurements by the 
NASA's GRACE twin satellites. In the Black Sea, the associated sea level anomalies exceeded 
20 cm lagging behind the sea level anomalies in the Mediterranean Sea by about 1 month. 
Understanding and quantifying the dynamics of sea level variations in these semi-enclosed seas 
is important because of the possible amplified sea level response to climate forcing, and because 
of the densely populated coasts in the region. This research is being conducted in collaboration 
with Dr. Felix Landerer from Jet Ppropulsion Laboratory, California Institute of Technology, as 
a contribution to NASA Ocean Surface Topography Science Team. Using satellite altimetry and 
gravity observations and an atmospheric re-analysis product we have found that the non-seasonal 
sea level and ocean mass fluctuations in the Mediterranean Sea are driven by concurrent wind 
stress anomalies over the adjacent subtropical North Atlantic Ocean, just west of the Strait of 
Gibraltar, and extending into the strait itself. Coupling satellite data to tide and river discharge 
gauges as well as to surface heat and freshwater fluxes we have provided a comprehensive up-to-
date analysis of sea level variability in the Black Sea and quantified the role of different 
environmental factors that force the variability. In addition to the effect of freshwater fluxes, sea 
level in the Black Sea is found to respond to the non-seasonal fluctuations of the Mediterranean 
Sea level. The observed time lag of the response is due to friction that constrains the exchange 
through the Bosphorus Strait. 
 

 
 

 

 

Scheme illustrating 
physical processes 
driving the variability 
of sea level in the 
Mediterranean and 
Black seas. 
Abbreviations: 
NACW – North 
Atlantic Central 
Water, Q – net 
surface heat flux, P-E 
means Precipitation-
Evaporation. Red 
arrows illustrate 
surface circulation. 
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Formation and Variability of the Lofoten Vortex in the Norwegian 
Sea 
Denis Volkov 

 The Lofoten Basin (LB) is a well defined topographic depression of about 3250 m depth situated 
in the northern part of the Norwegian Sea. The Norwegian Atlantic Current – a direct extension 
of the North Atlantic Current – dominates the upper-ocean circulation in the Norwegian Sea. The 
LB is the major heat reservoir in the Nordic Seas (common name for the Norwegian, Greenland, 
and Iceland Seas together), characterized by large ocean–atmosphere interactions. It has attracted 
much scientific attention because of its peculiar thermodynamical characteristics and possible 
importance in the global climate system. Being a transit region for the warm and saline Atlantic 
Water (AW), which occupies the upper 800 m, on its way to the Arctic Ocean, the LB is likely to 
play an important role in sustaining the Atlantic Meridional Overturning Circulation. Here, the 
AW loses heat to the atmosphere, mixes with ambient water masses, and thus undergoes a 
transformation that ultimately facilitates deep-water formation. Satellite altimetry observations 
show a local maximum of sea surface height (SSH) variability and eddy kinetic energy. The LB 
eddies are mainly generated through the instability of the Norwegian Atlantic Slope Current, 
propagate cyclonically around the center of the LB, and they are found to play an important role 
in heat exchanges and dense water formation. We addressed the problem of the Lofoten Vortex 
formation using three numerical experiments at different eddy-permitting horizontal 
resolutions(average grid spacing of 18, 9, and 4 km). By initializing the experiments with 
climatological fields of temperature and salinity we monitored the evolution of the eddy field in 
the LB and the generation of the vortex. The main focus of this study was to investigate the role 
of eddies in the dynamics of the vortex. Benefiting from a high-resolution model run we also 
estimated the kinematic properties of the Lofoten Vortex and other eddies in the LB. In addition, 
we investigated what processes drive the variability of the vortex strength. This study was part of 
the project “Investigating the variability of sea level in the Arctic and sub-Arctic seas” funded by 
NASA Physical Oceanography program. 

 

Bottom topography (color) and general 
circulation (arrows) of the study region. 
The red circle marks the approximate 
Lofoten Vortex location. The magenta line 
indicates the transect along which the 
vertical profiles of temperature, salinity, 
and velocity are analyzed. Abbreviations: 
NCC – Norwegian Coastal Current, 
NwASC – Norwe- gian Atlantic Slope 
Current, NwAFC – Norwegian Atlantic 
Frontal Current. (For interpretation of the 
references to color in this figure legend, 
the reader is referred to the web version of 
this article.)  
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Management and Conservation of Atlantic Bluefin Tuna (Thunnus 
Thynnus) and other Highly Migratory Fish In the Gulf of Mexico 
under IPCC Climate Change Scenarios: A Study Using Regional 
Climate and Habitat Models 
Sang-Ki Lee, Yanyun Liu and Gustavo Goni  
 
Increasing water temperatures due to climate change will likely have significant impacts on 
distributions and life histories of Atlantic tunas. A team of scientists from CIMAS, SEFSC and 
AOML/PhOD combined predictive habitat models with a downscaled climate model to examine 
potential impacts on adults and larvae of Atlantic bluefin tuna (Thunnus thynnus) and skipjack 
tuna (Katsuwonus pelamis) in the Intra-Americas Sea (IAS). An additional downscaled model 
covering the 20th century was used to compare habitat fluctuations from natural variability to 
predicted future changes under two climate change scenarios: Representative Concentration 
Pathway (RCP) 4.5 (medium-low) and RCP 8.5 (high). Results showed marked temperature-
induced habitat losses for both adult and larval bluefin tuna on their northern Gulf of Mexico 
spawning grounds (Figure). In contrast, habitat suitability for skipjack tuna increased as 
temperatures warmed. Model error was highest for the two skipjack tuna models, particularly at 
higher temperatures. While impacts on fish populations remain uncertain, these changes in 
habitat suitability will likely alter the spatial and temporal availability of species to fishing fleets, 
and challenge equilibrium assumptions of environmental stability, upon which fisheries 
management benchmarks are based.  
 
 

 

 

Probabilities of occurrence for adult and larval (left panels) bluefin tuna in spring and (right panels) skipjack tuna in summer. 
Results are shown for the 2000s, and for 2090, under RCP 8.5. Observed data from the ICCAT Task II database (adults) and 
SEAMAP plankton surveys (larvae) are also shown for the same time period (postmaps). Locations where adults were recorded, 
but effort was low, are shown as open circles. Reproduced from Muhling et al. (2015). 

 

Bluefin tuna 
Present day 2090 RCP8.5 

Skipjack tuna 
Present day 2090 RCP 8.5 
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Toward Developing a Seasonal Outlook for the Occurrence of 
Major U.S. Tornado Outbreaks 
Sang-Ki Lee and Robert Atlas 
 

 
Recent violent and widespread tornado outbreaks in the U.S., such as occurred in the spring of 
2011, have caused devastating societal impact with significant loss of life and property. At 
present, our capacity to predict U.S. tornado and other severe weather risk does not extend 
beyond seven days. In an effort to advance our capability for developing a skillful long-range 
outlook for U.S. tornado outbreaks, this project aims to investigate the spring risk patterns of 
U.S. regional tornado outbreaks during 1950-2014. We show that the dominant springtime El 
Niño-Southern Oscillation (ENSO) phases and the North Atlantic sea surface temperature tripole 
variability are linked to distinct and significant U.S. regional patterns of outbreak risk (figure). 
These changes in outbreak risk are shown to be largely consistent with remotely forced regional 
changes in the large-scale atmospheric processes conducive to tornado outbreaks. An implication 
of these findings is that the springtime ENSO phases and the North Atlantic SST tripole 
variability may provide seasonal predictability of U.S. regional tornado outbreaks. 
 
 
 
 
 

 

 

 

 

 

 

 

 

. 

 
 
 
 
 
 
 
 
 
SSTA and the probability of U.S. regional tornado outbreaks linked to the four dominant springtime ENSO phases. Composite (a-
d) SSTAs for the four dominant phases of springtime ENSO evolution and (e-h) the corresponding probability of U.S. regional 
tornado outbreaks for the month in which each of the four springtime ENSO phases has the strongest influence. The gray dots in 
panels a-d indicate that the SSTAs are statistically significant at 90% based on a student-t test. The black dots in panels e-h 
indicate that the probability of tornado outbreaks is statistically significant at 90% based on a binomial test. The units are in °C 
for the SSTAs and in % for the probability of tornado outbreaks.  
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High-Resolution Ocean-Biogeochemistry Modeling for the East and 
Gulf Coasts of the U.S. in Support of the Coastal Monitoring and 
Research Objectives of the NOAA OA Program 
 
Sang-Ki Lee, Rik Wanninkhof, Yanyun Liu, Leticia Barbero and Ruben Hooidonk 
 
Analysis of the data collected during the first (2007) and the second (2012) Gulf of Mexico and 
East Coast Carbon (GOMECC) cruises showed measurable temporal pH and aragonite saturation 
state (ΩAr) changes along the eight major transects. However, it is challenging to determine how 
much of this temporal change between the two cruises is due to global ocean acidification and 
how much is due to variability on seasonal to interannual scales. Indeed, the expected 2% 
average decrease in ΩAr due to increasing atmospheric CO2 levels over the 5-year period was 
largely overshadowed by local and regional variability from changes in ocean circulation, 
remineralization/respiration and riverine inputs. Therefore, in order to provide useful products 
for the ocean acidification (OA) research community and resource managers, it is important to 
filter out seasonal cycles and other variability from the multi-annual trend. Here, we propose to 
use a high-resolution regional ocean-biogeochemistry model simulation for the period of 1979 - 
present day (real-time run) to fill the temporal gap between the 1st and 2nd GOMECC cruise 
data. In addition we will fine-tune and validate the model by using extensive surface water pCO2 
observations from the ships of opportunity in the coastal region (SOOP-OA), and using the 
carbon observations from the East Coast Ocean Acidification Cruises (ECOA-1) and OAP 
mooring stations and from remotely sensed data. Then, we will use the real-time model run to 
estimate the 5-year trends (2012 – 2007) of OA and the carbon and biogeochemical variables 
along the East and Gulf coasts of the U.S. We will also examine the future OA variability in the 
East and Gulf coasts of the U.S. by downscaling the future climate projections under different 
emission scenarios developed for the IPCC-AR5. Based on the results obtained from the 
proposed model simulations, we will contribute to an observational strategy suitable for 
elucidating multi-annual trend of carbon and biogeochemical variables along the East and Gulf 
coasts of the U.S. 
 

  

 

Surface aragonite saturation state in 
February and August of 2005 derived 
from  

(Upper panels) the global MOM-
TOPAZ simulation and (Lower panels) 
observation based estimates by 
Takahashi et al. (2014). 
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Predicting the impact of anthropogenic climate change on physical 
and biogeochemical processes in the northern Gulf of Mexico 
Sang-Ki Lee and Yanyun Liu  
 
Recent studies examined the potential impact of anthropogenic greenhouse warming on the Intra-
Americas Sea (IAS, Caribbean Sea and Gulf of Mexico) by downscaling the Coupled Model 
Intercomparison Project phase-5 (CMIP5) model simulations under historical and future CO2 
emission scenarios using an eddy-resolving resolution regional ocean model. The simulated 
volume transport by the western boundary current system in the IAS, including the Caribbean 
Current, Yucatan Current and Loop Current, reduced by 20-25% during the 21st century, 
consistent with a similar rate of reduction in the Atlantic Meridional Overturning Circulation. 
The projected weakening of the ocean circulation in the Gulf of Mexico (GoM) suggests that the 
shallow (≤ 180 m) northern shelf of the GoM may experience lower rates of upwelling from deep 
cool water onto the shelf and toward the coast. Consistent with this hypothesis, the downscaled 
model predicts an intense warming over the northern shelf of the GoM especially during boreal 
summer. This warming trend can have several implications for the region, which borders the US 
states of Texas, Louisiana, Mississippi, Alabama and Florida. For one, this may increase the 
chance for hurricane intensification during landfall in the northern and eastern Gulf. The 
warming may also have a deleterious impact upon one of the richest fishing grounds in the US, 
exposing marine life living in the northern Gulf of Mexico shelf regions, such as fish, shrimp, 
marine mammals, and turtles as well as coral reefs and sponges, to increasing frequency of 
thermal stress and hypoxia. The main objective of this project is to provide a range of realistic 
scenarios of future environmental changes in the region for the research community and fisheries 
resource managers. To achieve that goal, this project aims to use a high-resolution regional 
ocean-biogeochemistry model to downscale the CMIP5 model projection of the carbon and 
biogeochemical parameters along the northern GoM for the 21st century.  

 

 
SST differences in the IAS between the 
late 21st century (2090 ~ 2098) and late 
20th century (1990 ~ 1998) during the 
boreal summer months of ASO obtained 
from (a) the downscaled MOM4.1 
simulation and (b) the weighted ensemble 
of 18 CMIP5 models simulations. Annual 
mean SSS difference in the IAS between 
the late 21st century and late 20th 
century obtained from (c) the downscaled 
MOM4.1 simulation and (d) the weighted 
ensemble of 18 CMIP5 models 
simulations. The units for temperature 
and salinity are °C and psu. 
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Variability and Predictability of the Atlantic Warm Pool and Its 
Impacts on Extreme Events in North America  
Sang-Ki Lee 
         
This work is done in collaboration with David Enfield (UM), Liping Zhang (Princeton) and 
Zhenya Song (The First Institute in China. Our previous research has pointed out the importance 
of the Atlantic Warm Pool (AWP) for summer climate and extreme events in the Western 
Hemisphere. Despite its importance, almost of all state-of-the-art uncoupled/coupled models 
exhibit serious biases (Figure) in the AWP region, which limit the seasonal prediction of AWP-
related climate and extreme events. In the current project, we will continue our investigation of 
the AWP using fully coupled climate models. Two specific areas of proposed work are: (1) 
diagnosing the CMIP5 outputs to assess model biases near the AWP region and to understand 
their skill in simulating the mechanisms and climate impacts of AWP variability, and (2) 
performing coupled model experiments using CESM1 and analyzing the Climate Forecast 
System version 2 reforecasts to assess and improve predictability of the AWP and its impacts on 
climate and extreme events such as hurricanes, flood and drought in North America. It is hoped 
that over a longer time frame, this project will result in the regional implementation of data- and 
model-based outlooks for flood/drought in the United States, hurricanes and climate variability, 
when successfully combined with land-based models. 

 
 
The observed SST and long-term averaged model biases in the summer months of June-August (JJA). Shown are (a) the ERSST, 
(b) the model SST bias of the 22 IPCC-AR4 coupled model ensemble, (c) the model SST bias of CCSM3, (d) the model rainfall 
bias of the atmospheric GCM (CAM3), (e) the model rainfall bias of the 22 IPCC-AR4 coupled model ensemble, and (f) the 
model rainfall bias of CCSM3.  
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Evaluation of Gulf of Mexico oceanographic observation networks 
impact assessment on ecosystem management and recommendation 
Matthieu Le Hénaff 
 
This project, led by Matthieu Le Hénaff from the Cooperative Institute for Marine and 
Atmospheric Studies (CIMAS) and member of AOML’s Physical Oceanography Division 
(PhOD), is assessing Gulf of Mexico observation networks from an ecosystem management 
perspective. The NOAA RESTORE Act Science Program funded this 2-year project, which also 
involves 3 scientists from the University of Miami (UM), the University of South Florida (USF) 
and the Florida Fish and Wildlife Conservation Commission (FWC). The project is based on 
applying a rigorous ocean observing system evaluation methodology, developed for regional 
networks by the joint UM and NOAA/AOML “Ocean Modeling and OSSE Center” (OMOC), 
and to expand it to study the impact of observations on the estimation of biological activity. The 
project includes three objectives: 1) assess the performance of existing observation networks to 
monitor the Gulf of Mexico from an ecosystem monitoring and management perspective, 
expanding the evaluation approach implemented for physical oceanography monitoring; 2) 
investigate the connections between ocean physics, biogeochemistry and ecosystem dynamics; 
and 3) make recommendations to improve existing observing networks to address particular 
resource management objectives.  
 
The investigators are using existing ocean circulation and biogeochemical models, as well as 
observations of ocean circulation, chemistry, and biology from satellites and existing observing 
platforms in the water. In collaboration with ecosystem and resource managers, Le Hénaff and 
co-investigators establish realistic observation and management scenarios, which form the 
foundation for Observing System Experiments that quantify the impact of various components of 
the existing Gulf of Mexico observing system and help identifying observational gaps. An 
important project outcome will be recommendations on how to improve observing networks in 
the Gulf of Mexico to better support effective and sustainable resource management 
 
 
 
 
 
 
 
 
 
 
 
 

 The project will quantify, for example, the ability of the existing Gulf of Mexico observing system to monitor episodes of 
export of nutrient-rich waters from the Mississippi River Delta to the Florida Keys reefs (ocean color image from August 
13, 2014, USF). 
 



  
P h y s i c a l  O c e a n o g r a p h y  D i v i s i o n   
 

5 6  

Development of an Earth System component for Medium-Range 
Predictability in Coastal Seas: Application on Gulf of Mexico 
Harmful Algal Blooms and Hypoxia Episodes 
George Halliwell, Robert Atlas with Chris Kelble (OCED) and colleagues from RSMAS and 
NRL-Stennis 
 
 
This project supports coupling of the HYbrid Coordinate Ocean Model (HYCOM) 
hydrodynamic model to the Carbon, Silicate, Nitrogen Ecosystem (CoSiNE) biochemical model, 
and then using this new tool to study medium-range predictability of harmful algal blooms 
(HAB) and hypoxia episodes. This work is carried out by the Naval Research Laboratory Stennis 
Space Center in collaboration with RSMAS and AOML. The Gulf of Mexico (GoM), and 
particularly the Northern GoM shelf, is used as a test case study area due to the frequent Harmful 
Algal Bloom (HAB) and hypoxia episodes associated with Mississippi River (MR) nutrient 
loads. Initial model simulations and analyses have been conducted in this region (see Figure). 
Analyses emphasize coastal to offshore interactions that influence broader biophysical 
connectivity. These interactions are controlled by fronts and eddies associated with the Loop 
Current, which further influence cross-shelf nutrient exchanges and the ventilation of shelf 
waters. The version of HYCOM that is used is run at high (1/500) resolution and contains an 
advanced parameterization of river plume dynamics that includes both salinity and momentum 
fluxes (NGoM-HYCOM). 
 

 
 
 
Illustration of the evolution of a passive plankton concentration tracer (mg/m3) in the biophysical model. Top (Bottom) 24 (120) 
hours from initialization. The coupling implementation is working properly as the tracer is clearly advected (and diffused) by the 
physical model. 
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Ocean OSSEs: System Development and Applications 
 

George Halliwell, Matthieu Le Hénaff, Robert Atlas, and RSMAS colleagues 
 
In collaboration with RSMAS colleagues through the Joint AOML/CIMAS/RSMAS Ocean 
Modeling and OSSE Center (OMOC), ongoing development of, and new applications for, the 
OMOC ocean OSE/OSSE system continue to be realized. Observing System Experiments 
(OSEs) use data denial to determine the impact of existing observing systems while Observing 
System Simulation Experiments (OSSEs) use data denial to determine the impact of new 
observing systems and alternate deployment strategies for existing systems. The OSSE system 
was originally validated and successfully applied in the Gulf of Mexico to evaluate alternate 
airborne ocean profile survey strategies during the DeepWater Horizon oil spill. The system has 
now been successfully validated in a larger Atlantic Ocean domain spanning 5ºS to 45ºN east to 
20ºW and used to evaluate ocean observing systems for improving coupled hurricane intensity 
prediction. The Atlantic region Nature Run realistically reproduces mean ocean climatology and 
synoptic variability (see Figure). Validation by OSE-OSSE comparisons demonstrates that 
realistic OSSE impact assessments are realized with a small (~10-15%) tendency to overestimate 
intensity based on skill score analysis. Initial application in the Atlantic has evaluated observing 
system impacts based on their contribution to error reduction in ocean analyses used to initialize 
the ocean component of coupled prediction systems. Ocean analyses produced by the OSSE 
system can now be used to initialize the HYCOM-HWRF coupled forecast model at EMC, 
enabling the impact of ocean observations on intensity forecasts to be quantitatively assessed. 
Planned development includes evaluating impacts with regard to other oceanographic 
applications and expanding to larger ocean domains. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mixed layer temperature 
map in the new Atlantic 
Ocean domain from the 
OSSE system Nature Run. 
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Ocean Model Evaluation and Improvement in Support of the Next-
Generation HWRF Regional Tropical Cyclone Prediction System 
George Halliwell and hurricane modelers from AOML/HRD and NCEP/EMC 
 
This project combines the capabilities of PhOD ocean modelers and coupled Tropical Cyclone 
(TC) modelers to improve coupled forecasts as part of the Hurricane Forecast Improvement 
Project (HFIP). Accurate intensity forecasts require that the coupled model accurately predict the 
cooling rate of sea surface temperature (SST) in response to storm forcing, which in turn requires 
the ocean model to accurately predict mixed layer deepening and entrainment cooling. There are 
three primary components to this work. In the first component, a one-dimensional version of the 
HYbrid Coordinate Ocean Model (HYCOM) was coupled to the multiple-nest experimental 
Hurricane Weather Forecast Model (HWRF). A set of idealized experiments was run with this 
configuration to isolate the impact of initial ocean heat content, storm translation speed, and 
storm size on predicted intensity. In the second component, idealized ocean model response 
experiments run with HYCOM are being compared to observations. The figure illustrates a 
depth-time series of several fields during the passage of Hurricane Frances (2004), 
demonstrating that the ocean model can potentially perform well in an idealized setting when 
provided with accurate atmospheric forcing and quasi-optimal choices of numerical algorithms 
and sub-grid scale turbulence closure schemes. In the third component, G. Halliwell is 
collaborating with NCEP/EMC as co-lead of the HFIP Ocean Model Impact Tiger Team to 
evaluate ocean model performance and document the impact of ocean coupling on intensity 
forecasts produced by the HYCOM-HWRF coupled prediction system.  

 
Depth-time plots of several upper ocean fields during the passage of Hurricane Frances (2004). Panels at left show fields 
measured at two radii of maximum winds to the right of the storm track by EM-APEX profiling floats (From Sanford et al., 2011, 
J. Phys. Oceanogr.).Panels at right illustrate ocean fields from an idealized ocean response experiment to forcing by the same 
storm. 
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2 km resolution data-assimilative simulation of the Gulf of Mexico 
 Matthieu Le Hénaff, George Halliwell, Michael Mehari 
 
 
The development and implementation of a high resolution, data assimilative simulation of the 
Gulf of Mexico is part of the joint UM and NOAA/AOML “Ocean Modeling and OSSE Center” 
(OMOC) activities. This simulation uses the HYCOM model and combines the best practices of 
the group’s modeling activities in subparts of the Gulf, in the Florida Straits and in the Northern 
Gulf especially, which it expands to the full Gulf region. In particular, it benefits from high-
frequency nesting into the operational Navy HYCOM simulation, and from realistic daily river 
forcing. In addition, the simulation incorporates data-assimilative capabilities developed for 
HYCOM as part of the OMOC activities.  
 
This new GoM-HYCOM modeling system has been used to study connectivity processes at the 
Gulf scale, for example during episodes of Mississippi River water export away from the 
Northern Gulf. It is employed in observing system experiments to study the impact of 
observations on the biology and ecosystem estimates in the Gulf of Mexico and the Florida Keys. 
It is the ocean physics component of oil spill modeling experiments that study the influence of 
river plume on oil slick evolution. The GoM-HYCOM modeling system is planned to soon 
deliver near-real time nowcast-forecast of the Gulf of Mexico state, as a demonstration. The free 
running high-resolution GoM-HYCOM simulation is planned to be used as the Nature Run in 
Observing System Simulation Experiments. The GoM-HYCOM modeling system can also be 
used to test data assimilation techniques, in the context of high-resolution, topographically driven 
regional processes, or of strong river influence.  
 
 

 
 
 
Example of details from the high-resolution, data assimilative GoM-HYCOM in representing the interaction of Mississippi River 
plume with the Loop Current: (a) 5-m density gradients from the simulation (10-5 kg.m-4) a proxy for submesoscale activity, on 24 
July 2014. (b) Modeled surface salinity, on the same day. (c) Observed Chlorophyll-a, on the same day (data USF).  
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Deep Ocean Data Retrieval System 
Ulises Rivero, Christopher Meinen and Silvia Garzoli 

 
 

Retrieval of important data from deep ocean moored instruments is challenging and expensive, 
historically involving many days at sea on dedicated research vessels.  Engineers and scientists at 
AOML are developing technology for obtaining data from these moored instruments in near real 
time with less reliance on research ships.  This prototype system, called the “Adaptable Bottom 
Instrument Information Shuttle System (ABIISS)”, has been under development at AOML for 
several years.  This system is designed to allow scientific instruments anchored on the ocean 
bottom to send data back via expendable data pods that will release from the ocean floor on a 
programmable schedule.  The buoyant pods will then surface and send the data from the ocean 
bottom instrument back to land stations via satellite. AOML engineers have successfully 
demonstrated several key aspects of the ABIISS via ocean trials in the Straits of Florida. A 
critical new trial of the ABIISS was started in October 2015 east of the Bahamas Islands; this 
represents the first test of the system in open ocean depths greater than 4000 meters.  The first 
pod surfaced successfully in November 2015, and three additional pods are scheduled to surface 
throughout 2016 during this 18-month test. The ABIISS technology has the potential to save 
significant amounts of financial and personnel resources by reducing the amount of ship time 
needed to support and maintain ocean time series measurement sites. 
 
 

 

 
           
   Prototype of the 4000+ m ABIISS system.                                 Deployment of the 4000+ m ABIISS system in October 2015 
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Automatic Shortwave Radiometer Cleaner 
Ulises Rivero and Gregory Foltz 
 
 
This project is in collaboration with engineers and technicians at NOAA/PMEL. The Prediction 
and Research Moored Array in the Tropical Atlantic (PIRATA) consists of 17 moorings 
spanning the tropical Atlantic Ocean. Several of the moorings are directly downwind from the 
Sahara and Sahel regions of Africa, which together represent the largest source of mineral dust 
on the planet. Dust aerosols accumulate on the moorings’ solar radiometer domes, leading to 
biases as large as -150 W m-2. Scientists and engineers at AOML have developed an automated 
radiometer dome cleaner that will rinse aerosols from the moorings’ radiometer domes at regular 
24-hour intervals while deployed at sea. After successful tests at AOML, the first dome rinser 
was deployed at 11.5°N, 23°W during the December-February 2015 PIRATA Northeast 
Extension cruise alongside a radiometer without a rinser. A comparison between the solar 
radiation time series from the rinsed and unrinsed radiometers will be performed in early 2016 to 
verify that the rinser worked as intended and to make any necessary adjustments for the future 
deployments. 
 

 
 
Photo of the prototype radiometer rinser. Fresh water is pumped from a large container and through each nozzle, rinsing the 
radiometer’s glass dome. 
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Shipboard Surveys of Regional and Worldwide Field Operations 
 

 

PhOD personnel spend on average a total of 420 days at sea every year. The following is a 
summary of the divisional led effort at sea.  
 
CLIVAR CO2/Repeat Hydrography:  Goals – To monitor changes in 
water properties on a decadal time scale.  The program is a collaboration 
between NOAA and NSF with many partners nationally and 
internationally. Within NOAA, the program is a collaboration between 
AOML/OCD, AOML/PHOD and Pacific Marine Environmental Laboratory (PMEL).  PhOD 
responsibilities includes support for CTD observations and discrete salinity and oxygen 
measurements.  The operational components include: Typically two major cruises every three 
years are conducted on a subset of the global historical survey lines.  PhOD is responsible for a 
sending 2 discrete oxygen analysts, 1 salinity analyst and CTD engineer.  Cruises are generally 
30 to 60 days long.   

 
PIRATA Northeast Extension (PNE):  Goals – To study both ocean and 
atmosphere in the tropical eastern Atlantic.  The program routinely has 
partner/piggy-back programs from Earth System Research Laboratory (ESRL), 
University of Miami, and Howard University.  Number of PhOD people going on 
each cruise: 3 – 5. Operations typically involve a CTD survey along 23ºW and 
the annual servicing of the four PIRATA Northeast Extension moorings.  
Normally there is one cruise per year of ~31 days depending on the ports of  
call.  
 
Western Boundary Time Series (WBTS):  Goals – To study the components of the Meridional 
Overturning Circulation (MOC) near the western boundary of the Atlantic basin at 26.5oN. 
Presently, the WBTS program includes the following two sea-going components: 

 
Florida Current measurements along 27oN:  These cruises have several goals that include 
determining the volume and heat transport in the Florida Straits to use for calibration of the 
submarine cable voltage measurements, and providing boundary current transports for the 
determination of the meridional heat and volume transport associated with the XBT transect 
AX07 and the MOCHA/Rapid/WBTS program (see below).  These measurements include: 
 
1.  Small charter boat 1 day cruises: These cruises are done on a 
chartered fishing boat from the Sailfish Marina in West Palm Beach and 
involve sending one person with an AOML designed dropsonde that 
provides the vertically averaged horizontal velocity.  Eight to ten cruises 
each year are timed to occur within a two week period quarterly, 
coinciding with the high density XBT transect AX07. 
 
2.   Coastal Survey Vessel: 2 to 3 day cruises, typically using the R/V Walton Smith. These 
cruises are planned for quarterly occupation (subject to ship time charter funding) and involve 3 
PhOD personnel.  Data resulting from these cruises include profiles of temperature, salinity, 
oxygen and velocity (from lowered and shipboard ADCP measurements).  Starting in 2009, 
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most of these cruises have included net tows in collaboration with the NOAA Southeast 
Fisheries Science Center.   

 
Deep Western Boundary Current cruises along 26.5oN: These cruises seek to quantify water 
mass variability in the Deep Western Boundary Current east of the Bahamas and to provide an 
estimate of the volume flow.  Since 2004 in-situ PIES and CPIES moorings provide time series 
estimates of the DWBC (and the smaller northward-flowing Antilles Current) and cruises 
include servicing (as appropriate) and downloading the subsurface data (via telemetry).  In 
addition to travel time series data, these cruises provide full water column estimates of 
temperature, salinity, oxygen, and velocity east of the Bahamas, along 26oN, 27oN in the Florida 
Straits, and near 78oW across the Northwest Providence Channel (time permitting). This 
component of WBTS is collaboration between NOAA, NSF and the United Kingdom Natural 
Environment Research Council (NERC). The NSF funded part of the program is called 
MOCHA, while the UK funded part is called RAPID-MOC.   

 
Expendable Bathythermograph (XBT) network:  Goals - To measure the upper ocean 
mesoscale temperature and current variability in the Atlantic Ocean using expendable 
bathythermographs deployed with horizontal separation of 10-50 km.  Ten High Density XBT 
transects are maintained by AOML with sampling typically quarterly for a total of 32 sections 
each year, with the notable exceptions that AX25 is repeated twice each year and AX97 is 
repeated six times per year.  Each transect requires 1 ship rider to deploy XBTs, drifters, and 
Argo floats.  International collaborators work with AOML personnel on the vast majority of 
these sections, covering two of the North Atlantic transects AX07 and AX10.  The length of 
these cruises ranges from as many as 35 days (AX25 and AX08) to 3-4 days (AX10 and AX97).   
 
Southwest Atlantic Meridional Overturning Circulation (SAM) array:   Goals - To measure 
the western Atlantic components of the Meridional Overturning Circulation (MOC) at 34.5°S.  
The SAM project supports annual and/or semiannual research cruises to study the water masses   
in this region and to acoustically download daily data from moored instruments. The 
international project is collaboration between NOAA, the Argentine Naval Hydrographic 
Service, and the Universities of Buenos Aires and Sao Paulo.  The SAM array also represents the   
western boundary cornerstone of the trans-basin MOC array at this latitude. 
 
Hurricane Underwater Glider:  To carry out underwater glider observations and obtain 
temperature and salinity profiles to 1000m deep to provide data as input to tropical cyclone 
forecast models.  This project maintains a network of 2 to 4 underwater gliders, which are 
deployed twice a year in the Caribbean Sea and tropical North Atlantic Ocean.  The deployments 
and recoveries are performed from the R/V La Sultana from the University of Puerto Rico 
Mayaguez.  Approximately 2500 profiles are obtained during each mission, which run from 
February to May and from June to November (hurricane) season every year.   
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Some of our National and International Partners 
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Recent PhOD Publications 
(PhOD personnel in bold) 
PDF of these publications can be obtained at: http://www.aoml.noaa.gov/phod/docs.php 
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subtropical South Atlantic. Deep-Sea Res. I, 120:112-121, (doi:10.1016/j.dsr.2016.12.004).  

Baker-Austin, C., J.Trinanes, N. Gonzalez-Escalona, and J. Martinez-Urtaza, 2016: Non-
Cholera Vibrios: The Microbial Barometer of Climate Change. Trends in Microbiology, 
25(1):76-84(doi:10.1016/j.tim.2016.09.008).  

Carrillo,L.,  J.T. Lamkin, E.M. Johns, L. Vasquez-Yeomans, F. Sosa-Cordero, E. Malca, 
R.H.Smith, and T. Gerard. Linking oceanographic processes and marine resources in the 
western Caribbean Sea Large Marine Ecosystem subarea. Elsevier, Environmental Development, 
(doi:10.1016/j.envdev.2017.01.004), in press. 

Lumpkin R., T. Ozgokmen, and L. Centurioni, 2016: Advances in the applications of surface 
drifters. Annu. Rev. Mar. Sci., 9:59-81 (doi:10.1146/annurev-marine-010816-060641).  

Meinen, C.S., S.L. Garzoli, R.C. Perez, E. Campos, A. Piola, M.P. Chidichimo, S. Dong, and 
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2016 

Androulidakis, Y.S., V.H. Kourafalou, G.R. Halliwell, M. Le Henaff, H.S. Kang, M. Mehari, 
and R. Atlas, 2016: Hurricane interaction with the upper ocean in the Amazon-Orinoco plume 
region. Ocean Dynam., 66(12):1559-1588, (doi:10.1007/s10236-016-0997-0).   

Balaguru, K., L.R. Leung, J. Lu, and G.R. Foltz, 2016: A meridional dipole in pre-monsoon Bay 
of Bengal tropical cyclone activity induced by ENSO. J. Geophys. Res. -Atmosp., 121(12):6954-
6968 (doi:10.1002/2016JD024936).  

Balaguru, K., G. R. Foltz, L. R. Leung, and K. A. Emanuel. Global warming-induced upper-
ocean freshening and the intensification of super typhoons. Nature Communications, 7:13670 
(doi:10.1038/ncomms13670).  
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flotsam in the subtropical gyres.  Geophys. Res. Lett., 43(23):12.229-12,233, 
(doi:10.1002/2016GL071443).  
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41-58, (doi:10.1016/j.csr.2016.03.014).  

Centurioni, L., A. Horanyi, C. Cardinali, E. Charpentier, and R. Lumpkin, 2016: A global ocean 
observing system for measuring sea level atmospheric pressure: Effects and impacts on 
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