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The series of five articles in this issue 
clearly attest to the vital role of the 
Intra-Americas Sea (IAS) in climate 
variations of the surrounding 
North American continental region 
stretching from the Caribbean to 
the Mesoamerica and across the 
Midwest Plains to the northeast 
US. And yet, the IAS is one of the 
poorly observed ocean regions of 
the world, and one where almost all 
climate models display large bias.  

The heat fluxes off the rather 
warm upper ocean of the IAS 
in the boreal summer and fall 
provide fuel for some of the most 
destructive weather and climate 
extremes in North America like 
tornadoes, tropical cyclones, 
droughts, and floods that often 
produce debilitating collateral 
damage and grim picture of 
human mortality. The IAS also 
influences the Hadley circulation 
with implications on the regulation 
of sea surface temperature in the 
remote but important region of 
the tropical southeastern Pacific. 
IAS variability also seems to play a 
role in the larger Atlantic meridional 
overturning circulation.

The IAS is a primordial soup of 
a spectrum of important scales 

1

The Intra-Americas Sea (IAS) is generally defined as the Gulf of Mexico and 
Caribbean Sea, and more broadly includes the far western tropical North 

Atlantic and far eastern tropical North Pacific oceans. The IAS is encircled by 29 
Caribbean nations, seven Central American nations, Mexico and the United States 
to the north, and Colombia and Venezuela to the south. The large-scale processes 
and climatic features affecting the IAS region include the seasonal north-south 
migration of the intertropical convergence zone (ITCZ), the seasonal and longer 
term variability of the Atlantic warm pool (AWP), the Atlantic multi-decadal 
oscillation (AMO), the El Niño southern oscillation (ENSO) and the Madden-Julian 
oscillation (MJO), among others (Aguilar et al. 2005; Amador et al. 2006; Barlow and 
Salstein 2006; Poveda et al. 2006; Wang et al. 2008; Méndez and Magaña 2010). 
On more regional scales, IAS weather is strongly modulated by low-level wind jets, 
the mid-summer drought (MSD), tropical easterly waves, tropical cyclones (TCs) 
(Magaña et al. 1999; Amador 2006; Small et al. 2007; Méndez and Magaña 2010; 
Serra et al. 2010; Hidalgo et al. 2015), and the diurnal cycle (Garreaud and Wallace 
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of variation. This is manifested by 
land processes through significant 
freshwater discharge from major 
rivers (Orinoco and Amazon) that 
influence the formation of the 
ocean barrier layers, dynamic 
ocean circulations in the Caribbean 
Sea and Gulf of Mexico, and the 
significant role of atmospheric fluxes 
to spin off climate and weather 
extremes. The numerical models 
across generations of development 
have found this amalgamation of the 
land-ocean-atmosphere processes 
quite challenging.

There is great potential to realize 
useful predictability from the IAS 
across timescales of climate and 
weather predictions, such as recent 
studies that have shown useful 
short-term (seasonal) predictions 
from the North American Multi-
Model Ensemble. Furthermore, the 
large density of vulnerable human 
population around the IAS region, 
burgeoning coastal development, 
and increasing attention on food 
production and security lead us to 
strongly believe that the value of 
understanding the IAS and its roles in 
climate and extreme events will gain 
further importance. Investments in 
sustained and expanded monitoring, 
research into mechanisms 
influencing variability, and modeling 
to advance predictions will underpin 
the development of usable climate 
information to address societal 
needs in the region.
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1997; Yang and Slingo 2001), which are themselves modulated by the larger scale 
processes and climatic features (Amador et al. 2006; Poveda et al. 2006; Méndez 
and Magaña 2010). The IAS also influences the weather and climate beyond its 
boundaries through atmospheric teleconnections (Lorenz and Hartmann 2006; 
Wang et al. 2007) and moisture transport (Mestas-Nuñez et al. 2007; Muñoz et al. 
2008; Gimeno et al. 2010). Figure 1 illustrates some of the climatic features of the 
IAS as they appear in February and July. 

Currently, the IAS region faces fundamental challenges in responding to natural 
disasters such as hurricanes, floods, and droughts, as well as managing their water 
and natural resources. The historical drought of 2014-15 that affected El Salvador, 
Guatemala, Nicaragua, and Honduras highlights this issue by having left over two 

Figure 1. Average TRMM 3B43 rainfall (color bar) and ERA Interim 1.5°x1.5° 925 hPa wind vectors 
for February (top) and July (bottom) over 1998-2010.  Significant features of the IAS are also shown 
including the Great Plains low-level jet (GPLLJ), Caribbean low-level jet (CLLJ), inter-tropical conver-
gence zone (ITCZ) and the North American monsoon (NAM).  Regions of typical hurricane tracks are 
highlighted by red symbols. Trans-isthmus low-level wind jets (Choco, Tehuantepec, Papagayo, etc.) 
are also visible in the wind vectors across Central America.
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million impoverished people in need of international 
food assistance across the region (WFP 2015). This same 
region is additionally projected to experience strong 
warming and drying under climate change (Taylor et 
al. 2011; Maloney et al. 2014). The current scientific 
understanding of the modes of rainfall variability in the 
IAS and their potential for improving predictability on 
subseasonal and longer time scales, as well as secular 
projections, is inadequate. The ability to address both the 
important scientific questions of the region, and provide 
resources for water resource management and disaster 
preparedness, hinges significantly on the modernization 
of observational networks within the region, as well as 
strengthening of institutional and 
human resource capacity of local 
institutions.

Ideally an observing system for the 
IAS would provide continuous profiles 
of the atmosphere and ocean on 
sub-daily time scales and on 100-500 
km spatial scales in order to capture 
the significant physical processes 
in the region. But there are over 30 
independent nations that comprise 
the land areas surrounding the IAS 
whose varying economic conditions 
pose a challenge for maintaining 
such an observing system. These 
countries also have differing policies 
on the sharing of data. Despite these 
difficulties, the physical processes 
that are important to the region span 
these political boarders and thus 
require an integrated effort in order 
to advance our understanding of 
them. This article reviews the current 
status of in situ ocean, land, and 
atmospheric observations available 
in the IAS region, summarizes some 
new and proposed observations, 
and highlights critical gaps in the IAS 
observational networks.

Operational networks in the IAS
While almost every IAS nation hosts a World Meteorological 
Organization (WMO) surface meteorological station 
(Figure 2a), and many also host at least one upper-air 
station (Figure 2b), these data can have large gaps in 
their time series—many no longer collect data and active 
upper-air stations may collect data only once per day and 
often only during the week due to a lack of resources. 
Upper-air data within the IAS region also suffer data 
quality issues not seen in upper-air observations 
collected over North America and Europe. The Central 
Aerological Observatory (CAO) in Russia maintains 
statistics on global upper-air data, including a time series 
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Figure 2. (a) The most recent monthly rainfall reported from WMO stations in Latin 
America (courtesy of Vasu Misra).  A green dot indicates the station has not reported 
monthly rainfall since the 1991-2000 time period. (b) The latest monthly 850 hPa data 
reported from upper-air stations in Latin America using the stated percentages for 
each time interval.  A green dot in this panel indicates that at least 25% of the monthly 
850 hPa data was reported in the 2006-2011 time period, but less than 50% of these 
data have been reported since then.

http://cao-ntcr.mipt.ru/all_doc/c4/caostn/ptop/htopraiv.htm
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of monthly average sounding height for 0000 UTC and 
1200 UTC launches by station, revealing some of these 
issues. The lack of sustained surface and upper-air station 
measurements impacts the fidelity of satellite estimates 
of atmospheric water vapor and temperature profiles 
and integrated water vapor over the region. It additionally 
impacts constraints on global and regional model 
forecasts and reanalyses, and, ultimately, limits progress 
in understanding modes of atmospheric variability 
over the region on sub-daily to decadal timescales.

The World Ocean Database integrates global ocean 
temperature and salinity profile data collected from 
buoys, ships, gliders, and other platforms. By 2007 
routine in situ ocean observations around the globe 
have been primarily provided by Argo floats (e.g., 
Roemmich and Owens 2000). Argo floats telemeter 
profiles of ocean temperature and salinity to 2000 m 
depth daily via satellite. These observations contribute 
to our understanding of ocean processes on seasonal to 
decadal timescales. However, Argo measurements are 
coarse in both time and space and can therefore alias 
high-frequency regional signals and be more affected by 
mesoscale ocean eddies (von Schuckmann et al. 2014). 
The IAS is a region of strong diurnal variations in sea 
surface temperature (SST) and significant mesoscale 
eddy activity (Sturges 1992; Sheng and Tang 2003; 
Jouanno et al. 2012), suggesting Argo observations may 
have significant biases in this region. In addition, the IAS 
currently has a low density of Argo floats compared to 
other regional seas. Ocean mesoscale eddies and their 
associated upper ocean heat content have been shown 
to play an important role in the intensification and 
tracks of Atlantic hurricanes across the IAS (Lin et al. 
2012). Thus, surface and upper ocean observations of 
sufficient density in time and space are needed to better 
understand and forecast hurricane activity in this region.

The National Buoy Data Center (NDBC) provides hourly 
observations from a network of buoys and Coastal 
Marine Automated Network (C-MAN) stations around 
the globe. All stations measure wind speed, direction, 
and gust; barometric pressure; and air temperature. 

In addition, all buoy stations and some C-MAN stations 
measure SST and wave height and period.  Conductivity 
and water current are also measured at select stations. 
NDBC also maintains a database of marine surface 
observations and deep-ocean assessment and reporting 
of tsunamis (DART) bottom pressure observations 
for the early detection, measurement, and real-time 
reporting of tsunamis in the open ocean. A high density 
of moored and C-MAN observations are collected in the 
Gulf of Mexico, however they are concentrated along 
the North American coastline with few open-ocean 
measurements in the Gulf of Mexico or Caribbean 
Sea. NDBC stations in the IAS lack subsurface 
measurements, thus limiting these observations to 
studies of the air-sea interface and its variability. 

Recent and planned non-operational observing 
systems for the IAS
The National Science Foundation (NSF) recently 
funded the Continuously Operating Caribbean GPS 
Observational Network (COCONet) through August 2016 
(Braun et al. 2012). COCONet includes the installation 
and refurbishment of 65 continuous Global Navigation 
Satellite System (cGNSS) and meteorology stations in 
the Caribbean and Central America, and the archival of 
data from 62 cGNSS stations that are already or will soon 
be in operation through partnerships with Caribbean 
and Central American universities and national agencies 
(Figure 3). COCONet is a non-traditional observing 
system that provides surface observations of wind speed 
and direction, barometric pressure, air temperature, 
humidity, and precipitation. The GNSS signal also provides 
continuous all weather, high frequency (5-30 minute) total 
column precipitable water vapor (TPW). A similar network, 
the Trans-boundary, Land and Atmosphere Long-term 
Observational and Collaborative Network (TLALOCNet), 
also funded by NSF, is now under construction in Mexico 
(Figure 3). TLALOCNet includes the installation of 37 
cGNSS sites with surface meteorology, rainfall, and TPW, 
and is funded through August 2017. Together these cGNSS 
networks provide critical observational infrastructure to a 
region that is impacted seasonally and interannually with 
large fluxes o f a tmospheric m oisture f rom t he Pacific, 

https://www.nodc.noaa.gov/OC5/WOD/pr_wod.html
http://www.ndbc.noaa.gov/obs.shtml
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the Gulf of Mexico, and the Caribbean (e.g., Mestas-
Nuñez et al. 2007; Gimeno et al. 2010; Serra et al. 2016).

The Cooperative Institute for Marine and Atmospheric 
Studies at the University of Miami and the National 
Oceanic and Atmospheric Administration Atlantic 
Ocean Marine Laboratory launched a pilot network of 
underwater gliders off the coast of Puerto Rico beginning 
in 2014 as part of a multi-institutional, two-year project 
to carry out targeted upper-ocean observations to 
1000 m depth in the Caribbean Sea and tropical North 
Atlantic Ocean. The first phase of the project collected 
4,800 profiles in nine months, where previously only 
200 ocean profiles were available over the past 10 years. 
Deployments continued in 2015 and included profiles 
of current velocity, in addition to salinity, temperature, 
and dissolved oxygen. This pilot glider network was 
implemented to enhance our knowledge of the role 
that the ocean plays in the intensification of TCs and to 
assess the impact of these observations on TC intensity 
forecasts (Domingues et al. 2015; Goni et al. 2015).  

The Colombian Administrative 
Department of Science, Technology 
and Innovation (COLCIENCIAS) 
recently funded US and 
Colombian researchers to 
investigate the Choco low-level 
jet off the northwest coast of 
Colombia. The Choco jet is at its 
maximum in fall, and, like the 
Caribbean low-level jet (CLLJ), is 
associated with a maximum in 
the wind below 900 hPa, strong 
moisture transport, and heavy 
rainfall (Poveda and Mesa 
2000). This region of Colombia 
has some of the highest global 
rainfall on record, however 
the lack of sustained surface 
and upper-air measurements 
presents a challenge for 

understanding the mechanisms responsible for the jet 
and its variability. This field program will collect upper-air 
observations during September 2015 and 2016 at a land-
based station on the Colombian Pacific Coast and from a 
reconnaissance Navy vessel operating off the west coast 
of Colombia to document the horizontal and vertical 
structure of the jet and the fidelity of its representation 
in global and regional models (Yepes et al. 2015).

Observational efforts such as these are helping to fill 
the gap in both atmospheric and oceanic observations 
throughout the IAS and into Mexico. The need for an 
integrated program of observations and modeling across 
the IAS is echoed in the Implementation Plan for the Intra-
Americas Study of Climate Processes (IASCLiP; Misra et al. 
2014) and within the World Bank’s Modernizing National 
Meteorological Service to Address Variability and Climate 
Change in the Water Sector in Mexico (MOMET) project 
report (Tuluy et al. 2012). The challenge with networks 
such as these is determining how to maintain this 
infrastructure beyond the project period and how to 
build the professional and technical capacity within the 
nations of the IAS region to support the infrastructure.

Figure 3. Locations of cGNSS sites within the COCONet and TLALOCNet observing systems.
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Opportunities to advance IAS science and monitoring 
capabilities
There are several opportunities for observations to 
address important and outstanding scientific issues 
and help diagnose atmospheric and ocean model 
errors within the IAS and surrounding land areas. In 
some cases these opportunities could be realized 
through exploitation of existing observing systems, 
while others would require expansion of existing 
observing systems, a process study or new technologies.

One important outstanding scientific issue is the 
significant cold bias in IAS SST during boreal summer and 
fall that has persisted over several model development 
cycles of the Coupled Model Intercomparison Project 
(CMIP), resulting in an underestimate of the strength of 
the AWP (Liu et al. 2012; Kozer and Misra 2013; Liu et al. 
2013). There are several theories for this bias including 
inadequate ocean model resolution, which does not 
resolve ocean eddies important to heat transport in the 
region (Gent et al. 2010; Patricola et al. 2012; Kirtman 
et al. 2012; Small et al. 2014); a bias in low clouds over 
the IAS (Liu et al. 2012), shown to be important to IAS 
SST variability (Misra et al. 2012); and remote effects 
of equatorial Atlantic biases related to the slope of the 
equatorial thermocline, weak easterly wind stress, and 
low cloud bias over the eastern Atlantic (e.g., Davey et al. 
2002; Huang et al. 2007; Richter et al. 2012). The Prediction 
and Research Moored Array in the Atlantic (PIRATA) 
collects ocean temperature and salinity measurements to 
500 m depth, surface meteorology, rainfall, and, at select 
sites, ocean currents and radiative fluxes.  Extending 
this mooring capability into the IAS, with perhaps three 
moorings located along 15°N at roughly 50°W, 60°W and 
75°W and two moorings along 25°N at 75°W and 90°W, 
to fully capture air-sea fluxes and upper ocean structure 
across the equatorial Atlantic and into the IAS region, 
together with coordinated modeling efforts, would serve 
to advance progress on the IAS cold bias issue.

Another outstanding issue is the need to advance 
the seasonal predictive skill for rainfall and surface 
temperature over North America, which is currently 

limited to one month (Yuan et al. 2011). Studies suggest 
that the AWP modulates the summer climate of the 
Western Hemisphere, including circulations affecting the 
North American monsoon and Central Great Plains (Wang 
et al. 2007). In addition, the atmosphere over the eastern 
Pacific side of the Western Hemisphere warm pool exhibits 
strong intraseasonal variability in rainfall on both roughly 
40-day and 20-day timescales (Jiang and Waliser 2008; 
Maloney et al. 2008; Jiang and Waliser 2009; Rydbeck et 
al. 2013). These modes have been shown to modulate the 
gap winds across Central America and Mexico (Maloney 
and Esbensen 2003), El Niño development (Vintzileos et 
al. 2005), North American monsoon precipitation (Higgins 
and Shi 2001; Lorenz and Hartmann 2006), Caribbean 
precipitation (Martin and Schumacher 2011), the MSD 
(Magaña et al. 1999; Small et al. 2007), eastern Pacific 
easterly wave activity (Crosbie and Serra 2014; Rydbeck 
and Maloney 2014), and TC development (Maloney and 
Hartmann 2000a,b; Higgins and Shi 2001; Jiang et al. 
2012). All of these studies rely on global reanalyses to 
evaluate the variability of the atmosphere-ocean system 
in the IAS region. Uncertainty in air-sea fluxes is an issue 
for these products, and in situ marine observations are 
lacking to fully diagnose these errors over the tropical 
oceans (Brunke et al. 2011; Chaudhuri et al. 2013). While 
the existing NDBC network provides surface meteorology 
and ocean surface temperatures along the coastline in the 
IAS, extension of this buoy network into the open waters 
of the IAS would help reduce uncertainties in air-sea heat, 
moisture, momentum, and radiative fluxes. Improving 
the consistency of existing upper-air observations across 
the land areas of the IAS, in addition to assimilating 
zenith total delay or TPW from COCONet and TLALOCNet 
stations, would also help to constrain model analyses 
and potentially improve model predictive skill over North 
America on seasonal to intraseasonal timescales.  

The low-level jets (e.g., Caribbean, Great Plains, Choco) 
play an important role in moisture transport (Poveda 
and Mesa 2000; Mestas-Nuñez et al. 2007; Gimeno et al. 
2010), have critical interactions with the mean flow and 
large-scale features of the IAS (Wang et al. 2007; Poveda 
et al. 2014), and are a potential source of instability 
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for easterly wave and TC development (Molinari et al. 
1997, 2000; Molinari and Vollaro 2000; Maloney and 
Hartmann 2001; Serra et al. 2010). Representation of 
the CLLJ and its extension into the eastern Pacific across 
Costa Rica differs among reanalysis products, resulting 
in uncertainty in our understanding of the jet instability 
and its importance to wave and TC growth (Amador et al. 
2006; Serra et al. 2010), as well as in the representation 
of jet interactions with the mean flow and IAS large-scale 
seasonal climate. Therefore, the diagnosis of low-level jet 
biases is highlighted to be critical to examine the fidelity 
of model simulations of the IAS region. The current 
upper-air network across Central America is insufficient 
to meet this need.

The diurnal cycles of precipitation, water vapor, and 
low-level winds (including sea breeze circulations) over 
southern Mexico and Central America, as well as along the 
northern coast of South America at sea level and higher 
elevations, have been identified as important features of 
the continental hydroclimate around the IAS (Garreaud 
and Wallace 1997; Yang and Slingo 2001; Zuluaga and 
Houze 2015). Therefore, systematic analysis of model 
bias with regard to their diurnal variability is desired. 
Surface stations with rain gauges exist over the land 
areas that surround the IAS, and satellites can provide 
a climatological diurnal cycle in rainfall over land and 
ocean at coarse spatial scales (~25 km). However, in situ 
measurements at higher elevations are lacking, and the 
time series at many sites have significant gaps due to lack 
of resources. The existing infrastructure in the IAS includes 
COCONet and TLALOCNet GPS-Met stations that provide 

rainfall and TPW at high time resolution. These data 
provide additional density to the long-standing regional 
surface meteorological network at several key locations, 
including small islands, coastal sites, and in elevated 
terrain. They not only are invaluable for documenting and 
understanding the diurnal cycle in rainfall throughout the 
region, but also for improving satellite rainfall estimates, 
particularly at higher elevations. Continuation of these 
observations beyond the scheduled project termination 
dates will be important for providing data in these critical 
regions, as the community explores ways to improve 
the surface meteorological network throughout Central 
America and the Caribbean. 

These are just some of the many opportunities that 
exist for addressing important scientific issues in the 
IAS and beyond with the current observational network 
and possible extensions to this network. IASCLiP will 
engage with other observational efforts within this region 
including the Gulf of Mexico Coastal Ocean Observing 
System (GCOOS), the Caribbean Coastal Observing 
System (CaribCOOS), the Tropical Pacific Observing 
System (TPOS), and AtlantOS programs. Coordination 
among these groups is important for assessing the needs 
for long-term observations across the tropical Pacific, 
IAS, and Atlantic related to key science questions for the 
coming decades. A well-coordinated effort would expand 
the capabilities of these individual programs by assuring 
consistency in defining critical overlapping scientific 
issues among the regions and through shared resources 
to address these issues.
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Mesoscale features dominate the circulation in the  
   Gulf of Mexico (GoM). These features are on a 

spatial scale order of 10-100 km and include the Loop 
Current (LC), anticyclonic LC eddies, cyclonic frontal 
eddies, and filaments. Dynamics of these currents 
are not well understood, and CMIP-5 (Coupled Model 
Intercomparison Project, 5th phase) class climate models 
cannot simulate them because of insufficient spatial 
resolution. At the same time, mesoscale currents can play 
a fundamentally important role on modulating climate 
extremes over North America. For instance, warm core 
eddies in the GoM can drift for months, forming a heat 
reservoir that supports and sustains hurricane activity, 
such as the case for Hurricane Opal in 1995 (Shay et 
al. 2000). Heat advection by currents and eddies can 
influence the distribution of heat anomalies associated 
with the Atlantic warm pool (AWP), which in turn affects 
the rainfall pattern over the Caribbean and the US (Wang 
and Lee 2007).
 
Previous studies have demonstrated that surface heat 
fluxes are paramount for AWP formation (Enfield 2005; 
Lee et al. 2007), which is strongly linked to enhancing 
moisture content in the Great Plains low-level jet in the 
summer and bringing increased precipitation over the 
GoM and continental US (Wang et al. 2007). However, it 
is still unclear what the contribution of ocean heat flux to 
AWP is. In a study by Lee et al. (2007), the authors found 
that advective heat flux divergence plays a relatively 
minor role in the GoM. However, the authors note that 
due to the coarse resolution of the climate model used, 

the LC and its variability was not well captured, and thus 
its impact on heat anomaly distribution over the GoM 
could not be fairly evaluated.    

It is imperative that these mesoscale features and 
variability in the GoM be well represented in climate 
models if we are to gain a better understanding of the 
processes at this scale that can exert control over climate 
extremes in North America. The focus of this study is 
to highlight ocean mesoscale variability in the GoM as 
seen in a global coupled climate models and view the 
implications on heat anomaly distribution in the GoM. 
Therefore, two 54-year simulations of the Community 
Climate System Model (CCSM4) are compared. They both 
have the same atmospheric and land models with a half-
degree spatial resolution, but differ in the resolution 
of the ocean and sea-ice components: The first has a 
one-tenth degree ocean and sea-ice component (high 
resolution; HR) and the second has a one-degree ocean 
and sea-ice (low resolution; LR). Additional details for 
both model configurations can be found in Kirtman et al. 
(2012).

The LC originates from the Caribbean Sea, where the 
warm Caribbean Current enters the GoM through 
the Yucatan Channel, continues as the LC in the GoM 
and exits via the Florida Straits as the Florida Current 
(Figure 1a). Observations as well as eddy-resolving 
ocean-modeling studies have shown that the LC has 
high variability, constantly moving in the north-south 
direction from an extended to a retracted position and 
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intermittently shedding anticyclonic LC 
eddies (LCEs) that propagate westward 
(e.g., Leben 2005; Oey et al. 2005; Chang 
and Oey 2012; Le Hénaff et al. 2012). 
This motion of the LC and LCE is clearly 
seen in the HR run, where Figure 1 shows 
monthly mean surface current speed 
for a sample eight-month period. The 
occlusion and separation of the LCEs 
is a very complex process that typically 
involves cold-core, cyclonic eddies (GoM 
cyclones, or GMCs) moving along the 
edge of the LC and constraining its “neck”, 
as well as several detachments and re-
attachments (Sturges et al. 1993; Schmitz 
2005; Oey et al. 2005). On the western 
portion of the LC, northeast of Campeche 
Bank, GMCs propagate northward and 
westward and play a role in the shedding 
of LCEs (Zavala-Hidalgo et al. 2003). GMCs 
translate southward along the eastern 
edge of the LC and are approximately one-
third the size of LCEs. They tend to have 
colder perturbations than their western 
side counterparts and are shown to play 
an important role in the LCE separation 
process (Vukovich 1988; Fratantoni et al. 
1998; Zavala-Hidalgo et al. 2003).   

The LR model, which is typical for CMIP-
5 class models, is only able to capture 
some vague semblance of the LC and 
none of the LCEs (not shown). But a more 
noticeable difference between the HR 
and LR is in the variability of the LC as is illustrated by sea 
surface height (SSH) variability (Figure 2a, b). In LR, the 
root-mean-square (RMS) of SSH increases with latitude 
(Figure 2a), but it is not associated with LC variability. In 
contrast, SSH variability in HR is an order of magnitude 
greater than in LR, with its peak variability observed in the 
region of LC fluctuations  (Figure 2b). The latitudinal band 
of intermediate SSH variability between 24-27oN reflects 
the westward propagation of LCEs. An even greater 

contrast between two simulations is seen in the variability 
of the upper 200 m ocean heat divergence (Figure 2c,d), 
with a difference of two orders of magnitude between 
the LR and HR. Similar to SSH variability, HR reveals that 
strong variability of the upper ocean temperature flux 
divergence is associated with LC variability and shedding 
of LCEs (Figure 2d). In addition, heightened variability is 
seen along the northeastern coast of Cuba and mouth 
of Florida Straits, as well as the western shoreline of the 
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Figure 1. Monthly mean surface current speed (m/s) from high resolution CCSM4 for 
a sample 8-month period. Left corner of each subfigure indicates model year/month.  
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GoM around 23-28oN where LCEs hit and interact with 
the slope shelf. These results suggest that Lee et al. 
(2007), who used a model with spatial resolution similar 
to LR, underestimated the contribution of the advective 
heat flux divergence in the GoM.        

Air-sea heat exchanges play a significant role in the 
heat budget of the AWP (Enfield 2005; Lee et al. 2007), 
sustaining reservoirs of warm water that can fuel 
convection and release considerable amounts of moisture 
into the atmosphere, thereby influencing precipitation 
patterns over the continental US and Caribbean (Wang 
et al. 2006). Over the GoM, air-sea coupling between 
sea surface temperature (SST) and surface latent heat 
flux out of the ocean is very different between the 
HR and LR (Figure 3a and b) (Kirtman et al. 2012). The 
negative correlation between these two quantities in LR 
(Figure 3a) indicates canonical atmosphere driving SST 

anomalies. For instance, large surface wind speed can 
enhance evaporation and cool SST, or warm Caribbean 
air entering the GoM can also augment latent heat out 
of the ocean. However, the positive correlation seen in 
HR (Figure 3b) suggests the ocean has an imprint on the 
atmosphere, with larger SST driving more latent heat 
being released into the atmosphere. This is a classic 
signature commonly observed along SST fronts and 
regions of high mesoscale eddy activity, such as but not 
limited to western boundary currents, Agulhas leakage, 
and the Southern Ocean (Wu et al. 2007; Putrasahan et 
al. 2013; Bôas et al. 2015). It also propounds a greater 
role of oceanic processes such as advection and vertical 
entrainment on the distribution of heat and SST over the 
GoM. Indeed, HR reveals a positive correlation between 
the upper 200 m ocean heat flux convergence and latent 
heat flux into the atmosphere along the LC track and 
trail head of the westward propagating LCEs (Figure 

Figure 2. a) Variability of SSH (cm) over 54 years in LR; b) same as a) except for HR; c) variability of upper 200 m ocean 
advective heat divergence (m-°C/s) in LR; d) same as c) except for HR.
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3c), implying that the contribution of ocean advection, 
in supplying and distributing heat over the GoM, is 
substantial. This purports the importance of mesoscale 
advection and variability to the heat budget of the GoM 
by providing a conduit for heat transport into the GoM. 

This brief study suggests that the distribution of heat 
anomalies in the GoM is in large part controlled by the 
LC advection and mesoscale variability rather than 
being solely determined by the atmosphere. Most of 
the CMIP-5 models still have cold SST bias in the AWP 
region, even though it is already an improvement from its 
predecessor, CMIP-3 (Liu et al. 2013). Part of the cold bias 
in CMIP-5 models can be attributed to high-level cloud 
radiative forcing (Liu et al. 2013), but the full cause of this 
cold bias is still open to debate. Could the lack of ocean 
resolution in current generation climate models lead to 
a deficit of warm tropical waters advecting into the AWP, 
thus causing the cold SST bias? In light of the results 
presented here, it will be interesting to see if there is any 

improvement to the SST bias from resolving mesoscale 
features and variability, and what the contribution from 
oceanic processes is.  

The distribution of heat anomalies over the GoM in turn 
affects the amount of moisture and heat released into 
the overlying atmosphere and can potentially influence 
local and surrounding rainfall patterns (Wang et al. 
2006; Lee et al. 2007).  Ongoing studies are currently 
conducted to understand the mechanisms that relate LC/
LCEs variability to atmospheric circulation and processes, 
with the goal of improving rainfall predictions over the 
Caribbean and continental US.  
 

Figure 3. a) Pointwise correlation between latent heat flux (LHF) and SST for LR; b) same as a) except for HR; 
c) pointwise correlation between LHF and upper 200 m ocean heat flux convergence.    
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The Intra-American midsummer drought: 
Variability and open questions

Kristopher B. Karnauskas1 and Scott Curtis2
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The climatological seasonal cycle of precipitation in 
the Intra-Americas region including the Caribbean, 

Mexico and Central America spans roughly May through 
October, although the exact beginning and end dates 
vary significantly by location. Long known to agriculturally 
based societies across the global tropics, within the rainy 
season is a temporary break from monsoon rains. This 
so–called midsummer drought (MSD), known regionally 
as la canícula or veranillo, is such an important feature of 
the climatological rainy season that seeding and growing 
practices of farmers have been tailored specifically to 
leverage a biannual monsoon (Gianini et al. 2009). While 
the MSD is a recurring dry spell in an otherwise rainy 
season, empirical evidence suggests that this paradigm 
is exactly what farmers associate with drought. In a 
study by Campbell et al. (2011), 45% of Jamaican farmers 
surveyed associated drought with no rainfall in the rainy 
season, while 15% identified it with a lack of resources 
(“when there is not enough water for plants”) and only 
10% with a direct impact on their productivity (“when 
plants dry up”).

There is much uncertainty about the strength and 
timing of local and remote forcings that cause the MSD. 
Interestingly, many studies have treated the Caribbean 
MSD and Pacific MSD separately, and thus different 
theories have been proposed to explain the generation 
of this bimodal precipitation signal. Furthermore, 
there is some debate as to whether the MSD is itself a 
feature of the climate system or merely a byproduct of 

the timing of the early and late rainy seasons. While the 
MSD has been recognized for some time in the scientific 
literature (e.g., Portig 1961; Hastenrath 1967), Magaña 
et al. (1999) revived interest in the MSD and proposed a 
primarily radiative and thermodynamic explanation for 
the MSD along the Pacific coast of Mexico and Central 
America. They suggested that once early summer 
convection builds over the western hemisphere warm 
pool, the enhanced cloud cover blocks downwelling 
solar radiation, cooling the surface temperatures. This, 
in turn, inhibits rainfall in July-August until the removal 
of cloud shadowing is sufficient to return the system to 
pre-MSD conditions through a build up of sea surface 
temperature (SST) and convection. Recently, Karnauskas 
et al. (2013) modified the Magaña et al. (1999) hypothesis 
and showed that the MSD for the Pacific coast of Central 
America can be explained by the propagating solar 
declination (SD). Karnauskas et al. (2013) demonstrated 
the latitudinal dependence of the two climatological 
precipitation maxima to the biannual crossing of the 
SD drives two peaks in convective instability and hence 
rainfall. In addition to this underlying local mechanism, 
a number of remote processes tend to peak during 
the MSD, including the North American Monsoon, the 
Caribbean Low–Level Jet (CLLJ), and the North Atlantic 
Subtropical High (NASH), which may also act to suppress 
rainfall along the Pacific coast of Central America and 
generate interannual variability in the strength or timing 
of the MSD. Alternatively, mechanisms for the Caribbean 
MSD have focused on the NASH and CLLJ. Rather than 
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a latitudinal dependence on the MSD, there appears to 
be a longitudinal dependence due to the building of the 
NASH into the Caribbean during the mid-summer (Curtis 
and Gamble 2007). Local enhancements of the MSD in the 
western Caribbean may be due to variations in the CLLJ 
around Jamaica (Curtis and Gamble 2007; Gamble and 
Curtis 2008). Needless to say, mechanisms for the MSD 
appear to be regional in nature despite its prevalence 
across much of the global tropics.

Impacts of the midsummer drought
While the MSD is a feature of the annual cycle, there is 
strong interannual variability in its severity. This problem 
is well illustrated in three annual cycles of daily rainfall 
amounts from Cancún, Mexico (Figure 1): one for the 
climatology and one for two different years within the 
same decade. Although Cancún exhibits 
a modest climatological midsummer 
drought, a given year may be marked by 
a remarkably strong MSD, while the next 
year may bring the extreme opposite.

This interannual variability can also be 
seen in remotely sensed estimates of 
vegetation vigor (Allen et al. 2010). It 
is not surprising then that farmers in 
the region appreciate and attempt to 
account for the variability of the MSD 
(Gamble et al. 2010). In Jamaica, July 
is the most risky, yet critical month 
for agriculture yields. During the MSD, 
farmers plant “quick crops” across 
the MSD for the tourism market in 
the hopes of earning enough capital 
to sustain their primary farming 
activities. In a weak MSD year, farmers 
can “catch a crop” and invest in their 
farming operations. However, a 
particularly strong MSD can lead to 
farm abandonment. Zaragoza, Mexico 
experienced a near-complete crop 
failure in 2009 due in part to a severe 
MSD (Roge et al. 2014).

Observed temporal variability of the midsummer 
drought

The Pacific Coast of the Americas
While the MSD is a very robust feature of the 
hydroclimate of the region, in particular the Pacific coast 
of Central America and southern Mexico, there is clearly 
a significant amount of variability in both the annual total 
precipitation and the character of the MSD from year to 
year. The character of the MSD in a given year can be 
objectively sorted according to whether the first peak 
was stronger, the second peak was stronger, or both 
peaks were roughly equivalent. When we sort 64 years of 
observed rainfall from Guatemala City in this way (Figure 
2), we find that the most frequent occurrence is a nearly–
symmetric MSD (both subseasonal peaks roughly equal), 
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Figure 1. Smoothed (31–day running mean) daily rainfall (mm) from station observa-
tions at Cancun, Mexico (Kantunilkin) from the Global Historical Climatology Network 
(GHCN) dataset (Vose et al. 1992). Shown are the mean climatology (1953–1998; 
black) and two selected years (1953 in red and 1962 in blue).
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and that an early–biased MSD is quite rare. Furthermore, 
there is no apparent relationship between early vs. late–
biased structure and whether the MSD was stronger vs. 
weaker than normal.

It is possible to explore whether there is inherent 
predictability in the MSD by evaluating interannual 
relationships between total annual precipitation, 
precipitation during the peak months, and precipitation 
during the height of the MSD. For example, there is a 
significant correlation (r=0.5, 99%) between precipitation 
during the first peak in the seasonal cycle at 91°W, 14°N 
and during the driest month of the MSD (r=0.5, 99%). 
Large–scale drivers of interannual climate variability 
(e.g., El Niño–Southern Oscillation or ENSO) likely play an 
important role in this apparent potential predictability.

Several studies have linked ENSO to the strength of the 
early and late precipitation peaks in the greater Caribbean 
region (e.g., Covey and Hastenrath 1978). During the build 
up of an El Niño event (year 0), there is a decrease in the 
second summer peak (August-October). This response 

stems from higher than average SSTs 
in the eastern Pacific, which alters the 
Walker circulation—anomalously low 
pressure, ascending air, and copious 
precipitation in the eastern Pacific 
balanced by high pressure, subsidence, 
and dry conditions in the Caribbean. 
During the waning year of an El Niño 
(year +1), there is an increase in 
precipitation in the first summer peak 
(May-July), which is attributed to an 
atmospheric bridge mechanism via a 
Pacific/North American teleconnection 
pattern (PNA)—weaker NASH, weaker 
trades, and higher SST (see Curtis 
and Hastenrath 1995). Curtis (2002) 
was the first study to examine ENSO’s 
impact on the complete bimodal 
character of rainfall (May to October) 
over Central America and he found 
that the MSD was stronger during 

year 0 of El Niño compared to La Niña or neutral years. 
The North Atlantic Oscillation (NAO) has also been 
implicated in the strength of the MSD (Giannini et al. 
2001). The positive phase of the NAO would mean a 
stronger NASH, enhanced trades, evaporative cooling, 
and diminished rainfall. Generally, the NAO has the 
largest affect in the spring season, but can extend into 
the summer. Giannini et al. (2001) demonstrate that the 
NAO can either enhance or interfere with the May-July 
year +1 El Niño signal, although they argue that without 
El Niño, the NAO affect is limited to spring. Recent work 
has suggested that a late NAO event, peaking in March, 
can still contribute to the strength of the MSD in the 
Caribbean, regardless of ENSO phase.

The Caribbean Region
The Madden Julian Oscillation (MJO) acts on a similar 
intraseasonal time scale as the MSD (30-60 days), 
however the MJO is not tied to the annual cycle the same 
way the MSD is. Therefore, the MJO cannot explain the 
existence of the MSD, but recent work has suggested that 
the MJO can impact the interannual variability of the MSD. 
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Figure 2. 63 individual years (1948-2010) of monthly average rainfall (mm/day) at 
Guatemala City (91°W, 14°N) from NOAA Precipitation Reconstruction over Land (PREC/L) 
dataset (Chen et al. 2002) sorted according to temporal structure of annual cycle.
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For example, Martin and Schumacher (2011) report that 
when the MJO is in certain phases (i.e., locations around 
the equatorial tropics) Caribbean precipitation anomalies 
can be up to 50% above or below the annual mean. They 
attribute the precipitation anomalies to changes in the 
CLLJ. Another hypothesis is that the strength and phase 
of the MJO may be related to the development of ENSO 
and the NAO in such a way as to have a combined impact 
on Caribbean precipitation. Several observational and 
modeling studies have argued that the MJO can trigger 
an El Niño event (e.g., Kessler and Kleeman 2000). Most 
recently, Lin et al. (2015) shows that the interannual 
variability of the MJO could affect the wintertime NAO 
through a circumglobal teleconnection pattern that 
resembles the PNA.

The MJO can be represented by the Real-Time 
Multivariate MJO (RMM) index at the daily time scale 
(see Wheeler and Hendon 2004). The RMM is divided 
into eight phases. During December-January-February 
(DJF) from 1980 to 2015, we summed the RMM when it 
appeared in each phase to create eight power indices. 
Next, we correlated each power time series with June-
July-August precipitation over the greater Caribbean. 
Only during phase 5 (when the MJO is centered over the 
Maritime Continent) is there spatially consistent high 
correlation, which is field significant at less than 2%. This 
remote forcing is likely communicated first through the 
development of the positive phase of the NAO, and then 
through the initiation of El Niño, which can be surmised 
from the evolution of SST correlations during the course 
of the year (Figure 3). Figure 3 suggests that an active MJO 
over the Maritime Continent in DJF leads to a significant 
increase in temperature in the Gulf of Mexico and points 
eastward and a decrease in temperature from the 
Caribbean to the coast of Africa from March to June. Also, 
beginning in June an El Niño develops in the Niño 3.4 
region and lasts through the end of the year (plot ends in 
October). Thus, the positive NAO and strong NASH lead 
to a cooling and drying of the Caribbean and the El Niño 
in year 0 and contributes to a drying of the Caribbean 
through an adjustment of the Walker circulation 
mentioned earlier. Finally, the overlap between the two 

Figure 3. Correlations significant at the 90% level or greater between 
the RMM5 power index in December-January-February and HadISST1 
reconstructed sea surface temperature from January to October.
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signals is likely strongest in the summer months. This 
study is only preliminary and will be elaborated in a 
forthcoming publication.

The future of the midsummer drought
Despite biases in overall summertime rainfall amounts, 
the CMIP5 multi-model mean captures the essence of 
the MSD over much of the Inter-Americas region. Similar 
to CMIP3 results, the MSD is not an enigmatic challenge 
to global models. Out of the 23 individual CMIP5 models 
analyzed here and included in the multi-model mean, 
roughly half do a reasonably good job simulating the 
MSD on an individual basis, with a handful performing 
very well (Sheffield et al. 2013). Significant differences in 
the location and strength of the MSD between various 
observational datasets preclude a definitive evaluation 
of the CMIP5 multi-model mean, but it is clear that the 
strength of the MSD is underestimated in some regions, 
including along the Pacific coast of Central America, the 
western Caribbean, the major Caribbean islands and 
Florida. Consistent with seasonal rainfall projections, 
the CMIP5 multi-model mean provides a very robust 
projection of a stronger MSD for most regions that 

experience an MSD today (Figure 4; Maloney et al. 2014). 
This is related to seasonally dependent changes in mean 
precipitation rates. During each of the summertime 
months, the east Pacific intertropical convergence zone 
(ITCZ) is projected to shift southward in concert with a 
drying over the East Pacific warm pool (EPWP), Central 
America/southern Mexico, and the Caribbean with 
enhanced drying over the major Caribbean islands of 
Cuba, Hispaniola, and Jamaica. The strongest drying is 
projected to occur during July and August, which are the 
months during which the MSD occurs in many regions 
throughout the Inter-Americas region. Western Mexico is 
projected to experience wetter conditions during the late 
summer (September).

Outlook: research challenges and opportunities
The CMIP5 projections of the future strength of the MSD 
are fairly uniform and robust, but what is the mechanism, 
and what does it depend on? Reliable future projections 
of seasonal rainfall including the MSD likely depend on 
the CMIP5 model accurately projecting the future mean 
state of tropical Pacific SST. Along the Pacific coast of 
the Americas, the seasonal evolution of the MSD may 

Figure 4. CMIP5 multi-model mean projection of the strength of the MSD (mm/day) averaged over the historical experiment, the RCP4.5 
forcing experiment (2080-2099), and the RCP8.5 forcing experiment (2080-2099). The numbers of models included in the analyses are 
23, 17, and 20 for Historical, RCP4.5, and RCP8.5, respectively. The MSD metric mapped here quantifies the midsummer dip in rainfall 
relative to the mean amplitude of the two adjacent peaks. Figure reproduced from Maloney et al. (2014). ©American Meteorological 
Society.  Used with permission.
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also be leveraged to evaluate potential predictability on 
the seasonal–to–interannual time scale, as it was shown 
in Karnauskas et al. (2013) that the MSD propagates 
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Seasonal prediction of US tornadoes 
during late spring and early summer

Eunsil Jung and Ben P. Kirtman

University of Miami

High-impact weather events, such as tornadoes,  
   threaten lives and cost billions of dollars in property 

damage throughout the US every year. The frequency of 
tornadoes has increased in recent years, and it is expected 
to continue to increase in the future (e.g., Trapp et al. 
2007; van Klooster and Roebber 2009), suggesting that 
any predictive capability is of great societal benefit. While 
it is well recognized that predicting individual tornado 
events is only possible a few hours in advance, the large-
scale background atmospheric conditions that influence 
the likelihood of tornado events may be predictable on 
longer time scales (Tippet et al. 2012; Allen et al. 2015). 
Here we use the NCAR Community Climate System Model 
version 4.0 (CCSM4, Gent et al. 2011) forecasts (Kirtman 
et al. 2014) and North American Regional Reanalysis 
(NARR, Mesinger et al. 2006) for the period of 1982-2011 
to examine whether we can predict the seasonal changes 
in the likelihood of a tornado event in the US. It is known 
that El Niño–Southern Oscillation (ENSO) influences 
tornado activity in the US during early spring (Allen et al. 
2015), this study, however, highlights that the influence of 

ENSO on US tornado activity is weak during May-July (MJJ). 
Instead, warm water in the Gulf of Mexico is a potential 
predictor for forecasting US tornado activity during MJJ. 
Considering our current ability to predict SST in the Gulf 
of Mexico, compared with the difficulty of predicting 
the seasonal outlook of tornado activity in the US, the 
findings provide evidence for the seasonal prediction of 
high-impact weather in the US.

Within one season or one month, individual extreme 
weather events are not predictable. However, the large-
scale atmospheric conditions upon which severe weather 
is superimposed may be more likely predictable on 
longer time scales. In fact, the large-scale atmospheric 
conditions have been used to establish relationships 
between severe weather occurrence and the associated 
favorable environments (e.g., Gray 1979; Brooks et al. 
1994, 2003b; Craven and Brooks 2004; Shepherd et 
al. 2009; Tippet et al. 2012, 2014; Allen et al. 2015). For 
example, Tippet et al. (2012, 2014) showed that the 
number of US tornadoes (monthly climatology) was well 
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described by the combination of the monthly climatology 
of convective precipitation with 0-3 km storm relative 
helicity. 

In this study, we use convective available potential 
energy (CAPE) as the background state in which changes 
produce conditions that are more or less favorable for 
severe weather. This approach is, in part, motivated by 
the colocation of CAPE and the geographical distribution 
of tornadoes in the US during MJJ (not shown). There 
are also direct physical relationships that motivate the 
use of variations in CAPE as a predictor of increased or 
decreased probability of tornado events in the US. CAPE 
is a measure of the vertically integrated buoyant energy 
available for storm formation, and indeed, severe storms 
occur most readily when CAPE and vertical wind shear 
are both large in a local environment 
(Rasmussen and Blanchard 1998; 
Craven and Brooks 2004; Brooks and 
Dotzek 2007). In terms of the annual 
cycle, large values of CAPE (in both 
climatology and variation) first emerge 
along the Gulf Coast in March. The 
areas of high CAPE then extend north 
and northeastward through August 
(e.g., Gensini and Ashley 2011). The 
evolution of CAPE is very similar to 
observed convective precipitation and 
further agrees with the geographical 
distribution of tornadoes (not shown). 
On the other hand, the areas of 
relatively strong shear, which is the 
other ingredient of severe storms, 
migrate northward during warm 
months. As a result, weak shear (both 
climatology and variation) prevails 
in the US during MJJ with a minor 
contribution to the tornado activities 
in the US during MJJ (not shown). 

In Figure 1a, tornado activity in the 
US varies widely from year to year. 
For example, the year 2011 was an 

exceptionally destructive year for tornadoes. In contrast, 
tornadic activity during 1988 remained mostly below 
average. Consistent with these tornado activities in the US, 
CAPE in 2011 was anomalously large, suggesting a higher 
chance of an active tornado year (Figure 1b). In contrast, 
CAPE in 1988 was less than climatology, suggesting 1988 
would have a reduced probability for tornadoes as was 
observed. 

Motivated by the fact that CAPE appears to be closely 
related to tornado activity, we ask: can we predict seasonal 
variability of CAPE in the US during MJJ? We choose to use 
actual climate forecasts so that one-to-one comparisons 
with observational estimates are possible. In this study, 
the 10 ensemble members of CCSM4 are initialized every 
May 1st and forecasted until the following April 30th over 

Figure 1. Accumulated CAPE and accumulated number of tornadoes in the US for 
1982-2011. The lavender shading represents (a) tornado numbers and (b) CAPE for 
each year, and the climatology is shown as a bold solid black line. Accumulated MJJ 
(May-June-July) CAPE versus accumulated MJJ tornado numbers are shown in (c). Individ-
ual years 2011 (red) and 1988 (blue) are shown as dashed lines. CAPE is obtained from 
NARR. Tornado data is obtained from Severe Weather Database from NOAA. Numbers 
are counted for tornadoes F0 or greater on Fujita-Person scale.
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the period 1982-2011. The model is currently being used 
for routine real-time predictions as part of the North 
American Multi-Model Ensemble (NMME) (Kirtman et al. 
2014). Since May is the peak month 
for tornado activity in the US (e.g., 
Tippett et al. 2012; Brooks et al. 
2003a), this study focuses on MJJ. 
The goal here is to assess whether 
we can accurately forecast the MJJ 
large-scale environment that is 
favorable for high-impact weather 
such as tornado activity in the US.

Since relatively high CAPE emerges 
in the Gulf of Mexico in early 
spring, and then expands north and 
northeastward during the primary 
tornado outbreak period, we 
correlate CAPE anomalies in the US to 
SST anomalies in the Gulf of Mexico. 
The linear relationship between 
them is examined by introducing 
CAPE and GoM indices, which are 
area-averaged CAPE anomalies in 
the US and SST anomalies in the Gulf 
of Mexico (20-30°N, 82°W-98°W), 
respectively. SST is detrended and 
ocean (land)-only grids are used to 
calculate GoM (CAPE) index. 

In Figure 2a,b, as SST in the Gulf 
of Mexico becomes anomalously 
warmer, CAPE in the US tends to 
become higher in both the forecasts 
and the observational estimates. 
Correlations are slightly higher in 
the CCSM4 predictions than in the 
observational estimates; correlations 
are higher in the Southeast US (SE 
CAPE) where the strongest MJJ CAPE 
variation is found. The same analysis 
is performed with seasonal mean 
CAPE, and also with the combinations 

of CAPE and shear, and the results are robust (not shown).  
Figure 2c,d further shows that US CAPE does not have 
contemporaneous relations with SST in the Niño 3.4 region. 

Figure 2. (a-d) Scatter diagrams of CAPE indices (J/kg) with GoM (a, b) and Niño 3.4 (c, d) 
indices (°C) during MJJ from forecasts and observational estimates. The CAPE indices are 
calculated by averaging daily CAPE anomalies in the US (US CAPE) and in the southeast 
US (SE CAPE; 30-40°N, 85-100°W). The GoM index and Niño 3.4 index are each an area-av-
eraged SST anomaly in their representative regions (20-30°N, 82-98°W; 120-170°W and 
5oS-5oN). Individual forecast ensemble members are shown as sky-blue asterisks, the 
ensemble mean as purple dots, and NARR as black dots. The correlations between two 
indices are shown in the upper right corner in each box, CCSM4 (NARR). (e) Contemporane-
ous and antecedent ENSO influence on the Gulf of Mexico SST. Correlations are calculated 
first from all years 1982-2011 and second by excluding strong ENSO years. Strong ENSO 
years used are: 1982/1983, 1988/1989, 1997/1998, 2011/2012. Three-month mean values 
are used to calculate the correlation, for example, correlation shown in May (M) is calcu-
lated from SST anomalies during May-July months. CAPE anomalies and GoM indices are 
calculated from NARR (observational estimates) and CCSM4 (forecasts). The Niño index is 
calculated from AVHRR SST dataset

http://www.cpc.ncep.noaa.gov/products/NMME
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The apparent lack of a relationship between Niño 3.4 SST 
and US CAPE requires further discussion. In particular, 
ENSO phase is recognized to play a role in the tornado 
activities in the US (e.g., Cook and Schaefer 2008; Lee 
et al. 2013; Allen et al. 2015). In the study of Cook and 
Schaefer (2008), intense tornado activity was found in a 
southwest–northeast band from Louisiana to Michigan 
during La Niña winters. In contrast, tornado activity 
was restricted to areas immediately adjacent to the 
Gulf of Mexico during El Niño winters. However, the 
overall tornado activities were the most intense during 
the neutral years. Lee et al. (2013) also showed a weak 
correlation between US tornadoes and the Niño 3.4 
index. They identified an optimal ENSO pattern (positive 
TransNiño) that relates to the top 10 extreme tornado 
years in the US during April-May 1950-2010. However, 
the number of intense tornadoes did not decrease 
during the negative phase of TransNiño. We note that, 
consistent with our results, the SST in the Gulf of Mexico 
in their study was warmer than normal during the active 
tornado years (e.g., Figure 7 from Lee et al. 2013). More 
recently, Allen et al. (2015) showed the ENSO influence 
on hail and tornado frequencies in the US during March-
May. The relationship between ENSO and US spring 
tornado activity in their study was because the winter 
ENSO conditions often persisted into early spring. 

Figure 2 does not show any correlations between US 
CAPE and ENSO during MJJ. However, it is possible that 
there are antecedent winter (DJF) ENSO influences on 
MJJ US CAPE as shown in Allen et al. (2015). In Figure 
2e, however, MJJ is found to be the months in which 
antecedent winter ENSO has the least influence on SST in 
the Gulf of Mexico and thus CAPE in the US (red dashed). 
In contrast, the influence of antecedent winter ENSO on 
the Gulf of Mexico SST is the strongest during February-
April (red), and it becomes weaker if strong ENSO years 
are excluded from the analysis (orange). The antecedent 
winter ENSO possibly could affect one or both ingredients 
of tornadoes (CAPE and shear) in the US during those 
months through SST and shear variability. The more 
frequently observed stronger tornadoes (i.e., larger E/F 

scale) during late winter and spring (not shown) could be 
related to ENSO. 

Motivated by the results in Figure 2, which show a linear 
relationship between SST anomaly in the GoM and CAPE 
in the US, we examine the spatial patterns associated 
with this correlation (not shown). When the GoM SST is 
anomalously warm, positive CAPE anomalies are found 
in the US. (Similarly, cold GoM SST is associated with 
reduced CAPE over the US.) The maximum positive CAPE 
anomalies are detected along the Gulf Coast, Tornado 
Alley, and Florida, where relatively high CAPE variance 
and high frequency of tornadoes are found, implying 
that CAPE anomalies in the US are contemporaneously 
related to the SST anomalies in the GoM during MJJ. The 
forecasts show similar patterns to the observational 
estimates, but notably do not extend as far north into the 
US.

The possible mechanisms for the correlation between 
GoM SST and US CAPE anomalies are examined by 
computing the composite maps of low-level moisture, 
meridional-winds, and northward moisture transport 
anomalies. The positive GoM index years are characterized 
by increased low-level moisture and southerlies as well 
as increased low-level northward moisture transports to 
the east of the Rockies. On the other hand, the negative 
GoM index years are associated with decreased low-level 
moisture, northerlies, and reduced GoM to US moisture 
transports (not shown). The results suggest that moisture 
transports from the GoM to US under the warmer GoM 
SST conditions are associated with an increase in US 
CAPE. The results agree with previous studies in that 
the Gulf of Mexico is viewed as a source of moisture for 
US (Hastenrath 1966; Rasmusson 1967; Mo et al. 1995; 
Bosilovich and Schubert 2002; Mestas-Nuñez et al. 2007; 
Muñoz and Enfield 2011; Lee et al. 2013; Dirmeyer et al. 
2014) and in that the Intra-Americas low-level jets play 
roles in the high-impact weather in the US (e.g., Mo et al. 
1995; Hu and Feng 2001; Mestas-Nuñez et al. 2005, 2007; 
Muñoz and Enfield 2011; Lee et al. 2013). 
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Given the importance of SST in the Gulf of Mexico, 
how well can the SST anomaly in the Gulf of Mexico be 
predicted? The seasonal prediction skill is assessed by 
the correlation between predicted and observed SST 
anomalies in the Gulf of Mexico. Figure 3a shows that 
the point correlations are relatively high (higher than 
0.3, 90% statistically significant) except for regions 
from the Yucatan Peninsula to Tallahassee, Florida. The 
overall correlation between forecasts and observational 
estimates is about 0.42. The correlation between the 
observed and the predicted GoM-index is 0.51 (Figure 
3b).

Considering our current ability to predict SST in the Gulf 
of Mexico compared with the difficulty of predicting high-
impact weather in the US, the findings are promising 
for the seasonal prediction of enhanced or decreased 

tornado activity in the US during MJJ using the GoM SST. 
This study further emphasizes that the influence of ENSO 
(contemporaneous as well as antecedent winter ENSO) 
on the GoM SST (and ultimately tornado activity in the US) 
is weak during MJJ, and thus, there is no clear relationship 
between US CAPE and ENSO during MJJ.
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Figure 3. Seasonal prediction skill of SST in the Gulf of Mexico. (a) Point-correlation between observed and predicted SST 
anomalies. The stippled areas are statistically significant at the 90% confidence level. (b) Scatter diagram of observed 
and predicted GoM index (area-averaged SST anomalies in the Gulf of Mexico, °C). The area used for calculating the 
GoM index is shown as a box in (a). Standard deviations of the individual forecast ensemble members are shown as red 
horizontal bars, and the ensemble mean is shown as black dots. The correlation between the two indices is shown in the 
upper right corner. 
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The Intra-Americas Sea (IAS) refers to semi-enclosed 
waters of the western tropical Atlantic Ocean including 

the Gulf of Mexico (GoM) and Caribbean Sea (CBN). The 
water mass characteristics and general circulation in 
the IAS can significantly affect the weather and climate 
of the US due to their influence on moisture transport 
to the US, the Gulf Stream, and hurricane development/
intensification. It is also one of the most ecologically 
diverse and economically productive marginal seas and 
strongly influenced by changing climate. The Coupled 
Model Inter-comparison Project phase-3 (CMIP3) and -5 
(CMIP5) climate model simulations project a greater than 
2°C increase in upper ocean temperatures in the IAS 
(Liu et al. 2012, 2015) and a 20-25% slowing down of the 
Atlantic Meridional Overturning Circulation (AMOC; e.g., 
Cheng et al. 2013) by 2100, due to increasing greenhouse 
gas (GHG) emissions (Liu et al. 2012, 2015). These changes 
may substantially affect the physical and biogeochemical 
properties of the seawater, with important consequences 
for marine ecosystems and fishery species in the IAS. 
However, the global CMIP3/CMIP5 climate models have 
a typical spatial resolution of about 1°, which is too 
coarse to properly resolve the strength, position, and 
eddy shedding characteristics of the Western Boundary 

Current (WBC) systems such as the Caribbean Current, 
Yucatan Current, and Loop Current (LC; Oey et al. 2005). 
Thus, the global climate models cannot be used to 
address the future changes in the WBC system of the IAS 
despite the importance of the WBC system on the upper 
ocean thermal processes. 

To address this issue, Liu et al. (2012) used the Miami 
Isopycnic Coordinate Ocean Model (MICOM) to 
dynamically downscale global CMIP3 climate models to 
the GoM region. The MICOM model was interactively 
coupled to an Atmospheric Mixed Layer model (AML; 
Seager et al. 1995) to better simulate the heat and 
freshwater exchanges at the air-sea interface. The spatial 
resolution of the coupled model was 0.1° in the GoM, 
decreasing linearly to 0.25° for the rest of the North 
Atlantic Ocean. The downscaled simulations predicted 
that the LC would be reduced by up to 20-25% during the 
21st century (Liu et al. 2012). The downscaled simulations 
further showed that the projected LC reduction and 
associated weakening of warm LC eddies could suppress 
the surface warming in the GoM, particularly in the 
northern deep basin. The low-resolution global climate 
models underestimated the projected reduction of LC 
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and its impact of suppressing the surface warming in 
the GoM. Thus, the low-resolution global climate models 
produced excessive 21st century warming in the GoM in 
comparison to the high-resolution downscaled model 
simulations. Here, we briefly review the most recent 
state of knowledge of projected climate changes in the 
IAS based on the high-resolution downscaled ocean 
model simulations, focusing on temperature and salinity 
variability, and their impacts on marine ecosystems and 
fisheries in the IAS.

Basin-averaged sea surface temperature increases in 
the GoM and CBN during the 21st century
The downscaled model has been updated to use the 
CMIP5 climate model outputs as boundary and initial 
conditions under historical 
and two future climate 
change scenarios (RCP4.5 
for medium-low emission 
scenario and RCP8.5 for high 
emission scenario, Taylor et 
al. 2012) and the Modular 
Ocean Model version 4.1 
(MOM4.1; Griffies et al. 2004; 
Gnanadesikan et al. 2006) 
for the downscaling (Liu et 
al. 2015). The 20th century 
warming and natural 
climate variability in the 
IAS is explored first using 
the downscaled MOM4.1 
since the GHG-induced SST 
increase in the IAS could 
be amplified or reduced 
due to natural variability. 
As Figures 1a and 1c show, 
the downscaled model 
reproduced basin-averaged 
SST variability in the GoM and 
CBN during the 20th century 
reasonably well. Under 
RCP8.5, the annual average 
sea surface temperatures 

(SSTs) in the GoM are projected to increase from 26°C 
in the late 20th century to slightly above 29°C by 2100, 
and the average SSTs in the CBN will increase from 
27.5°C in the late 20th century to about 31°C by 2100 
(Figures 1b and 1d). The standard deviation (STD) of the 
SST anomalies in the GoM/CBN for the 20th century is 
calculated (STD = 0.21 for GoM and 0.30 for CBN) and 
added to the future projections for both scenarios 
(light blue and pink color regions in Figure 1b and 1d) 
as a measure of uncertainty. The uncertainty of future 
projection due to natural climate variability is quite large. 
Under RCP4.5 (RCP8.5), a trend of SST in the GoM shorter 
than 26 (13) years cannot be used to distinguish the GHG 
effect from natural variability. 

(a)

(b)

(
)

(
)

(c)

(d)

)
)

(
(

Figure 1.  (a) Time series of annual mean SST anomalies averaged over the GoM (100°W-82°W, 
21°N-30°N) during 1900-2008 obtained from downscaled MOM4.1 (EXP_20CR) and HadISST. (b) Time 
series of the annual mean SSTs averaged over the GoM during 1900-2098 obtained from downscaled 
MOM4.1 simulations (EXP_HIS (black), EXP_4.5 (blue) and EXP_8.5 (red)). The standard deviation (STD) 
of the SST anomalies in the GoM for the period of 1900-2008 (EXP_20CR) is calculated (STD = 0.21) 
and the ± 0.21°C is added to each time point of the future SST projections (light color regions). (c) 
and (d) are same as (a) and (b), except for the CBN (85°W-60°W, 10°N-20°N). The STD (± 0.30°C) is 
added to each time point of the future SST projections. The unit is °C. Modified from Liu et al. (2015).
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GHG-induced warming pattern of the IAS during the 
21st century
The CMIP5 models project that the IAS can warm up 
by 1.2 ~ 2ºC (3ºC or more) under RCP4.5 (RCP8.5) by 
2100. The projected warming is particularly large in the 
northern deep GoM, which is a spawning ground for many 
economically important fish species, including Atlantic 
bluefin tuna. In the downscaled MOM4.1 simulations, the 
IAS also shows extensive warming (Figure 2a). However, 
the spatial pattern of the warming is quite different from 
the CMIP5 model projections (Figure 2b), especially during 
the boreal spring months of April, May, and June (AMJ). 
During AMJ, the simulated SST increase in the northern 
deep GoM is only about 1.4°C (2.8°C), much less than the 
CMIP5 SST increase of 1.8°C (3.4°C) under RCP4.5 (RCP8.5). 
In fact, the northern deep GoM is characterized as the 
region of minimum warming, whereas it is the region 
of maximum warming in the CMIP5 model projections. 

The SST increases in the western GoM and Straits of 
Florida region are also greatly reduced compared to 
those in the CMIP5 (Figure 2a and 2b). A potential cause 
for this difference between the CMIP5 and downscaling 
projections may be the weakening of the LC and the 
associated reduction in the warm water transport through 
the Yucatan Channel, which are not well simulated in low-
resolution models such as the CMIP5 models (e.g., Lee 
et al. 2007; Liu et al. 2012, 2015). The effect of the LC in 
the present climate is to warm the GoM. Therefore, the 
reduced LC and the associated weakening of the warm 
transient LC eddies can cause less warming in the GoM. 
This effect is particularly large in the northern deep basin 
during AMJ, in agreement with the previous result from 
the CMIP3 downscaling simulation (Liu et al. 2012) in 
which a heat budget analysis was performed to show that 
the reduced LC is mainly responsible for the projected 
reduced warming in the northern deep GoM during AMJ. 

(a) SST (MOM4)

(b) SST (CMIP5)

(c) SSS (MOM4)

SST and SSS differences between late 20C and late 21C (RCP8.5) 

(d) SSS (CMIP5)

Figure 2. SST differences in the IAS between the late 21st century (2090 ~ 2098) and late 20th century (1990 ~ 1998) during 
the boreal spring months of April, May, and June (AMJ) obtained from (a) the downscaled MOM4.1 simulation and (b) the 
weighted ensemble of 18 CMIP5 models simulations. (c) and (d) are same as (a) and (b), except for the boreal summer 
months of August, September, and October (ASO). Annual mean SSS difference in the IAS between the late 21st century and 
late 20th century obtained from (e) the downscaled MOM4.1 simulation and (f) the weighted ensemble of 18 CMIP5 models 
simulations. The units for temperature and salinity are °C and psu, respectively.
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In contrast to the reduced warming in the northern 
deep GoM, the downscaled model predicts an enhanced 
warming in the shallow (< 200 m) northeastern Gulf Coast 
region, especially during the boreal summer months of 
August, September, and October (ASO) (Liu et al. 2015). 
As shown in Figure 2c and 2d, the projected SST increase 
in the northeastern Gulf Coast for ASO is about 4.0°C in 
the downscaled model under RCP8.5, while the CMIP5 
SST increase is about 3.5°C. In the shallow northeastern 
Gulf Coast region, the surface ocean circulation is quite 
weak and dynamically detached from the LC in the deep 
GoM. Therefore, the increased surface heating over 
the shallow northeastern Gulf Coast region cannot be 
damped by vertical mixing with the deeper ocean or 
by horizontal advection of the relatively cooler interior 
ocean. Therefore, it is highly likely that the increased 
summertime warming in the shallow northeastern Gulf is 
due to the lack of any mechanism to damp the projected 
increase in the GHG-induced surface heating. The 
enhanced summertime warming over the northeastern 
Gulf Coast could greatly increase the chance for rapid 
intensification of hurricanes making landfall across 
the northeastern Gulf Coast in the 21st century. The 
downscaled MOM4.1 simulations also project intense 
summertime warming along the South American coast 
in the southern Caribbean Sea (Figure 2c), which may 
lead to more frequent coral bleaching events in the 21st 
century. The intense warming off the South American 
coast is linked to the relaxation of the thermocline slope 
across the Caribbean Current (CC) and thus leads to the 
reduced CC (Liu et al. 2015). 

Sea surface salinity changes in the IAS during the 21st 
century 
As shown in Figure 2e, the sea surface salinity (SSS) is 
greatly increased almost everywhere in the IAS during 
the 21st century (up to 1 psu by 2100 under RCP8.5), 
consistent with the CMIP5 projected SSS changes as 
shown in Figure 2f (Terray et al. 2012). This is largely due to 
the increased evaporation minus precipitation (E-P) in the 
IAS during the 21st century (not shown). In the warming 
climate, the atmosphere can hold more moisture with the 
increasing atmospheric temperature, which should lead 

to a reduction of rainfall in the future (Held and Soden 
2006). Additionally, in the North Atlantic, the slowing 
down of AMOC and associated suppressed warming of 
the tropical North Atlantic could also contribute to the 
projected reduced rainfall in the IAS (Lee et al. 2011).

Projected reduction of AMOC and its impact on IAS 
during the 21st century 
The downscaled MOM4.1 simulations indicate that the 
projected reductions of the LC and CC in the 21st century 
play important roles in the regional warming pattern in 
the IAS. Therefore, it is important to understand what 
processes are responsible for the projected reductions 
of the LC and CC. Figure 3a shows the time series of the 
simulated annual mean volume transport across the 
Yucatan Channel for the period of 1900-2098 under the 
historical and two future scenarios (RCP4.5 and RCP8.5). 
The volume transport across the Yucatan Channel is 
reduced drastically during the 21st century. The reduction 
is about 25% of the mean under RCP8.5. The CC is also 
reduced during the late 21st century (Figure 3b). As shown 
in Figure 3c, the AMOC at 30°N is significantly reduced 
during the 21st century under both scenarios. Figure 
3d-f further shows that the AMOC is highly reduced at all 
latitudes by the late 21st century (Liu et al. 2012; Cheng 
et al. 2013). Since the WBC system in the IAS, including 
the LC and CC, is an important pathway of the AMOC, it is 
likely that the reduced LC and CC during the 21st century 
are driven by the projected deceleration of the AMOC (Liu 
et al. 2012, 2015). 

Implications for marine ecosystems and fisheries in 
the IAS
Increasing water temperatures due to climate change will 
likely have significant impacts on marine ecosystems and 
fisheries in the IAS. For example, coral reefs in the CBN 
are sensitive to increasing upper ocean temperature; 
thus, coral bleaching events are expected to increase in 
frequency and severity as the climate changes (Hoegh-
Guldberg 2007; Baker et al. 2008). As the downscaled 
MOM4.1 simulations can better resolve regional ocean 
features that could greatly influence thermal coral 
bleaching, the downscaled model outputs are used 
for calculating the onset of annual severe bleaching 



U S  C L I V A R  V A R I A T I O N S

US CLIVAR VARIATIONS   •   Winter 2016   •   Vol. 14, No. 1 31

in the CBN (van Hooidonk et al. 2015). As summarized 
in van Hooidonk et al. (2015), the onset of annual coral 
bleaching conditions in the CBN are computed using 
three projections (ensemble of CMIP5 climate models, 
dynamic-downscaled model, and statistical-downscaling 
method). Their results show that the average year for 
the onset of annual severe bleaching is 2040–2047 for 
all three projections. However, the dynamic-downscaled 
projections suggest an earlier onset of annual severe 
bleaching in the IAS regions where regional currents 

are predicted to decline. This 
feature is not resolved in 
coarse CMIP5 climate models 
(van Hooidonk et al. 2015). 

The increasing water 
temperatures in the IAS may 
also substantially affect the 
distributions and life histories 
of Atlantic tunas (Muhling et 
al. 2011). Muhling et al. (2015) 
applied the projections of 
temperature fields obtained 
from downscaled MOM4.1 
simulations (Liu et al. 2015) 
to habitat suitability models 
constructed for two life stages 
(adults and larvae) of two 
tuna species within the IAS: 
one tropical (skipjack tuna) 
and one temperate (bluefin 
tuna). Results showed marked 
temperature-induced habitat 
losses for both adult and 
larval bluefin tuna on their 
northern GoM spawning 
grounds. However, the habitat 
degradation was somewhat 
mitigated by the projected 
slowing down of the WBC 
system. This result was only 
evident in the high-resolution 
downscaled simulations, 

highlighting the importance of using regionally 
downscaled ocean model simulations to assess the impact 
of climate changes on regional marine ecosystems and 
fisheries. In contrast to bluefin tuna, habitat suitability 
for both life stages of skipjack tuna tended to increase 
as temperatures warmed, suggesting that influences of 
climate change on highly migratory Atlantic tuna species 
are likely to be substantial, but strongly species-specific 
(Muhling et al. 2015). 

Figure 3. Time series of the simulated annual mean volume transport (Sv) (a) across the Yucatan 
Channel, (b) in the Caribbean Current, and (c) the AMOC at 30oN, all for the period 1900-2098 
obtained from EXP_HIS, EXP_4.5 and EXP_8.5. Time-averaged AMOC (Sv) in (d) the late 20th centu-
ry and (e) the late 21st century under RCP4.5 and (f) RCP8.5 scenarios obtained from downscaled 
MOM4.1 simulations. Depth (1000-4000) is in meters. Modified from Liu et al. (2015).

(a) Yucatan Current Transport

(b) Caribbean Current Transport

(c) AMOC at 30N

                     MOM4 

(d) Late 20C (EXP_HIS)

(e) Late 21C (EXP_4.5)

(f) Late 21C (EXP_8.5)
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Future works 
In this work, we used only dynamic ocean models to study 
the potential impact of GHG-induced warming on the 
IAS. In the future, our regional ocean modeling work will 
incorporate biogeochemical components (MOM-TOPAZ; 
Dunne et al. 2013) to study the impact of GHG-induced 
warming on the ocean ecosystem, ocean acidification, 
and fisheries in the IAS. The future study will also benefit 
from the development of regional coupled atmosphere-
ocean-biogeochemistry models.
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Dufour et al. (2015) write in the last edition of the joint  
 US CLIVAR and OCB newsletter about carbon and 

heat uptake in the Southern Ocean and ask the important 
question, “Will it remain a major sink in the future?” 
They “provide an overview of recent breakthroughs 
and ongoing work in understanding Southern Ocean 
heat and carbon uptake.” However, they do not discuss 
some recent work about how the simulation of heat and 
carbon uptake in the Southern Ocean can be improved 
in non-eddy-resolving resolution ocean components of 
climate models. 

Dufour et al. (2015) discuss the role of mesoscale eddies 
in the Southern Ocean circulation saying, “Transport 
induced by eddies opposes the wind-driven circulation, 
thus reducing the rate at which deep waters are exposed 
to the surface.” They also suggest that the weakening of 
Southern Ocean carbon uptake from the 1980s to 2000s 
is “attributed to the intensification of westerly winds 
associated with positive phases of the Southern Annular 
Mode, which strengthens upwelling and thus brings cold 
waters rich in carbon to the surface at a higher rate. 
This exposure of carbon-rich waters results in enhanced 
outgassing of carbon, which opposes the increasing 
uptake of carbon from anthropogenic emissions, 
hence reducing the rate of uptake of total carbon.” 
Can these changes in ocean circulation and carbon 
uptake due to stronger westerly winds be simulated 
correctly in the non-eddy-resolving ocean component 

of a climate model, in which the effects of mesoscale 
eddies are parameterized rather than being resolved? 

All ocean models show that the equatorward surface 
Ekman flow increases quite linearly in response to an 
increase in the imposed westerly zonal wind stress 
maximum in the Southern Hemisphere. This increases 
the mean meridional overturning circulation (MOC) in 
the Southern Ocean, which subducts water north, and 
upwells water to the south, of the Antarctic Circumpolar 
Current. Eddy-resolving ocean models show that the 
eddy energy increases with the stronger zonal wind 
stress, and so does the eddy MOC, which opposes the 
mean MOC. If this eddy response is to be captured in 
non-eddy-resolving ocean models, then the coefficient in 
the eddy parameterization cannot be set as a constant. 
It must be dependent on aspects of the ocean circulation 
such that the coefficient increases when the applied 
zonal wind stress is increased. Farneti and Gent (2011) 
showed that this is exactly what happens in the GFDL 
CM2.1 climate model, providing that there is no artificial 
cap applied to the eddy parameterization coefficient. 
Gent and Danabasoglu (2011) showed that the eddy 
coefficient in the ocean component of the CCSM4 
climate model also responds, and that it increases 
when the zonal wind stress increases.  Therefore, what 
has come to be known as “eddy compensation” can be 
simulated to some degree in climate models. Whether 
the degree of eddy compensation in these two climate 
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models is correct is still an open question, but they both 
show a significant eddy compensation effect. The fact 
that the non-eddy-resolving ocean components that use 
a variable formulation of the eddy coefficient produce a 
more realistic simulation over 1958 – 2007 than those 
with a constant coefficient has been nicely documented 
by Farneti et al. (2015). 

Now the question is: Do climate models with a varying 
eddy coefficient have a different future outlook for 
carbon uptake in the Southern Ocean than those using 
a constant coefficient? Two recent papers show that the 
answer to this question is an emphatic yes.  Lovenduski 
et al. (2013) use the CCSM4 ocean component forced by 
atmospheric observations over the period 1958 – 2007. 
They conclude that had a degree of eddy compensation 
of the increased mean MOC over this period not occurred 
in this model, then the rate of total carbon uptake would 
have reduced more strongly and by the exact mechanism 
outlined above and in Dufour et al. (2015). Swart et al. 
(2014) ran the University of Victoria climate model using 
both a constant and varying eddy coefficient.  They 
showed that the reduction in Southern Ocean carbon 
dioxide uptake over the past 30 years using a variable 
coefficient is only about 40% of the reduction when a 
constant eddy coefficient is used. These two papers 
clearly show that a climate model using a constant eddy 
coefficient or a coefficient strongly capped at a small 
value in the ocean component will greatly overestimate 
the reduction in Southern Ocean carbon dioxide uptake 
in response to an increase in the Southern Hemisphere 
zonal wind stress. 

The significant increase in the Southern Hemisphere 
westerlies over the past 50 years is thought to be due 
to increasing atmospheric carbon dioxide and the 
development of the Southern Hemisphere ozone hole, 
both of which tend to strengthen the westerlies. “As the 
stratosphere ozone hole recovers over the next 50 years, 
it is expected that the Southern Hemisphere zonal winds 
will not increase nearly so rapidly as they have over the 
past 30 years (Polvani et al. 2011). Therefore, I conclude 
that it is not at all certain that the effectiveness of the 

Southern Ocean carbon dioxide sink will decrease over 
the next 40 – 50 years.” This quote is from a review I have 
written entitled “Effects of Southern Hemisphere wind 
changes on the MOC in ocean models” to be published 
in volume 8 of the Annual Reviews of Marine Science in 
January 2016. It is my opinion that, to paraphrase Mark 
Twain, reports of the future demise of the Southern Ocean 
carbon sink have been greatly exaggerated by climate 
models that use a constant ocean eddy coefficient. 
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