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a  b  s  t  r  a  c  t

This study  examines  the  sensitivity  of the coupled  ocean-atmosphere  climate  of  the  Intra-
Americas  Seas  (IAS;  which  includes  the  Gulf  of Mexico  and  the  Caribbean  Sea)  and  parts
of the  western  tropical  and  sub-tropical  Atlantic  Ocean  to the  prescribed  bathymetry  in
three independent  multi-decadal,  high-resolution  (15  km  grid interval),  regional  coupled
ocean-atmosphere  model  (RCM)  integrations  centered  over  the  IAS.  All of these  RCM  inte-
grations  with  different  prescribed  bathymetries  are  forced  by  identical  global  atmospheric
and  oceanic  reanalysis  at the  lateral  boundaries.  It is observed  that  the  model  integration
with  a smoother  and  coarser  bathymetry  in  the  region  (RCM-C)  results  in  more  widespread
sea surface  temperature  (SST)  bias  across  the  IAS.  We  also note  that the  bias  displayed  by
the RCM-C  simulation  is  analogous  to the  bias  in the  IAS  ocean  circulation  of some  Coupled
Model  Intercomparison  Project  version  5  (CMIP5)  models.

The  models  with  an  intermediate  bathymetry  (RCM-I)  and  finest  bathymetry  (RCM-F)
rectify  the  bias  in  ocean  transport  through  the  Yucatan  Channel  relative  to  RCM-C  but  dis-
play mixed  results  with  respect  to  SST  bias.  The  RCM-C  integration  uses  a bathymetry  with
a shallower  Yucatan  Channel,  which  tends  to produce  unrealistically  weak  flow  through  the
Yucatan  Channel  and  a weak  Loop  Current.  However,  the  stronger  heat  transport  through
the Yucatan  Channel  in RCM-F  results  in  significant  warming  of the  northwestern  tropical
Atlantic  Ocean  and  associated  weakening  of  the  surface  easterly  atmospheric  winds  relative
to the other  RCM  integrations.  Due  to the  weaker  surface  wind-induced  shelf  currents,  the
area comprised  of western  Gulf  of Mexico  and southern  Caribbean  Sea  have  a severe  cold
SST  bias  over  the  IAS in  RCM-F  relative  to either  RCM-I  or RCM-C.  RCM-I  on the  other  hand
significantly  warms  the  western  Gulf  of Mexico.  RCM-I  displays  the  least  SST bias  over the

IAS and  the  ocean  transport  through  the  Yucatan  Channel  is most  comparable  to the  ocean
reanalysis.

We contend  that  RCM-I  produces  the  most  accurate  simulation  as a result  of  the  coupled
response  to changes  in  bathymetry  that  optimizes  the response  of  the  modulation  of  the
surface easterlies,  which  triggers  sufficient  ocean  eddy  activity  in the  western  Gulf  of  Mexico
and energizes  the  shelf  currents.  However,  the  uniform  cold  SST  bias  in  the  regional  domain
of all three  simulations  is also  associated  with  a corresponding  underestimation  of  the  net
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heat  flux  into  the  ocean.  The  findings  of  this  study  clearly  suggest  that ameliorations  of  the
SST bias  in  the  IAS  have  their  origins  both  in  the  atmospheric  and  oceanic  components  of
the  climate  system.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The Intra-Americas Seas (IAS), which includes the Gulf of Mexico (GoM) and the Caribbean Sea, is a major source of
moisture for continental North America throughout the year (Ruiz-Barradas and Nigam, 2005; Mo  et al., 2005; Wang et al.,
2006; Chan and Misra, 2010; Misra et al., 2014). For example, Chang and Oey (2010a) assert that without the effects of the
GoM, the U.S. “Corn Belt” region would not likely be so named. Even some of the most severe winter storms that affected the
eastern United States originated in the GoM (Bosart and Lin 1984; Businger et al., 1990). Similarly, the ocean heat content
in the IAS plays an important role in the intensity changes of several Atlantic tropical cyclones (Shay et al., 2000; Mainelli
et al., 2008; Shay 2009; Rappaport et al., 2010). Therefore, the importance of the IAS in regulating the climate and weather
over a major part of continental North America cannot be overemphasized.

The IAS is also a region that hosts a major fraction of the largest western hemisphere warm pool (Wang and Enfield,
2001). This Atlantic Warm Pool (AWP) is objectively defined as the area enclosed by 28.5 ◦C isotherm in the IAS region and
in the western tropical and subtropical Atlantic Ocean (Wang and Enfield, 2001, 2003). The AWP  is a seasonal feature that
appears in the boreal summer season, which peaks in middle of summer and disappears by late fall or early winter (Lee et al.,
2005; Misra et al., 2013, 2014). The size of the AWP  exhibits distinct interannual (Wang and Enfield, 2001, 2003; Wang et al.,
2006, 2008a) and decadal variability (Wang et al., 2008b; Zhang et al., 2012). Diagnostic studies of the surface heat budget
from ocean reanalysis and Ocean General Circulation Model (OGCM) simulations suggest that the cloud radiative fluxes play
a dominant role in the seasonal cycle and interannual variability of the AWP  (Lee et al., 2007; Misra et al., 2013).

In a related study, Clement et al. (2005) showed that ocean dynamics play a very important role in sustaining the warm
pool in the western Pacific Ocean. They showed that the ocean dynamics, through poleward Ekman transport with the
compensatory underlying Sverdrup dynamics of equatorward geostrophic flow and linked by equatorial upwelling, negate
the homogenizing effects of the atmospheric processes to sustain the warm pool in the tropical Pacific. While their study
could be generalized for all tropical warm pools, the geography and the bathymetry of the IAS is too different from the
tropical Pacific to exactly relate it to the AWP. For example, Liu et al. (2012a) suggested that the dominating terms in
the upper ocean heat budget of the GoM are the contrasting warming tendency of the upper ocean heat transport and
cooling tendency of the net surface atmospheric fluxes. Nonetheless, the ocean transport of heat into and out of the IAS is
fundamental for the regulation of its SST (Jayne and Marotzke 2002; Chang and Oey 2010a,b; Liu et al., 2012b). The Loop
Current essentially brings the warm and saline water from the equatorial Atlantic to the GoM (Chang and Oey, 2010b). It
should be mentioned that the prevailing Loop Current that enters through the Yucatan Channel (YC) and exits through the
Florida Straits represents the upper limb of the global thermohaline circulation in the North Atlantic, a major source of the
Gulf Stream, and constitutes a major part of the western boundary current in the North Atlantic Subtropical Gyre (Schmitz
and Richardson, 1991).

The purpose of this study is to demonstrate the sensitivity of model simulations of the IAS climate and its variations to
changes in the prescribed ocean bathymetry in a regional coupled ocean-atmosphere model. Three regional model integra-
tions that are identical to each other except for the bathymetry employed are analyzed for their differences in this study. The
motivation for this study is presented in the following section, which discusses the bias over the IAS in contemporary global
climate models. A brief discussion of the model is provided in Section 3. The experiment design is presented in Section 4. The
model simulations are then compared with each other and with observations (where available) and reanalysis that are used
in forcing the regional model in the results Section 5. This is followed in Section 6 with a discussion of the lessons learned
from the regional model integrations and potential relation to the bias displayed by the global models. The summary and
conclusions are presented in Section 7.

2. Bias in global climate models

Several studies have shown that invariably all current and earlier versions of Coupled ocean-atmosphere General Circu-
lation Models (CGCMs) display a very cold bias in the IAS region resulting in much smaller AWPs than are observed (Misra
et al., 2009; Kozar and Misra 2012; Liu et al., 2012a, 2013). In fact, Kozar and Misra (2012) showed that even the seasonal
cycle of the AWP  has significant errors in the 20th century simulations of the CMIP5 suite of models. Many of these studies
point to erroneous cloud-radiative feedbacks as a potential cause for this rather systematic cold SST bias displayed by general

circulation models.

A complementary theory for this pervasive cold bias in the IAS region displayed by the CGCMs suggests that it could also
be a result of not resolving the ocean currents sufficiently in the region (e.g. Liu et al., 2013). There is a growing consensus
that a grid spacing of 20 km or less is required at the very least to resolve the Loop Current and the eddies it spawns (Hurlburt
and Thompson, 1980; Chérubin et al., 2005, 2006). Liu et al. (2012b, 2015) point to significant ocean circulation bias in the
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ig. 1. Annual mean SST climatology from a) OISSTv2, and 20th century simulations from b) CCSM4, and c) GFDL-ESM2G. The corresponding SST bias from
)  CCSM4, and e) GFDL-ESM2G. f) The difference in the annual mean climatology between CCSM4 and GFDL-ESM2G ([CCMS4]-[GFDL-ESM2G]) simulations.
he  units are in ◦C.

MIP5 models over the IAS that potentially contribute to the cold bias in SST. To illustrate this, we show the annual mean
limatology of SST and its bias from two of the CMIP5 20th century simulations in Fig. 1: CCSM4 (Gent et al., 2011) and GFDL-
SM2G (Dunne et al., 2012). Both of these model integrations are representative of the pervasive cold SST bias over the IAS
hat exists across the CMIP5 suite of models (Kozar and Misra, 2012). It should however be noted that, despite showing large
ifferences in the magnitude of their cold SST bias (Fig. 1), the two  CMIP5 models do not cover the range displayed by the
est of the CMIP5 models. Nonetheless, it is apparent that the cold bias in GFDL-ESM2G over the AWP  region is far more
evere than in the CCSM4.

The corresponding monthly mean volume flux through the YC from these two  CMIP5 20th century simulations are
resented in Fig. 2. For validation, we show the corresponding monthly mean volume flux from the Simple Ocean Data
ssimilation version 2.2.4 (SODA; Carton and Giese, 2008). While this is not an ideal validation dataset, it is the closest
roxy for observations of ocean transport through the YC available for ∼100 years of the model simulations (1901–2005).
ODA assimilates temperature and salinity profiles from the World Ocean Atlas (Mechanical Bathythermograph [MBT],
xpendable Bathythermograph [XBT], Conductivity-Temperature-Depth Sonde [CTD], and station data), as well as additional
ydrography, SST, and altimeter sea surface height anomalies (Carton and Giese, 2008). Moreover, SODA ocean reanalysis

s generated by forcing the ocean model with ERA-40 daily atmospheric winds and QuikSCAT winds. Therefore there is a
estraint on the model drift from both remote and local ocean observations that results in improved fidelity of SODA. In fact,
he volume flux through the YC for a limited time (∼5 years) observed from ocean moorings is comparable to the volume
ux displayed in SODA ocean reanalysis (Candela et al., 2003; Athie et al., 2015; Fig. 2). Moreover, within these studies of
on-overlapping observing periods there is a large disparity in the estimates of observed volume flux through the YC of over
0%, which is attributed to interannual variability (Athie et al., 2015). This called for the use of longer records for model
alidation of ocean volume flux through YC, which led us to apply data assimilated SODA ocean reanalysis.

The climatological monthly mean volume flux through the YC in CCSM4 (GFDL-ESM2G) is 31.72 Sv (15.85 Sv) while in

he SODA ocean reanalysis it is 23.96 Sv (Fig. 2). These figures indicate large deviations in the ocean transport through the
C yielded by the two models. It may  be noted that the size of the climatological AWP  in CCSM4 is almost 60% more than
hat in the GFDL-ESM2G (Kozar and Misra, 2012), which may  be partially a result of the stronger transport through the YC.
urthermore, both models incorrectly estimate the volume flux through YC, although GFDL-ESM2G displays slightly higher
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Fig. 2. The monthly mean volume transport (Sverdrups [Sv]) through the Yucatan Channel from GFDL-ESM2G and CCSM4 20th century simulations along
with  the SODA ocean reanalysis from SODA. The corresponding mean (MN) and standard deviation (SD) are also indicated.

variability than CCSM4. In Fig. 3 we show the corresponding heat transport through the YC from the two global models and
the SODA ocean reanalysis. The heat flux (HF) through the channel is computed as:

HF = cP

Zsurf∫

Zbot

�Vn�dz (1)

where, Cp is the heat capacity of seawater (=3993 J Kg−1 K−1), � is density of seawater, which follows from Jackett et al. (2006),
Vn is the component of the ocean current normal to the channel, and � is the potential temperature. This figure clearly shows
that the heat transported through the YC in CCSM4 (GFDL-ESM2G) is significantly over-estimated (under-estimated) relative
to the SODA ocean reanalysis. However both global models considerably underestimate the size of the AWP  relative to the
observed SST analysis (Kozar and Misra, 2012) and display significant SST bias in the IAS (Fig. 1) despite this diverging bias of
ocean heat transport through the YC (Fig. 3). This discussion clearly suggests that the global model bias in ocean circulation
in the IAS is substantial. In this study we aim to analyze the response of the SST bias to changes in the IAS ocean circulation
in a regional coupled ocean-atmosphere framework.

3. Model description

Here we provide a brief overview of the regional coupled ocean-atmosphere model (RCM), which follows from the
Regional Spectral Model-Regional Ocean Modeling System (RSM-ROMS; Li and Misra, 2014). The reader is referred to Li et al.
(2012) for a more detailed description of the model and the references therein. This model has been previously adopted

in several other regional climate simulations (Li et al., 2012, 2013, 2014; Li and Misra 2014; Misra and Mishra 2016). The
atmospheric component of the RCM is the RSM that has its origins in Juang and Kanamitsu (1994). It has gone through
several updates and revisions and its most current version is described in Kanamitsu et al. (2010). The RSM has 28 terrain
following sigma vertical coordinates. An outline of the physics used in the RSM for this study is provided in Table 1.
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Fig. 3. Same as Fig. 2 for ocean heat transport (in PetaWatts [PW] = 1015 W)  through the Yucatan Channel.

Table 1
Outline of the Regional Spectral Model (RSM) physics.

Atmospheric Model (RSM) Physics Reference

Land Model Ek et al. (2003)
Longwave radiation Chou and Suarez (1994)
Shortwave radiation Chou and Lee (1996)
Deep convection Moorthi and Suarez (1992)
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Shallow convection Tiedtke (1983)
Boundary layer Hong and Pan (1996)
Gravity wave drag Alpert et al. (1988)

Similarly, the ROMS version 3.0 uses a stretched terrain following (S) coordinate for vertical discretization on a horizontal
taggered Arakawa-C grid (Haidvogel et al., 2000; Shchepetkin and McWilliams, 2005). There are 30 sigma-levels in ROMS.
he local closure scheme for mixing is based on the level 2.5 turbulent kinetic energy equations following Mellor and Yamada
1982) and generic length scale parameterization of Umlauf and Burchard (2003). The nonlocal closure scheme is based on
he K-profile, boundary layer formulation developed by Large et al. (1994).

. Experiment design

The regional domain over which the RCMs are integrated at 15 km grid interval is shown in Fig. 4. The three RCM
ntegrations are conducted independent of each other but over identical domain and resolution (Fig. 4): The first integration,

hich follows the use of a smoother bathymetry, is RCM-C; The second, RCM-F, uses a finer bathymetry; and the third, RCM-I,
as a bathymetry of intermediary realism between RCM-C and RCM-F. The bathymetries for all of these model integrations
tem from ETOPO5 (http://www.ngdc.noaa.gov/mgg/global/etopo5.HTML), which is available at 5 min  resolution. All three
CM simulations are conducted for a 32-year period from 1979 through 2010. They are forced at the lateral boundaries of
he atmosphere with the 6 hourly atmospheric fields of the National Centers for Environmental Prediction-Department of

nergy atmospheric reanalyis (NCEP-R2; Kanamitsu et al., 2002) and the monthly mean SODA ocean reanalysis as the lateral
oundary forcing for ROMS.

We  also use the SODA ocean reanalysis and the World Ocean Atlas (WOA; Locarnini et al., 2013) to compare with the multi-
ecadal RCM model integrations. Despite its prevalent uncertainties, the SODA ocean reanalysis serves as a good verification
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Fig. 4. The regional domain overlaid with bathymetry used in a) RCM-F with important features named, b) RCM-I, and c) RCM-C. The differences in
bathymetry between them are shown in d) (RCM-F)-(RCM-I), e) (RCM-F)-(RCM-C), and f) (RCM-I)-(RCM-C). The units are in meters.

dataset given its availability for a relatively long time record (Giese and Ray, 2011). There are, however, extensive field
programs such as CANEK (Sheinbaum et al., 2002) that have yielded useful information on the seasonal cycle and quantitative

estimates of the discharge through the YC. But considering the uncertainty of the IAS from the natural variations (e.g. Loop
Current variations; Leben, 2005; Dukhovskoy et al., 2014; Athie et al., 2015), we believe it is reasonable to use the data
assimilated SODA ocean reanalysis to verify the ocean climate from the conducted multi-decadal model simulations. The
WOA  data available at 0.25◦ grid spacing is an objectively analyzed annual mean temperature profile using six decades of
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ata (1955–2012) available from the National Oceanographic Data Center and the World Data Center for Oceanography at
tandard depth levels from surface to a maximum depth of 5500 m (Locarnini et al., 2013). The initial conditions for RSM-
OMS are interpolated from the corresponding global atmospheric and oceanic reanalysis for 1 January 1979. These initial
onditions are identical for all three RCM integrations, however we neglect the first five years of the model integration for
he analysis of the results to account for spin-up issues. We  use the 1984–2010 (27 year) period for the analysis of the results
iscussed in this paper.

In RCM-I, we smooth the bathymetry from ETOPO5 by first running a 5-point smoother prior to linearly interpolating to
he 15 km grid of the ROMS; in the RCM-C, we linearly interpolate the original bathymetry to ∼200 km grid resolution (or
62 spectral truncation) before we interpolate it to the 15 km ROMS grid. The smoothing in the RCM-I is necessary to avoid
umerical instability in the middle of the integration. The bathymetry for RSM-F is obtained by taking the average of the
riginal ETOPO5 bathymetry and the bathymetry of RSM-I. The most notable impact of such a change is that the depth and
xtent of the continental shelf regions in RSM-F increases relative to RSM-I. In ROMS, which has a terrain following vertical
oordinate system, the usual practice is to smooth the bathymetry to reduce errors in the computation of the horizontal
ressure gradient (Mellor et al., 1994; Haidvogel et al., 2000; Martinho and Batteen 2006; Sikiric et al., 2009). Haney (1991)
howed that ocean models with terrain following vertical coordinate system could have large errors in computing the
orizontal pressure gradient, especially in regions of steep terrain. Therefore, based on the choice of the vertical coordinate
ystem, the bathymetry may  have to be altered to accommodate numerically stable solutions (Sikiric et al., 2009). More
ophisticated approaches to smooth the bathymetry than what is adopted here do exist (Sikiric et al., 2009) and we  will
ursue these alternative methods in future studies. The differences in bathymetries (Fig. 4d–f) are apparent over several
egions including: over the Colombian Basin, the Cayman Basin, the Nicaraguan Rise, the YC, the Sigsbee Deep, the Bay of
ampeche, the Continental Shelf areas of the GoM, and over the Florida Straits (see Fig. 4a for their geographical location).

n all of these regions the differences in the bathymetry range from a few meters to 1500 m or more. It should be noted that
n Fig. 4e the YC in RCM-F is narrower in width and deeper in depth than in the RCM-C bathymetry. Furthermore, in Fig. 4e

e see that the bathymetry in the Florida Straits between Florida and Cuba is deeper in RCM-F as compared to RCM-C.
n addition, the continental shelf along Louisiana and Texas (known as the LATEX shelf) and along Tamaulipas-Veracruz
n Mexico (the TAVE shelf) is deeper and extends further out in the GoM in RCM-C as compared to RCM-F. Similarly, the

indward and Mona passages are very shallow in RCM-C as compared to RCM-F. The differences between RCM-F and RCM-
 (Fig. 4d) are comparatively smaller but share similar sign as the differences of bathymetry between RCM-F and RCM-C.
ikewise, the differences between RCM-I and RCM-C (Fig. 4f) are similar in sign but larger in magnitude to those between
CM-F and RCM-I (Fig. 4d). However, an important difference is that the Windward and Mona passages in the bathymetry of
CM-F are a bit more realistic (and deeper) than that of RCM-I and RCM-C. As will be discussed in the following section, these
ifferences in the bathymetry lead to some significant changes in the ocean simulation despite the identical grid resolution
f RCM-C, RCM-I, and RCM-F.

For verification of the ocean surface currents we make use of the Ocean Surface Current Analysis (OSCAR; Bonjean and
agerloef 2002; Helber et al., 2007), which is available at 1/3◦ grid resolution from 1993 to the present and is derived from
atellite altimeter and scatterometer winds. It is worth noting that when comparisons of the model simulations are made
ith OSCAR it is based on the overlapping period (1993–2010) only. Similarly, we use the optimally interpolated SST version

 (OISSTv2; Reynolds et al., 2007) available at 0.25◦grid resolution for verification of the simulated SST. We  also employ
he Coordinated Ocean-ice Reference Experiments Phase 2 hindcast simulations (COREII; Large and Yeager, 2009) to verify
he atmospheric fluxes from the model. COREII makes use of NCEP reanalysis for near surface meteorological fields along
ith a variety of satellite based radiation, SST, sea-ice concentration, and precipitation products to arrive at the atmospheric
uxes for the 1984–2006 period at 1◦ grid spacing. The balance of this paper’s discussion focuses on the IAS and the western
ropical and subtropical-Atlantic Ocean (AWP region) despite the fact that the regional domain covers parts of the tropical
astern Pacific Ocean.

. Results

.1. Ocean temperature

The climatological annual mean SST from RCM-F, RCM-I, and RCM-C are shown in Fig. 5a–c respectively. The relatively
arge-scale meridional gradient of the SST from the warm equatorial waters to the subtropical region of the Atlantic can easily
e seen in all three panels. That said, significant biases along the coastal regions of the domain (e.g., over Bay of Campeche,
he Florida Shelf, along the Mesoamerican coasts, the northern coast of South America, and along the southern limb of the
ulf Stream) are apparent (Fig. 5d–f). As evidenced in Fig. 5, all three RCM simulations display a pervasive cold SST bias
ver the IAS. However it is important to note that the SST bias along the coasts in Fig. 5d–f may  also be partly on account
f the differences in the resolution of the RSM-ROMS and OISSTv2. Nonetheless, Fig. 5h shows that for large portions of the

AS, the cold bias in RCM-C seems to be more acute than in RCM-F, especially along the southern limb of the Gulf Stream as

ell as over the Loop Current region of the GoM and in parts of tropical and subtropical western Atlantic Ocean. There are
egions over the southern Caribbean Sea, along the LATEX shelf, along the northeast coast of GoM, and along western shelf
f peninsular Florida where the RCM-C is warmer and depicts less bias than RCM-F (Fig. 5h). We  note that RCM-I improved
pon the cold bias of the RCM-F in the western GoM and over the southern Caribbean Sea (Fig. 5g). In the tropical western
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Fig. 5. The climatological annual mean SST (◦C) from a) RCM-F, b) RCM-I, and c) RCM-C simulations. The corresponding SST bias (◦C) from d) RCM-F
(RCM-F-OISSTv2), e) RCM-I (RCM-I-OISSTv2), and f) RCM-C (RCM-C-OISSTv2) simulations. The difference in the climatological annual mean SST between
g)  RCM-F and RCM-I, h) RCM-F and RCM-C, and i) RCM-I and RCM-C simulations (◦C).

Atlantic Ocean and along the Gulf Stream (off the coast of the Carolinas) the RCM-F is seen as an improvement over RCM-I
(Fig. 5g).

The root mean square error (RMSE) of SST from RCM-F, RCM-I, and RCM-C relative to OISSTv2 are illustrated in Fig. 6a–c
respectively. The differences between these RMSEs and the RCM simulations are shown in Fig. 6d–f. As mentioned with
regards to Fig. 5, we see in Fig. 6 that RCM-F improves upon RCM-I and RCM-C over parts of the tropical and subtropical
western Atlantic Ocean while RCM-I improves upon RCM-C and RCM-F over northern Caribbean Sea and western GoM
(Fig. 6e and f). In other words, a more realistic bathymetry will not necessarily alleviate (and can even further deteriorate)
the SST biases of a model simulation in isolated regions that could be emanating from other sources of model errors. These
systematic differences in SST between RCM-F, RCM-I, and RCM-C merit further investigation. First, the different bathymetries
are expected to change the circulation especially through the YC and other passages in the region. These changes will
potentially provide a good source for investigation of the importance of ocean circulation on the regulation of SST over the
IAS. Second, understanding the differences in the SST between RCM-F, RCM-I, and RCM-C, which is similar to the pervasive

cold bias displayed over the IAS by Coupled General Circulation Models (CGCM’s; Misra et al., 2009; Kozar and Misra 2012;
Liu et al., 2012a,b, 2013), may  provide some insights for improving future generations of CGCM.

In Fig. 7, a cross section along 25◦N in the central GoM from RCM-F (Fig. 7a) and its corresponding differences with
RCM-I (Fig. 7c), RCM-C (Fig. 7e) can be seen. Similarly, the corresponding observed cross section from WOA  (Fig. 7b) and
the systematic errors in RCM-F (Fig. 7d), RCM-I (Fig. 7f), and RCM-C (Fig. 7h) can also be seen. The figure clearly indicates
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Fig. 6. The root mean square error (RMSE) of the climatological annual mean SST from a) RCM-F, b) RCM-I and c) RCM-C simulations. The corresponding
differences of RMSE between d) RCM-F and RCM-I, e) RCM-F and RCM-C and f) RCM-I and RCM-C. and c) their corresponding RMSE difference (RCM-C-
RCM-F). The units are in ◦C.
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Fig. 7. Vertical cross-section of the climatological annual mean temperature (◦C) at 25◦N (along central GoM) from a) RCM-F and b) WOA. The corresponding
difference of RCM-F from c) RCM-I (RCM-F-RCM-I), e) RCM-C (RCM-F-RCM-C) and g) the difference (RCM-I)-(RCM-C). Similarly the corresponding systematic
errors from d) RCM-F, f) RCM-I and h) RCM-C.

that the relative warming of RCM-F compared to RCM-I and RCM-C in the Loop Current flow is rather large. However, the
temperatures in RCM-F in the first 200 m from the surface are cooler to the west of the Loop Current when compared to
both WOA  (Fig. 7d) and the other two model simulations (Fig. 7e and g). Interestingly, below 200 m RCM-F is significantly
warmer than RCM-I (Fig. 7c) but it is still cooler than RCM-C (Fig. 7e). In addition, the warming in the western GoM (west of
88W) in RCM-I relative to RCM-C (Fig. 7g) is rather shallow near the surface of the ocean. Overall, the systematic errors of
RCM-I in this cross section is less than in the other two simulations.
5.2. Atmospheric fluxes

As seen in Fig. 8a, the annual mean climatological atmospheric net heat flux in RCM-F is largely positive in the AWP  region
(south of around 23◦N). A positive (negative) net heat flux in this case would mean that the heat flux is directed downward
(upward) to (from) the ocean surface. Therefore, in RCM-F there is more net heat flux entering the ocean surface from the
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ig. 8. a) The net heat climatological annual mean atmospheric flux from the RCM-F simulation and the corresponding difference with b) RCM-I and c)
CM-C  simulations. d) The net het climatological annual mean atmospheric flux difference between RCM-I and RCM-C. The units are in W m−2.

tmosphere in the IAS and over western tropical Atlantic Ocean relative to RCM-I (Fig. 8b) and RCM-C (Fig. 8c). Despite this
xcess heat flux entering the ocean surface (Fig. 8b), RCM-F displays a more severe cold bias over the western GoM and in
he Caribbean Sea as compared to RCM-I (Fig. 5g). On the other hand, RCM-I has less heat flux going into the ocean over
he central GoM, Bay of Campeche, northern Caribbean Sea, and the northwestern subtropical Atlantic Ocean relative to
CM-F (Fig. 8b) and RCM-C (Fig. 8d). Yet over these regions the SST is warmer in RCM-I relative to both RCM-F (Fig. 5g) or
CM-C (Fig. 5i). Therefore, these contrarian differences in atmospheric fluxes between the model integrations are clearly

nsufficient to explain the differences in SST between the model simulations (Fig. 5).

.3. Upper ocean heat content

Fig. 9a–c show the annual mean climatological depth of the 20 ◦C (a proxy for the upper ocean heat content) from the
CM-F, RCM-I, and RCM-C integration respectively. The corresponding bias in RCM-F, RCM-I, and RCM-C are illustrated

n Fig. 9d–f respectively, while the differences between RCM simulations are shown in Fig. 9g–i. In relation to the SODA
cean reanalysis, all three RCM simulations underestimate the heat content in the GoM, the Caribbean Sea, and parts of
he western tropical Atlantic Ocean (Fig. 9d–f). These errors are most exacerbated in RCM-F over the western GoM and

he western Caribbean Sea (Fig. 9g–i). We  observe a relative deepening of the 20 ◦C isotherm in RCM-F over the tropical
nd subtropical western Atlantic Ocean relative to RCM-I and RCM-C (Fig. 9g and h), however RCM-I displays the largest
mprovement in this bias over the IAS relative to the other two RCM simulations.
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Fig. 9. Same as Fig. 5 but for the annual mean climatological depth of the 20 ◦C isotherm. SODA ocean reanalysis is used for validation. The units are in m.

5.4. Ocean currents

The climatological annual mean surface ocean currents from RCM-F, RCM-I, and RCM-C are shown in Fig. 10a–c respec-
tively. The biases of these currents in the RCM simulations indicate that the surface westward Caribbean currents are stronger
than the observations (Fig. 10d–f). But unlike the other two  simulations, RCM-C has a considerably weaker surface Loop Cur-
rent and surface flow along the Florida Current (Fig. 10f–i). RCM-F displays the strongest surface Loop Current of all three
RCM simulations, although its difference from RCM-I is comparably far smaller (Fig. 10g) than that from RCM-C (Fig. 10h).
Furthermore, the northward extension of the Loop Current is extremely weak in RCM-C while the meridional current of the
Florida Current is shifted further eastward in RCM-C relative to the observations and the other RCM simulations.

Fig. 11a–d show the cross section of the climatological annual mean flow through the YC in SODA ocean reanalysis, RCM-F,
RCM-I, and RCM-C integrations respectively. The differences in the bathymetry of the YC between the SODA, RCM-F and
RCM-C simulations are quite apparent in the figure, although the differences of the flow through YC and the bathymetry
between RCM-F (Fig. 11b) and RCM-I (Fig. 11c) are comparably much smaller. In RCM-C (Fig. 11d) the channel depth is

appreciably shallower than in the RCM-F, RCM-I and SODA ocean reanalysis. Therefore the meridional flow through the
channel is also significantly different in RCM-C relative to RCM-F and SODA. For example, the meridional current through
the YC shows the asymmetric maximum northward flow on the westward side of the channel in SODA ocean reanalysis
(Fig. 11a) and RCM-F simulation (Fig. 11b). This asymmetry in the flow near the surface through the YC is progressively
reduced in RCM-I (Figs. 11c and e) and RCM-C (Fig. 11d, f, and g).
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Fig. 10. Same as Fig. 5 but for surface ocean currents and OSCAR (Bonjean and Lagerloef, 2002) is used for validation. The units are in m/s.

The maximum surface meridional speed in the RSM-F is approximately 0.7 ms−1 (Fig. 11b), which is less than the max-
mum in SODA ocean reanalysis that display a maximum of around 1.1 ms−1 (Fig. 11a). The RCM-F (Fig. 11b) and RCM-I
Fig. 11c) integrations also produce counter currents on both the Yucatan and Cuban sides of the channel, below around
00 m as is mentioned in the observational study of Candela et al. (2003). The SODA reanalysis, however, shows the counter
urrent across the channel at around 1000 m below the surface, which is contrary to the observations made by Candela
t al. (2003), who asserted that there is a persistent weak flow toward the GoM in the central deepest part of the channel
urrounded by the counter currents on either side. In Fig. 11a, we also note a surface counter current identified in Candela

t al. (2003) as the Cuban counter current, which extends to 200 m in depth. The RCM-F (Fig. 11b) and RCM-I (Fig. 11c) inte-
rations reveal this feature, although far more confined to the eastern edge of the channel. However the RCM-C integration
oes not show this feature of the surface Cuban counter current (Fig. 11d).

The monthly mean volume flux and heat flux through the YC from the three RCM simulations and SODA ocean reanalysis
s shown in Fig. 12a and b respectively. We  clearly observe from the figures that RCM-C (RCM-F) has the least (largest) vol-
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Fig. 11. Vertical cross section of the meridional flow (ms−1) through the Yucatan Channel from a) SODA ocean reanalysis, b) RCM-F, c) RCM-I, and d) RCM-C
integrations. The corresponding differences (ms−1) between e) (RCM-F)-(RCM-I), f))(RCM-F)-(RCM-C), and g))(RCM-I)-(RCM-C) are also shown.

ume  and heat fluxes through the YC, with RCM-I displaying the closest match to estimates from the SODA ocean reanalysis.
In comparison to the corresponding estimates from the global models in Figs. 1 and 2, the bias in RCM-C (of underestima-
tion of flow through YC) resembles the corresponding bias in GFDL-ESM2G while the bias in RCM-F (of overestimation) is
closest to the corresponding bias in CCSM4. It should also be noted that there is considerable variability in the estimates
of these fluxes through YC from SODA ocean reanalysis from Figs. 1 and 2–Fig. 12, which was computed over different
time periods. This is not surprising given similar disparity from in situ observations of the flow through the channel over
different periods (Athie et al., 2015). Furthermore, it should be taken into account that all three RCM simulations overesti-
mate the standard deviation of the volume and heat flux through the YC relative to SODA ocean reanalysis and the global
models.
Similarly, we also computed the annual mean climatology of the vertically integrated heat transport (HT) vectors from
all three RCM simulations in Fig. 13. This HT is computed as:

→
HT = cp

∫
bot

surf

� �V�dz (1)
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Fig. 12. The monthly mean a) volume (in Sv) and b) heat flux (in PW)  from the three RCM integrations and the SODA ocean reanalysis.

In Fig. 13a–c, the heat transport by the warm Caribbean Current and the Loop Current, the Gulf Stream, and the return
ow of the deep western boundary current is evident in all three RCM simulations. The heat transport by the upper ocean
urrents are reasonably well represented in the RCM-F and RCM-I simulations. But the heat transport by the return flow of the
eep western boundary current is much stronger in the RCM simulations than SODA ocean reanalysis (Fig. 13d–f). The heat
ransport by the Loop Current in RCM-F and RCM-I also display a stronger northeastward tilt north of the YC as compared to
ODA, while the RCM-C simulation displays a very weak heat transport through the YC (Fig. 13f). The differences in the heat
ransport in the AWP  region between RCM-F and RCM-I are much smaller (Fig. 13g) relative to their corresponding difference
rom RCM-C (Fig. 13h and i). The RCM-C also has minimal heat transport through the Windward and Mona passages relative
o the other two RCM simulations and the SODA ocean reanalysis.
.5. Interannual variability

The contemporaneous correlation between the sea surface height and the volume flux through the YC is shown in Fig. 14.
n the SODA ocean reanalysis (Fig. 11a), we observe that the heat content in northern Caribbean Sea around Cuba and the
ahamas increases when the flow through the YC is stronger. However, stronger flow through the YC is also associated with
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Fig. 13. Same as Fig. 5 but for ocean heat transport vector (Eq. (1)). We use the SODA ocean reanalysis for validation. The units are TerraWatt [TW]
(=1  × 1012 W).

a reduction in the heat content around the GoM coast along the Florida Current, as well as the western and southern coast
of the Caribbean Sea (Fig. 14a). These features are reasonably well captured by the RCM-I (Fig. 14c) with subtle differences
(e.g. over northwestern tropical Atlantic Ocean, the Caribbean coast of Central America, and northern South America). On
the other hand, the RCM-F integration (Fig. 14b) is comparable to RCM-I but the relationship along the GoM coasts and
the Caribbean Sea coast along Central America and northern South America is weak and even contrary to the SODA ocean
reanalysis and RCM-I. But RCM-C correlations (Fig. 14d) show a far worse fidelity with respect to the SODA ocean reanalysis
both in the magnitude and spatial extent of the correlations.

In fact, the correlations displayed in Fig. 14a and c are similar to those obtained in Lin et al. (2009), which were acquired

from a model integration data over a much shorter period of time using a very high resolution (1/6◦) ocean model. Their
study showed that the transport through the YC is a minimum when the Loop Current intrudes strongly into the GoM.
Furthermore, they suggested that variations of the sea surface height around Cuba is a result of a “compensation effect” in
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ig. 14. The contemporaneous correlations of the flow through the Yucatan Channel with sea surface height anomalies from a) SODA, b) RCM-F, c) RCM-I
nd  d) RCM-C integrations. Only significant values at 10% significance level according to t-test are plotted.

hich the variability of the flow through the YC is partially compensated by the variability of the flow around Cuba (through
he Old Bahama Channel).

. Discussion

In this section we will relate the bias in the two  20th century simulations from the suite of CMIP5 models (GFDL-ESM2G
nd CCSM4) analyzed earlier to the results from our RCM integrations. Although GFDL-ESM2G grossly underestimated the
cean transport through the YC, the SST bias was similar to that exhibited by CCSM4, which grossly overestimated the flow
hrough the YC. It may  however be noted that the severity of the cold bias in GFDL-ESM2G is more acute. We  obtain a
imilar result from the three RCM integrations analyzed in this study. RCM-F overestimates the transport through the YC
nd yet it exhibits a cold SST bias over the IAS, which is comparable to RCM-C that displays a gross underestimation of the
ow through the YC. Our third RCM-I integration ameliorates some of this cold SST bias relative to RCM-F and RCM-C. The
CM-I simulation shows the flow through the YC is closest to the observed estimates (Athie et al., 2015) and the SODA ocean
eanalysis as compared to the other two RCM simulations (Fig. 12).

The increased flow through the YC has a significant impact on raising the upper ocean heat content and SST in the
ropical and subtropical western Atlantic Ocean (Figs. 9i, 5a and b). Therefore RCM-F, which has the strongest flow through
he YC, displays SST warming over a considerable region across tropical-subtropical western Atlantic Ocean relative to both
CM-I (Fig. 5g) and RCM-C (Fig. 5h). This is also associated with considerable weakening of the atmospheric surface tropical
asterlies across the IAS in RCM-F (especially over the GoM and the Caribbean Sea; Fig. 15). In a related modeling study Chang
nd Oey (2010a) suggested that heat is transported to the western part of the GoM primarily by wind-induced westward
helf currents. These currents converge in the western GoM (along the TAVE and LATEX shelves) where they downwell and
pread heat to the interior of the ocean. As noted in Fig. 14a–c, the negative correlations of the sea surface height variations
n the Bay of Campeche and along the TAVE, LATEX and Florida shelves with the transport through the YC is consistent with
his feature. In fact, similar correlations are also observed south of the YC, along the eastern continental shelf of Mexico in
ig. 14a and c. In RCM-C (Fig. 14d), where the flow through the YC is very weak, the associated sea surface height variations
long the shelf in the western GoM and Caribbean Sea are weak and contrary to the SODA ocean reanalysis. The absence
f negative correlations in RCM-F along the TAVE and LATEX shelves and along the western Caribbean coast is a result
f significant weakening of the shelf currents from the corresponding weakening of the atmospheric tropical easterlies.

his weakening of the low-level atmospheric easterlies results from the coupled air-sea feedback mechanism. One of the
ir-sea coupled feedback mechanisms is preferentially fostered in the boreal summer season by a Gill-type atmospheric
esponse to off equatorial forcing of AWP  induced heating (Wang and Enfield, 2001; Wang et al., 2007, 2008a, 2008b; Lee
t al., 2009). These studies clearly demonstrate that atmospheric latent heating induced by the warm SSTs of the seasonal
WP induce both baroclinic and barotropic responses that have a tendency to weaken the easterly Atlantic trade winds.
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Fig. 15. a) Annual mean climatology of the 1000 hPa winds from RCM-F run and its corresponding difference from b) RCM-I, c) RCM-C. Similarly, the
climatological annual mean difference of the 1000 hPa winds between RCM-I and RCM-C integrations.

In addition, the coupled feedback of wind-induced evaporation can also affect the trade winds and SST in the tropical-
subtropical Atlantic (Moura and Shukla 1981; Hastenrath and Greischar 1993; Chang et al., 1997). This mechanism involves
changes in the atmospheric boundary layer pressure gradient induced by changes in SST (e.g. from seasonal evolution or
variability) affecting the overlying atmospheric surface winds (Lindzen and Nigam, 1987) that feeds back to SST through
wind induced evaporation (Chang et al., 1997). Furthermore, Tanimoto and Xie (2002) suggested cloud feedback on SST that
manifest in coupled feedback in the tropical and subtropical Atlantic Ocean.

In Fig. 16 we show the climatological cross-section of zonal heat flux (Eq. (2) across 90 ◦W following Chang and Oey
(2010a) from the SODA and three RCM simulations.

HF = cp

surf∫

bot

�u�dz (2)

where u is the zonal current. In the SODA ocean reanalysis heat is transported westward into the western GoM both on
the southern and northern shelf, while in the middle of the basin heat is transported eastward as described in Chang and
Oey, 2010b. However, in the three RCM simulations heat is transported westward only in the southern shelf while heat is
transported eastward in the northern shelf and in the upper ocean in middle of the basin. It is also quite apparent that the
eastward flow of heat to western GoM is strongest in RCM-I (Fig. 16c) and least in RCM-F (Fig. 16b). Chang and Oey (2010a)
indicated from their idealized modeling studies that wind-induced currents along the northern and southern shelves of the
GoM play an important role in the westward heat redistribution, which is also reaffirmed from the three RCM simulations
conducted in this study. The eastward heat transport in the northern shelf is part of the Gulf-scale anticyclonic gyre that
dominates over the shelf currents under weak wind situation (Chang and Oey, 2010b). Chang and Oey (2010a) further

suggested that these shelf currents induce downwelling as they flow off the shelf edge after converging in the western coast,
thereby transporting heat eastward in the central GoM as is seen in Fig. 16a–d.

This study clearly shows that overcompensation of the flow through the YC (e.g. in RCM-F) can result in SST bias, at least
over the western GoM and even over western Caribbean Sea, that resemble the SST bias from model simulations that under-
compensate the flow through the YC (e.g. RCM-C). Notably, 1000 hPa climatological winds in the 20th century simulations
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Fig. 16. Annual mean climatological heat flux across 90◦W from a) SODA, b) RCM-F, c) RCM-I, and d) RCM-C. The units are (108 W m−2).

f CCSM4 and GFDL-ESM2G show similar differences as RCM-F and RCM-C, respectively, suggesting a similar mechanism for
he SST bias in the western part of IAS (not shown). That said, it should also be noted that all three RCM integrations display

 cold SST bias in the IAS despite their varied representation of the IAS ocean circulation, which would suggest that other
ources of error (e.g. atmospheric fluxes; remote teleconnections) are likely in play. This is further elaborated by verifying
he atmospheric fluxes in the simulation (Fig. 17).

The observed annual mean climatological atmospheric fluxes suggest that in the northern parts of the AWP  region there
s a net upwelling atmospheric flux while in the southern Caribbean Sea and southwestern GoM there is a net downwelling
tmospheric flux (Fig. 17a). The COREII analysis suggests that the upwelling longwave fluxes (Fig. 17b) and the enthalpy
sensible and latent heat) fluxes (Fig. 17d) compensate for the downwelling shortwave flux (Fig. 17c) in the AWP  region.
he corresponding systematic errors of the fluxes in RCM-F (Fig. 17e–h), RCM-I (Fig. 17i–l), and RCM-C (Fig. 17m–p) are
omparable. Furthermore, it seen that these model simulations overestimate the downwelling shortwave flux significantly,
hich is over compensated by the overestimation of the upwelling longwave flux and enthalpy fluxes to result in a net heat
ux that is upwelling in the AWP  region. It is interesting to note that despite the decrease in the easterly trades in RCM-F
he upwelling enthalpy fluxes are still large, which stems from a dry bias in the boundary layer (not shown). This dry bias
ncreases the humidity gradient between the surface and the boundary layer thereby raising the enthalpy fluxes. The dry
ias in the boundary layer also contributes to increased upward longwave flux as well as a lower shallow cloud fraction
elative to corresponding the observed cloud fraction (Rossow et al., 1996; not shown), which results in higher downwelling
hortwave flux in all three model simulations. Furthermore, it seems clear that the bias in the net heat flux from the model
imulations is far larger over the open oceans than the inter-model differences, which are significantly large in the coastal
nd over broad (shallower) continental shelf regions (see Fig. 8).
. Summary and conclusions

In this study we conduct three multi-decadal integrations (for a duration of 32 years) with a relatively high resolution
15 km)  regional coupled ocean-atmosphere model (RCM) centered over the IAS. These model integrations are conducted
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Fig. 17. The annual mean climatological a) net heat flux, b) upwelling longwave flux, c) downwelling shortwave flux, and d) enthalpy (sensible and latent)

fluxes  from COREII. Positive (negative) sign of fluxes indicate into (out of) the ocean surface. The corresponding systematic errors of the fluxes from RCM-F
(e–h),  RCM-I (i–l), and RCM-C (m–p). The units are in W m−2.

with the same numerical model at identical spatial resolution and with the same lateral boundary conditions for the atmo-
sphere and the ocean. However, the important difference in these integrations is that they are prescribed uniquely different
bathymetries. As a result, some of the topographical features including the depth of the YC, Florida Straits, and the slope of
the continental shelves were different in these RCM integrations. In terrain following models such as ROMS, smoothing of
the bathymetry is customary to avoid large errors in the computation of the horizontal pressure gradient in the presence of
steep gradient in bathymetry. An important part of this study is understanding the potential sources of error in simulating
the climate of a region such as the IAS, which displays complex bathymetry and hosts a very large and very warm pool of
water in part of the year that elicits strong atmospheric response.

These model experiments highlight the importance of ocean circulation in the maintenance of the heat content and SST

structure in the IAS region. Our results suggest that differences in bathymetry, primarily those that affect the flow through
the YC, can have a significant impact on the ocean circulation and temperature in the IAS region. However, a sobering and a
counter-intuitive result is that a more realistic bathymetry does not uniformly improve the simulation over the IAS owing
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o other sources of model errors. It is noted that all model simulations of the study systematically underestimate the net
eat atmospheric flux into the ocean.

This study draws attention to the general surface manifestation of colder SSTs and the underestimation of upper ocean
eat content generated by the smoother bathymetry over most parts of the IAS, similar to the bias displayed by majority
f the general circulation models. In the case of the RSM-ROMS integration with the smoother bathymetry (RCM-C), we
how that this surface manifestation of a colder SST is more acute than in RCM-I or RCM-F over the southern limb of the
ulf Stream, followed then by that over the GoM, the northern Caribbean Sea, and parts of tropical and subtropical western
tlantic Ocean. There are, however, regions over the southern Caribbean Sea, along the LATEX shelf, and along the northeast
oM coast where the RCM-C is warmer than RCM-F.

As a result of the shallower depth of the YC in the RCM-C there is a clear reduction in the mean meridional flow through
he Channel. Furthermore, the Windward Passage in RCM-C exhibits direction of heat transport contrary to either RCM-F or
ODA reanalysis. Both of these factors affect the heat transport by the Gulf Stream in the RCM-C resulting in larger biases of
ST and heat content in the IAS and western tropical and subtropical Atlantic Ocean.

The flow through the YC clearly impacts the heat content locally and remotely in a large section of the IAS region by
ffecting the heat transport by the prevailing upper ocean currents in the region. But RCM-C significantly underestimates
he flow through the YC and RCM-F overestimates the flow through the YC. Yet, both exhibit a cold SST bias that is similar to
he bias displayed by GFDL-ESM2G and CCSM4 20th century simulations over the IAS. We find that the warming of the upper
cean in the western tropical and sub-tropical Atlantic Ocean in RCM-F from the increased Loop Current circulation results
n significant weakening of the overlying atmospheric easterlies. This, in turn, weakens the wind-induced shelf currents in
he western GoM and the Caribbean Sea, thus exacerbating the SST bias in RCM-F relative to RCM-I and RCM-C. Notably,
lthough alike in RCM-C and RCM-F, the cause of SST bias is quite different — the former is a consequence of a weakened Loop
urrent while the latter results from a coupled ocean-atmosphere response to a stronger Loop Current. The former (RCM-C)
ould benefit from an improved bathymetry while the latter (RCM-F) would likely improve from better coupled response of

he atmosphere to SST anomalies in the IAS. And all three RCM simulations would benefit from improved parameterization
f the atmospheric fluxes as they uniformly overestimate the downwelling shortwave flux, upwelling longwave flux, and the
nthalpy fluxes. In the meantime, despite its slightly inferior bathymetry to RCM-F, RCM-I shows a comparatively smaller
ST bias in the IAS through a likely compensation of errors in the ocean and atmospheric components of the RCM.
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