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This study examines the potential impact of anthropogenic greenhousewarming on the Intra-Americas Sea (IAS,
Caribbean Sea and Gulf ofMexico) by downscaling the CoupledModel Intercomparison Project phase-5 (CMIP5)
model simulations under historical and two future emission scenarios using an eddy-resolving resolution
regional ocean model. The simulated volume transport by the western boundary current system in the IAS,
including the Caribbean Current, Yucatan Current and Loop Current (LC), is reduced by 20-25% during the 21st
century, consistent with a similar rate of reduction in the Atlantic Meridional Overturning Circulation (AMOC).
The effect of the LC in the present climate is to warm the Gulf of Mexico (GoM). Therefore, the reduced LC and
the associated weakening of the warm transient LC eddies have a cooling impact in the GoM, particularly during
boreal spring in the northern deep basin, in agreementwith an earlier dynamic downscaling study. In contrast to
the reducedwarming in the northern deep GoM, the downscaledmodel predicts an intensewarming in the shal-
low (≤200 m) northeastern shelf of the GoM especially during boreal summer since there is no effective mech-
anism to dissipate the increased surface heating. Potential implications of the regionally distinctive warming
trend pattern in the GoM on the marine ecosystems and hurricane intensifications during landfall are discussed.
This study also explores the effects of 20th century warming and climate variability in the IAS using the regional
ocean model forced with observed surface flux fields. The main modes of sea surface temperature variability in
the IAS are linked to the Atlantic Multidecadal Oscillation and a meridional dipole pattern between the GoM
and Caribbean Sea. It is also shown that variability of the IAS western boundary current system in the 20th cen-
tury is largely driven by wind stress curl in the Sverdrup interior and the AMOC.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

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 Coupled Model Inter-comparison Project
phase-5 (CMIP5) climate model simulations project that the sea surface
temperatures (SSTs) in the IAS may increase more than 2 °C during the
21st century due to the increasing greenhouse gas (GHG) emissions (Liu
et al., 2012). The increased SSTs in the IAS may substantially affect the
physical and biogeochemical properties of the seawater,with important
consequences for marine ecosystems.

ManyAtlantic tuna species spawn in the IAS, includingAtlantic bluefin
tuna (BFT). The spawning of BFT has been recorded predominantly in the
nd Meteorological Laboratory,
SA. Tel.: +1 305 361 4538.
northern deep GoM fromApril to June (AMJ), with the optimal spawning
temperature of 24 - 28 °C (e.g., Muhling et al., 2010; Schaefer, 2001).
Adult BFT are adversely affected by warm water (N28 °C) and thus
avoid warm features in the GoM such as the Loop Current (LC; Blank
et al., 2004). In an effort to understand possible impacts of climate change
on such spawning habitat, Muhling et al. (2011) analyzed the CMIP
phase-3 (CMIP3) climate model simulations for the 21st century, and
suggested that areas in the northern deep GoM with high probabilities
of BFT larval occurrence could be almost entirely gone by the end of
the 21st century. This was primarily due to increased upper ocean
temperatures.

Coral reefs in the IAS are also sensitive to increasing upper ocean
temperature (Hoegh-Guldberg, 1999). The increasing SSTs in tropical
oceans have triggered mass coral bleaching and mortality events since
the early 1980s (Baker et al., 2008; Hoegh-Guldberg et al., 2007). For
instance, the record breaking warm upper ocean temperatures in the
Caribbean Sea in the summer of 2005 persisted for many weeks, and
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Fig. 1. (a) Total and (b) detrended SST anomaly in the northern GoM (100°W-82°W,
25°N-30°N) during 1870-2013 obtained from the HadISST dataset. The black line in
Fig. 1a shows the linear trend. The black line in Fig. 1b is obtained by performing a
7-month running average to the time series of detrended SST anomaly. The unit for the
temperature is °C.

Table 1
The weight of each CMIP5 model used to derive the surface flux fields and initial and
boundary conditions for the MOM4 simulations.

Rank Model Model Weight

1 NCAR-CCSM4 2.38
2 IPSL-CM5A-LR 2.10
3 BCC-CSM1-1 1.90
4 MRI-CGCM3 1.52
5 IPSL-CM5A-MR 1.48
6 CSIRO-Mk3-6-0 1.43
7 GFDL-ESM2G 1.16
8 GISS-E2-R 1.09
9 HadGEM2-CC 0.93
10 GFDL_ ESM2M 0.68
11 HadGEM2-ES 0.65
12 CanESM2 0.55
13 MIROC-ESM 0.53
14 MIROC-ESM-CHEM 0.52
15 MIROC5 0.36
16 GFDL-CM3 0.35
17 CNRM-CM5 0.33
18 NorESM1-M 0.02
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produced the most severe and extensive mass coral-bleaching event
ever recorded in the region. The repeated coral bleaching events in the
Caribbean Sea since the 1980's have been broadly attributed to anthro-
pogenic climate change (Eakin et al., 2010; van Hooidonk et al., 2013;
van Hooidonk et al., submitted for publication).

In boreal summer and fall, the IAS hosts a large body ofwarm surface
water known as the Atlantic warm pool (Lee et al., 2007; Wang et al.,
2006), which affects the southerly flow of moisture into much of
North America, alters the Caribbean Low-Level Jet (Wang and Lee,
2007) and plays a critical role in hurricane intensification (e.g., Wang
et al., 2008). Previous studies have shown that hurricanes can rapidly in-
tensify when they pass over the LC and spin-off warm eddies (Goni and
Trinanes, 2003; Shay et al., 2000). Thus, it is important to understand
how the upper ocean thermal features in the IAS may change in the
21st century, in order to predict future hurricane activity (e.g., Enfield
and Cid-Serrano, 2010; Lee et al., 2011a).

The ocean circulation in the IAS is an integral part of the North
Atlantic western boundary current system, and is also an important
upper ocean pathway of the AMOC (Schmitz and Richardson, 1991).
Thewesternboundary current system in the IAS consists of the Caribbean
Current, Yucatan Current, and Loop Current (LC), and transports mass,
heat, salt and biogeochemical properties from the CBN to the North
Atlantic via the GoM. To resolve the IAS western boundary current
system, an eddy resolving (~10 km resolution) ocean model is needed
(Chassignet et al., 2005; Li and Misra, 2014; Oey et al., 2005). However,
the CMIP5 climate models have typical spatial resolutions of about 1°,
which is too coarse to represent the strength, position and eddy shedding
characteristics of the LC (Oey et al., 2005). Therefore, Liu et al. (2012)
downscaled the CMIP3 model simulations for the 21st century using a
high-resolution ocean model with a horizontal resolution of 0.1° over
the GoM and CBN using CMIP3 projections as its initial and boundary
conditions and surface flux forcing. The downscaled model predicted
that the LC would be reduced by 20-25% during the 21st century.
Liu et al. (2012) further showed that the reduced LC and associated
weakening of warm LC eddies have a cooling impact in the GoM, par-
ticularly in the northern deep basin, while the low-resolution CMIP3
climate models underestimate the reduction of LC and its cooling ef-
fect, thus producing more 21st century warming than in the high-
resolution experiment.

Here, we further explore the potential impact of GHG-induced
warming on the IAS using a high-resolution regional ocean model
constrained with the surface flux fields, initial and boundary condi-
tions obtained from the CMIP5 model simulations under the histori-
cal, Representative Concentration Pathways 4.5 (RCP4.5), and 8.5
(RCP8.5) scenarios (Taylor et al., 2012). In order to quantify the
uncertainty in our CMIP5 downscaled model projections, we also ex-
plore the 20th century warming and natural climate variability in the
IAS because the GHG-induced SST increase in the IAS could be ampli-
fied or reduced due to natural variability. For example, Fig. 1 shows
the total and detrended sea surface temperature (SST) anomalies
in the northern GoM (100°W-82°W, 25°N-30°N) from 1870-2013
obtained from the Hadley centre global sea ice and sea surface tem-
perature (HadISST) dataset. The observed SST anomalies in the
northern GoM during the 20th century show long-term variability
consistent with the Atlantic Multidecadal Oscillation (AMO). The
amplitude of this multi-decadal signal is as large as 0.5 °C, which
is comparable to the GHG-induced SST increase in the GoM by the
2030s (Liu et al., 2012). The 20th century warming and climate
variability in the IAS are explored using a high-resolution regional
ocean model forced with observed surface flux fields for the period
of 1871-2008. The potential implications of anthropogenic and
natural changes in the IAS on tuna spawning, coral bleaching and hurri-
cane activities are discussed. Effects of environmental variability and
change on BFT and skipjack tuna (SKJ: Katsuwonus pelamis) are also
discussed in more depth in a companion paper (Muhling et al., in this
issue).
2. Model and model experiments

The NOAA Geophysical Fluid Dynamics Laboratory (GFDL) Modular
Ocean Model version 4.1 (MOM4; Griffies et al., 2004; Gnanadesikan
et al., 2006) is used as the downscalingmodel in this study. The regional
MOM4 model domain covers the Atlantic Ocean between 100°W and
20°E bounded north and south by 65°N and 20°S, respectively. The
high-resolutionMOM4has the fully eddy-resolving horizontal resolution
of 0.1° over the GoM and CBN region (10°N ~ 30°N; 100°W ~ 70°W),
decreasing linearly to 0.25° in the rest of the model domain. The
MOM4 has 25 vertical z-coordinate levels. To examine the impact of an-
thropogenic and natural climate variability on the IAS, three MOM4
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Fig. 2. SST difference in the IAS between the late 21st century (2090 ~ 2098) and late 20th century (1990 ~ 1998) for (a) the boreal spring months of AMJ and (b) the boreal summer
months of ASO obtained from the weighted ensemble of 18 CMIP5 models simulations under the historical and RCP4.5 scenario, (c) and (d) are same as (a) and (b), except that the
SST differences are obtained from the high-resolution MOM4 experiment (EXP_HIS and EXP_4.5). The unit for the temperature is °C.
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experiments (EXP_HIS, EXP_4.5 and EXP_8.5) are performed to down-
scale the CMIP5 simulations under historical and two future emission
scenarios, and oneMOM4 experiment (EXP_20CR) is performed to sim-
ulate the 20th century climate variability and quantify the role of natural
variability.

2.1. Dynamic downscaling of CMIP5 model simulations under RCP4.5 and
8.5 scenarios

For the 21st century climate change experiments, the MOM4 is
driven by the monthly surface forcing fields obtained from the CMIP5
dataset (Taylor et al., 2012), including near surface wind speed,
surface air temperature, sea level pressure, surface specific humidity,
downwelling shortwave and longwave radiation, and precipitation.
The CMIP5 model data are downloaded from the CMIP5 webpage
(http://cmip-pcmdi.llnl.gov/cmip5) for the historical and two future
emission scenarios. The “historical” runs are forced by observed atmo-
spheric composition changes that include both anthropogenic and
natural climate variability. The future (21st century) simulations are
obtained from projections for the RCP4.5 and RCP8.5 scenarios, which
represent the medium-low and high GHG emission scenarios, respec-
tively (Taylor et al., 2012).

A total of eighteen CMIP5 models under the historical, RCP4.5, and
RCP8.5 scenarios are used to derive the surface forcing fields, initial
and boundary conditions. These eighteen CMIP5 models are selected
because they all show a realistic AMOC strength in the 20th century
and contain all surface flux variables needed for themodel experiments.
If there are multiple ensemble members available for any given model,
we only use the first ensemble member in our analysis. Each of the
eighteen CMIP5 models is ranked and weighted based on its ability to
replicate the observed annual mean upper ocean temperature at the
surface, 100 m and 200 m in the GoM and CBN for the last 30 years of
the 20th century (1971-2000), following Liu et al. (2012). Additionally,
since the upper ocean temperature in the IAS depends strongly on the
AMOC for its effect on the northward advection of warm surface water
through the Yucatan Channel (e.g., Schmittner, 2005), the AMOC
strength based on the maximum overturning stream function at 30°N
is computed for each CMIP5 model during 1971-2000, compared to
the observed value of 18.0 ± 2.5 Sv (Lumpkin and Speer, 2007), and
used to rank and weight the CMIP5 models. The same weight is given
for all four indices (i.e., three temperature levels and AMOC).

In order to minimize the biases in the surface forcing fields obtained
from the CMIP5 model simulations, we first construct the CMIP5 clima-
tology for the 1971-2000 periods under the historical scenario, and then
compute the difference between the weighted ensemble of CMIP5
climatology and the observed surface forcing climatology. The Coordi-
nated Ocean Research Experiments version-2 (CORE2) surface flux
product (Large and Yeager, 2009) is used to derive the observed surface
forcing climatology. Then, the difference (i.e., the bias-correction term)
is added to the CMIP5 surface forcing fields under historical, RCP4.5 and
RCP8.5 scenarios for the period of 1900-2098. To incorporate the impact
of atmospheric noise on the surface fields, in each model year, the bias-
corrected monthly CMIP5 surface fields are combined with randomly
selected daily anomalous surface fields of CORE2 during the period of
1971-2000 following the methodology used in Lee et al. (2011b). The
initial and boundary conditions for the temperature and salinity are

http://cmip-pcmdi.llnl.gov/cmip5
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Fig. 3. Same as Fig. 2 except that the SST differences are obtained from the weighted ensemble mean of CMIP5 model simulations under the historical and RCP8.5 scenarios and from
EXP_HIS and EXP_8.5. The unit for the temperature is °C. The SST increase is more severe under RCP8.5 scenario and in EXP_8.5.
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also bias-corrected following the same methodology used for the
surface forcingfields. The observed temperature and salinity climatology
are obtained from the U.S. Navy Generalized Digital Environmental
Model version 3.0 (GDEM3, Carnes, 2009). The difference between the
CMIP5 climatology and the observed (GDEM3) temperature and salinity
climatology during the period of 1971-2000 is added to the CMIP5 tem-
perature and salinity under the three (historical, RCP4.5, and RCP8.5)
scenarios for the period of 1900 to 2098.
a)

Fig. 4. (a) Long-term averaged annualmean surface current obtained from EXP_HIS in the late 2
late 20th century) in the IAS between the late 21st century (2090 ~ 2098) and the late 20th ce
The weight coefficients are applied to the bias-corrected surface
forcing fields, initial and boundary conditions of each CMIP5 model
(see Table 1) under historical, RCP4.5, and RCP8.5 scenarios. Then,
their weighted ensemble averages are derived and used to perform
theMOM4experiments. In allmodel experiments, the ocean boundaries
at 65°N and 20°S are treated as closed, but are outfitted with about 5° of
buffer zones in which the temperature and salinity are linearly relaxed
toward the corresponding CMIP5 fields. Two additional buffer zones
b)

0th century (1990 ~ 1998). (b) Simulated surface current changes (i.e., late 21st century to
ntury obtained from EXP_HIS and EXP_8.5. The unit for the surface current is cm/s.
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Fig. 5. The vertical section of long-term averaged annual mean temperature across the Yucatan Channel at 21°N during (a) the late 20th century, (b) the late 21st century, and (c) the
temperature changes between late 21st century and late 20th century obtained from EXP_HIS and EXP_8.5. The unit for temperature is °C.
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are located in the northwestern corner over the Labrador Sea, and in the
Gulf of Cadiz (representing the Mediterranean Sea) as in Chassignet
et al. (1996). The restoring time scale for the northern and southern
boundaries varies linearly from 25 days at the inner edge to 5 days at
the walls. The timescale for the Labrador Sea region is 25 days and, for
the Mediterranean Sea, 365 days. The MOM4 simulation is initialized
and integrated for 106 years using the biased-corrected CMIP5 surface
forcing fields, initial and boundary conditions under the historical sce-
nario for the period of 1900-2005 (EXP_HIS). Then the MOM4 simula-
tions for future scenarios are continuously run from 2006 to 2098
using the bias-corrected CMIP5 surface forcing fields and boundary
conditions under the RCP4.5 (EXP_4.5) and RCP8.5 (EXP_8.5) scenarios.
W W W W W W W W

a) b)

Fig. 6.The vertical section of long-termaveraged annualmeanmeridional velocity across theYu
meridional velocity changes between late 21st century and late 20th century obtained from EX
2.2. High-resolution ocean model simulation for the 20th century

For the 20th century model experiment, the MOM4 domain, resolu-
tion and configuration are the same as those used for the CMIP5 down-
scaling experiments, except that theMOM4 is driven by different surface
forcing, initial and boundary conditions. The surface forcing fields are
obtained from the 20th Century Reanalysis version 2 (20CR) dataset,
which contains the 6-hourly surfaceflux variables at 2° spatial resolution
spanning 1871-2008 (Compo et al., 2011). The initial and boundary
conditions are derived from the Simple Ocean Data Assimilation version
2.2.6 (SODA 2.2.6) product (Giese and Ray, 2011). The surface forcing,
initial and boundary conditions for the 20th century experiment are
W W W W W W W W W W

c)

catanChannel at 21°Nduring (a) the late 20th century, (b) the late 21st century, and (c) the
P_HIS and EXP_8.5. The unit for current is m/s.
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Fig. 7. Themeridional section of long-termaveraged annualmean temperature across the70°W in the CBNduring (a) the late 20th century, (b) the late 21st century, and (c) the temperature
changes between late 21st century and late 20th century obtained from EXP_HIS and EXP_8.5. The unit for temperature is °C.
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also bias-corrected following the samemethodology used for the CMIP5
downscaling experiments. The 20th century simulation (EXP_20CR) is
integrated for 138 years for the period of 1871-2008. The first 30 years
of model outputs are discarded to exclude any potentially spurious
spin-up effect.

3. Results

3.1. GHG-induced warming pattern of the IAS in the 21st century

Fig. 2 shows the SST differences in the IAS between the late 21st
century (2090 ~ 2098) and the late 20th century (1990 ~ 1998) for
the boreal spring months of April, May and June (AMJ) and the boreal
summer months of August, September and October (ASO) obtained
a) b)

Fig. 8. The meridional section of long-term averaged annual mean zonal current across the 70°
current changes between late 21st century and late 20th century obtained from EXP_HIS and E
from the weighted ensemble mean of CMIP5 model simulations under
the historical and RCP4.5 scenarios and from EXP_HIS and EXP_4.5.
Fig. 3 is similar to Fig. 2 except that the SST differences are obtained
from the weighted ensemble mean of CMIP5 model simulations under
the historical and RCP8.5 scenarios and from EXP_HIS and EXP_8.5.

The CMIP5 models project that the IAS is warmed by 1.2 ~ 2 °C (3 °C
ormore) under the RCP4.5 (RCP8.5) scenario for both AMJ and ASO. The
warming is particularly large in the northern deep GoM, which is the
known spawning ground for BFT. In the MOM4 simulations, the IAS
also shows extensive warming (Fig. 2c, Fig. 3c). However, the spatial
pattern of the warming is quite different from the CMIP5model projec-
tions, especially in AMJ. For AMJ, the simulated SST increase in the
northern deep GoM is only about 1.4 °C (2.8 °C) in EXP_4.5 (EXP_8.5),
much less than the CMIP5 SST increase of 1.8 °C (3.4 °C) under the
c)

W in the CBN during (a) the late 20th century, (b) the late 21st century, and (c) the zonal
XP_8.5. The zonal current is positive westward. The unit for current is m/s.



a) Yucatan Current Transport

b) Caribbean Current Transport

c) AMOC at 30N

Fig. 9. (a) Time series of the simulated annual mean volume transport (Sv) across
the Yucatan Channel and (b) Caribbean Current volume transport (Sv) for the period
1900-2098 obtained from EXP_HIS, EXP_4.5 and EXP_8.5. (c) Time series of the simulated
AMOC (Sv) at 30oN for the period 1900-2098 obtained from EXP_HIS, EXP_4.5 and
EXP_8.5.

a) Late 20C (EXP_HIS)

b) Late 21C (EXP_4.5)

c) Late 21C (EXP_8.5)

MOM4: AMOC

Fig. 10. Time-averaged Atlantic MOC in the late 20th century obtained from (a) EXP_HIS,
and the late 21st century obtained from (b) EXP_4.5 and (c) EXP_8.5. The unit is Sv.

62 Y. Liu et al. / Journal of Marine Systems 148 (2015) 56–69
RCP4.5 (RCP8.5) scenario. In fact, the northern deep GoM is character-
ized as the region of minimum warming in EXP_4.5 and EXP_8.5,
whereas it is the region of maximumwarming in the CMIP5model pro-
jections. The SST increases in the western GoM and Straits of Florida re-
gion are also much reduced compared to the CMIP5 SST increases
(Fig. 2c, Fig. 3c). A potential cause for this difference between the
CMIP5 and downscaling projections is 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 (Liu et al., 2012).

Fig. 4a shows the long-term averaged annual surface currents ob-
tained fromEXP_HIS in the late 20th century. Fig. 4b shows the simulated
surface current changes in the IAS between the late 21st century and
the late 20th century obtained from EXP_HIS and EXP_8.5. The surface
current differences (Fig. 4b) are clearly against the mean direction of
the western boundary current system in the IAS (Fig. 4a), indicating a
much-weakened LC during the late 21st century. The warm transient
LC eddies detached from the main branch of the LC are also weak-
ened, and thus shallower (not shown). The effect of the LC in the
present climate is to warm the GoM (Chang and Oey, 2010; Jayne
and Marotzke, 2002). Therefore, the reduced LC and the associated
weakening of the warm transient LC eddies have a cooling impact
in the GoM. It appears that the cooling 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
particular, Liu et al. (2012) performed a heat budget analysis to
show that the reduced LC is mainly responsible for the reduced
warming in the northern deep GoM during AMJ.

Figs. 5 and 6 show the simulated vertical section of temperature and
meridional velocity across the Yucatan Channel in the late 20th century,
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Fig. 11. The two leading EOF modes of the detrended monthly SST anomalies and associated time series obtained from EXP_20CR. (a) The 1st mode (EOF1), and (b) the associated
normalized time series (PC1), (c) the 2nd mode (EOF2), and (d) the associated normalized time series (PC2) during 1900-2008. The two leading modes account for 31.3% (EOF1) and
30.8% (EOF2) of the total variance, respectively. These first two EOF modes are significant at the 95% confidence level based on the criterion of North et al. (1982).
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the late 21st century, and the changes between late 21st century and
late 20th century obtained from EXP_HIS and EXP_8.5. As shown in
Fig. 5, the simulated temperature increase across the Yucatan Channel
is about 3 °C in the upper 100 m. This temperature warming is reduced
in the deeper layers (i.e. ~2 °C temperature increase in the 200 - 400 m
and ~1.2 °C temperature increase in the 800-1000 m). Consistent with
the reduced LC, the meridional velocity across the Yucatan Channel is
largely reduced during the late 21st century, mainly in the western
side of the Yucatan Channel (Fig. 6).

In contrast to the reducedwarming in thenorthern deepGoMduring
the boreal spring (AMJ), the downscaled model predicts an intense
warming in the shallow (≤200 m) northeastern shelf of the GoM
(i.e., the Louisiana-Texas Shelf and the West Florida Shelf) especially
during the boreal summer (ASO). As shown in Fig. 2d, the projected
SST increase in the northeastern Gulf coast for ASO is about 2.5 °C
(4.0 °C) in EXP_4.5 (EXP_8.5), while the CMIP5 SST increase is only
about 2.0 °C (3.5 °C) under the RCP4.5 (RCP8.5) scenario. In the shallow
(≤200m) northeastern shelf of the GoM, the surface ocean circulation is
quiteweak anddynamically detached from the LC in the deepGoM (due
to a strong potential vorticity gradient across the continental slope).
Therefore, the increased surface heating over the shallow northeastern
shelf of theGoM cannot be dissipated by verticalmixingwith the deeper
ocean or by horizontal advection of the relatively cooler interior ocean.
During other seasons, however, frequent penetration of the cold front
could cool down this region. Therefore, it is highly likely that the
increased summertime warming in the shallow northeastern Gulf is
due to the lack of effective mechanism to dissipate the projected in-
crease of the surface heating. The enhanced summertime warming
over the northeastern shelf of the GoMcould greatly increase the chance
for rapid intensification of hurricanes making landfall across the north-
eastern Gulf coast in the 21st century.

The downscaled MOM4 simulations also project intense sum-
mertime warming along the South American coast in the southern
Caribbean Sea, which may lead to more frequent coral bleaching
events in the 21st century. Figs. 7 and 8 show the meridional section
of temperature and zonal velocity across the 70°W in the CBN during
the late 20th century, the late 21st century, and the changes between
late 21st century and late 20th century obtained from EXP_HIS and
EXP_8.5. The intense warming off the South American coast (Fig. 7)
is linked to the relaxation of the thermocline slope across the Caribbean
Current (CC), and thus is linked to the reduced CC (Fig. 8).

The downscaled MOM4 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
understandwhat processes are responsible for the projected reductions
of the LC and CC. Fig. 9a shows the time series of the simulated annual
mean volume transport across the Yucatan Channel for the period of
1900-2098 obtained from EXP_HIS, EXP_4.5 and EXP_8.5. The volume
transport across the Yucatan Channel is reduced drastically from 20 Sv
during the late 20th century to 17 Sv (15 Sv) in EXP_4.5 (EXP_8.5)
during the 21st century. The reduction is about 25% of the mean under
the RCP8.5 scenario. The CC is also reduced from 23 Sv during the late
20th century to 19 Sv (16 Sv) for EXP_4.5 (EXP_8.5) during the late
21st century (Fig. 9b). As shown in Fig. 9c, the AMOC at 30°N is signifi-
cantly reduced during the 21st century under both scenarios. Fig. 10
further shows that the AMOC is highly reduced at all latitudes by the
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late 21st century (Cheng et al., 2013; Liu et al., 2012). Since the western
boundary current 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 in EXP_4.5 and EXP_8.5 are driven by the future deceleration of the
AMOC in agreement with Liu et al. (2012).
3.2. The 20th century climate variability in the IAS

As discussed earlier, the observed SST anomalies in the northern
GoM during the 20th century show long-term variability consistent
with the AMO (e.g., Muller-Karger et al., 2015), and thus should be
taken into account in quantifying uncertainty in our CMIP5 downscaled
model projection for the 21st century. Therefore, to explore the effects
of 20th century warming and climate variability in the IAS, a high-
resolution regional ocean model is forced with observed surface flux
fields for the period of 1871-2008 (EXP_20CR).

Fig. 11 shows the two leading Empirical Orthogonal Function (EOF)
modes of the detrended monthly SST anomalies and associated time
series obtained from EXP_20CR. The two leading modes account for
31.3% (EOF1) and 30.8% (EOF2) of the total variance, respectively, and
are significantly separated from each other (North et al., 1982). The
first mode of SST variability in the IAS is characterized by amultidecadal
oscillation (Fig. 11b). The time series for EOF1 (PC1) is significantly (95%
or above based on a student-t test) correlated with the AMO index
(r ~ 0.76, see Fig. 12a), which is linked to climate and extreme weather
variability over the North Atlantic Ocean and the surrounding conti-
nents (e.g., Enfield et al., 2001; Goldenberg et al., 2001; Ting et al.,
2011; Zhang and Delworth, 2006). The AMO index is computed from
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Fig. 12. (a) Time series of normalized SST-PC1 (solid blue) and AMO index (dashed red) during
series of SST PC1 is 0.76, which is significant at 95% confidence level. The average magnitude o
EXP_20CR, and is defined as the detrended area-averaged SST anoma-
lies over the North Atlantic (e.g., Enfield et al., 2001).

The second EOFmode of IAS SST variability (Fig. 11c) corresponds to
a meridional dipole pattern with negative SST anomalies in the GoM
and positive SST anomalies in the CBN, which is a part of the well-
known North Atlantic tripole mode (e.g., Deser et al., 2010). The IAS
dipole has been observed in the spring following strong and persistent
ENSO events (e.g., Alexander and Scott, 2002; Lee et al., 2008) and in
the spring prior to anomalously large or small summer Atlantic warm
pools (Enfield et al., 2006; Munoz et al., 2010). To explore why the
dipole pattern prevails in the spring, the amplitude of PC2 SST anoma-
lies for each calendar month is calculated from EXP_20CR (Fig. 12c).
Compared with the SST PC1 (Fig. 12b), the SST PC2 time series show a
strong seasonality with the peak seasonal variability in February, May
and April (FMA).

The large amplitude dipole SST variability in FMA is possibly due to
the surface heat flux during the previous season (i.e. DJF). Thus, the
surface heat flux in December, January and February (DJF) is regressed
onto the PC2 time series in FMA for the period of 1900-2008 as shown
in Fig. 13. It is clearly shown that the net surface heat flux anomalies
(Fig. 13a) largely explain the dipole SST structure with surface cooling
anomalies over the GoM and the east coast of the United States, and
surface warming anomalies over the CBN. Among various components
of the surface heat flux anomalies, the surface latent heat flux has a
dipole pattern consistent with the net surface heat flux anomalies and
a relatively larger magnitude (Fig. 13c), suggesting that the primary
contribution for the dipole SST pattern in the IAS is from the surface
latent heat flux. As the surface northerly wind anomalies over the
GoM (Fig. 13c) bring more cold and dry air from the continental U.S.
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to theGoM, the air-sea temperature andmoisture differences could lead
to surface latent cooling over the GoM. Over the CBN, the surface
westerly wind anomalies associated with the dipole SST pattern lead
to the weakening of the easterly winds and surface latent cooling, and
thus warm the CBN. The reduced easterly winds could also reduce the
upwelling along the South American coast in the CBN (Fig. 13c),
which may interact with the CC and further contribute to the warming
in the CBN as suggested in Lee et al. (2007). The radiative heat fluxes
(shortwave plus longwave radiation, Fig. 13b) also contribute positively
to the dipole SST pattern in the IAS. The sensible heat fluxes (Fig. 13d)
play a minor role in the GoM.

Given the important role played by the western boundary current
system in the regional warming pattern of the IAS for the 21st century,
the 20th century variability of the volume transport across the Yucatan
Channel is examined using EXP_20CR. Fig. 14a shows the time series of
the total volume transport across Yucatan Channel for the period of
1900-2008 obtained from EXP_20CR. The mean transport during
1971-2000 is about 19 Sv, which is smaller than the observed estimate
of 23.8 ± 1 Sv for the period of September 1999 through June 2000
(e.g., Sheinbaum et al., 2002). Note that the volume transport across the
Yucatan Channel exhibits low-frequency variability at the multidecadal
time scale. The total volume transport across the Yucatan Channel is
divided into three components: the wind-driven gyre component,
the AMOC component, and the residual. In the classical theories of
wind-driven ocean circulation (e.g., Munk, 1950; Stommel, 1948), the
interior Sverdrup transport is balanced by the compensating transport
a)

c)

Fig. 13.Monthly surfaceheatflux inDJF regressed onto the SST PC2 time series in FMA for thepe
(shortwave plus longwave radiation), (c) Latent heat flux (color) overlaidwithwind stress (vec
are positive downward.
within the western boundary. Therefore, the wind-driven component of
the volume transport across the Yucatan Channel is estimated by inte-
grating the wind-stress curl from the eastern boundary to the western
boundary along the latitude of Yucatan Channel (21oN) then flipping
the sign.

Partial linear regression in the context of multiple linear regression
analysis is used here for the decomposition. Here, the total volume
transport across the Yucatan Channel is reconstructed as a function of
the wind-driven gyre component (VGYRE) and the AMOC component
(VMOC). The total volume transport across the Yucatan Channel can be
written as

VYC ¼ a � VGYRE þ b � VMOC þ c; ð1Þ

where a (0.20), b (0.45) and c (3.14) are partial regression coefficients,
and VMOC is defined as the maximum overturning stream function at
30°N. Partial linear regression is an effective tool to regress (or predict)
one dependent variable using multiple independent variables (or pre-
dictors) when the independent variables are not orthogonal to each
other (e.g., Ryan, 2009). The main concept of partial linear regression
is very similar to that of partial correlation because it gives the amount
of increase in the dependent variablewith respect to the unit increase in
one independent variable while all other independent variable are held
constant. For instance, the partial regression coefficient of VYC on VGYRE
(i.e., a in Eq. (1)) is the amount of increase in VYC with respect to the
unit increase in VGYRE while VMOC is held constant.
b)

d)

riod of 1900-2008, obtained from theEXP_20CR. (a)Net heatflux, (b) Radiation heatfluxes
tor), and (d) Sensible heat flux. The unit for the heat flux terms isW/m2. All the flux terms
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Fig. 14. (a) Time series of the total volume transport across Yucatan Channel for theperiod of 1900 - 2008 obtained fromEXP_20CR, (b) time series of the total (VYC, blue) and reconstructed
volume transport (red) during 1900-2008, and (c) time series of wind-driven gyre component (a · VGYRE, blue) and the AMOC component (b · VMOC, red) during the 1900-2008 obtained
from EXP_20CR. The mean value of the total volume transport across the Yucatan Channel in Fig. 9b and c has been subtracted for concise. VMOC is defined as the maximum overturning
stream function at 30°N. The unit is Sv.

66 Y. Liu et al. / Journal of Marine Systems 148 (2015) 56–69
Fig. 14b shows the time series of the total (VYC) and reconstructed
volume transport during the 20th century. Fig. 14c shows the wind-
driven gyre component (a · VGYRE) and the AMOC component
(b · VMOC). The reconstructed volume transport is expressed as the
first two terms on the RHS of (1) (i.e., a · VGYRE + b · VMOC). The
reconstructed volume transport is significantly correlated (r = 0.83)
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with the total transport, and both show an increasing trend during the
20th century. As shown in Fig. 14c, the AMOC component (b · VMOC)
shows a similar positive trend, and is significantly correlated with the
total transport (r = 0.72). The positive trend of the AMOC in the 20th
century has been attributed to anthropogenic aerosols (Menary et al.,
2013), reduced Arctic freshwater export (Mueller et al., 2014) and
increased Agulhas Current leakage augmented by the strengthening of
the wind stress curl over the South Atlantic and Indian subtropical
gyre (Lee et al., 2011b).

The wind-driven gyre component (a · VGYRE) does not show any
trend, but is significantly correlated with the total transport (r = 0.41).
It is interesting to note that the wind-driven gyre component
(a · VGYRE) is significantly anti-correlated with the AMO (r = -0.42)
suggesting that the wind-driven volume transport across the Yucatan
Channel is reduced during a positive phase of the AMO. In summary,
about 70% of the total variance of the volume transport across the
Yucatan Channel during the 20th century can be explained by wind
stress curl in the Sverdrup interior and the AMOC.
3.3. Basin-averaged SST increases in the GoM and CBN during the
21st century

Fig. 15a shows the time series of annual mean SST anomalies aver-
aged over the GoM (100°W-82°W, 21°N-30°N) during 1900-2008
obtained from EXP_20CR and HadISST. Fig. 15b shows the time series
of the annual mean SSTs averaged over the GoM during 1900-2098,
obtained from EXP_HIS, EXP_4.5 and EXP_8.5. As shown, the annual
a)

b)

Fig. 15. (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 EXP_20CR and HadISST.
(b) Time series of the annual mean SSTs averaged over the GoM during 1900-2098
obtained from 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) obtained from EXP_4.5 and
EXP_8.5. The unit is °C.

Fig. 16. Same as Fig. 15, 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 (light color regions) obtained
from EXP_4.5 and EXP_8.5. The unit is °C.
mean SSTs in the GoM increase about 1.5 °C (3.0 °C) under the RCP4.5
(RCP8.5) scenario between the late 20th century and the late 21st
century. As indicated in Fig. 15a, the annual mean SST anomalies in
the GoM during the 20th century (EXP_20CR and HadISST) display
long-term variability consistent with the AMO. Assuming that the
AMO-like variability in the 20th century continues throughout the
21st century, it is logical to add the AMO-like natural variability as the
uncertainty in our projections for the 21st century. Thus, 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 added to the
future projections for both scenarios (light color regions in Fig. 15b)
as a measure of uncertainty in the projections. As clearly shown in
Fig. 15b, the uncertainty due to natural climate variability is quite
large. The GHG-induced SST increase in the GoM can be amplified or
reduced due to natural SST variability in the GoM. Therefore, it is quite
important to consider the uncertainty due to natural variability for the
future projections of the SSTs in the GoM. On average, under RCP4.5
(RCP8.5) scenario, the GHG-induced SST increase in the GoM over a
26-year (13-year) period is statistically significant if the uncertainty
due to natural variability is considered. Fig. 16a and b are the same as
Fig. 15a and b, expect for the CBN (85°W-60°W, 10°N-20°N). It is clear
that our conclusions drawn for the GoM are also applicable for the CBN.

4. Summary and discussion

In this study, we examine the potential impact of GHG-induced
warming on the IAS by using an eddy-resolving resolution ocean
model constrainedwith the surface forcing fields and initial and bound-
ary conditions obtained from the CMIP5 model simulations under
historical and two future scenarios (EXP_HIS, EXP_4.5 and EXP_8.5).
The downscaled MOM4 simulations suggest that the simulated volume
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transport by the western boundary current system in the IAS can be
reduced considerably by 20-25% during the 21st century, consistent
with a similar rate of projected reduction in the AMOC. The effect of
the LC in the present climate is to warm the GoM. Therefore, the
reduced LC and the associated weakening of the transient warm LC
eddies have a cooling impact in the GoM, particularly in the northern
deep GoM during AMJ. The distribution of the cooling impact is consis-
tent with the locations of the mean LC and its transient warm eddies
that propagate into the western GoM. Low-resolution models, such as
the CMIP5models, underestimate the reduction of the LC and its cooling
effect, and thus fail to simulate the reduced warming in the northern
deep GoM. These results are in agreement with an earlier dynamic
downscaling study (Liu et al., 2012) based on a different ocean model
and under different forcing (CMIP3 climatemodels under A1B scenario),
suggesting that these results (i.e, reducedwarming in the northern deep
GoM) are robust.

The reduced warming of the northern deep GoM in spring will have
important implications for marine ecosystems, including the spawning
of BFT. Since the spawning of BFT is mainly temperature dependent
and adult BFT generally avoid very warm surface waters, the reduced
warming in the northern GoM may mitigate the CMIP5-projected
reduction in BFT spawning grounds in the GoM (Muhling et al., in this
issue). In contrast, tropical tuna species such as SKJ may benefit from
future warming, through spatial and temporal expansion of spawning
grounds (Muhling et al., in this issue).

In contrast to the reduced warming in the northern deep GoM, the
downscaled model predicts an enhanced warming in the shallow
(≤200 m) northeastern shelf of the GoM, especially during boreal
summer. The enhanced warming along the northeastern shelf of the
GoM could greatly increase the chance for rapid intensification of
hurricanes making landfall across the northeastern Gulf coast in the
21st century. The downscaled model experiments also indicate that
the southern CBN will be a region of enhanced warming yearlong. The
enhanced warming along the northeastern South American coast in
the western CBNmay lead to an increased frequency of coral bleaching
events during the 21st century.

This study also explores the 20th century warming and climate
variability in the IAS using a high-resolution regional ocean model
forced with observed surface flux fields (EXP_20CR). It is shown that
the main modes of SST variability in the IAS are linked to the AMO
and a meridional dipole pattern between the GoM and CBN. The dipole
SST mode is a part of the well-known North Atlantic tripole mode. The
main contributor for the dipole SST pattern is the surface latent heat
flux linked to the northerly and westerly (or southerly and easterly)
wind anomalies in the GoM and CBN, respectively.

The 20th century variability of thewestern boundary current system
in the IAS is driven by both wind stress curl in the Sverdrup interior and
the AMOC. The AMOC component shows an increasing trend, and is
significantly correlated with the total transport (r = 0.72). The
wind-driven gyre component does not show any trend, but is also
significantly correlated with the total transport (r = 0.41).

It is important to point out some of the limitations in this study.
Here, we use the ensemble mean from the CMIP5 models to drive the
MOM4 simulations, which may reduce the internal variability within
the individual models. Therefore, this work can also benefit from
performing more downscaled MOM4 simulations forced by one (or
more) of the individual models, especially by choosing the one or
ones with the highest weights to estimate the range of temperature
variability within the 21st century.

In this work, we use only a dynamic ocean model to study the po-
tential impact of GHG-induced warming on the IAS. In the future, a
regional biogeochemical ocean simulation is required to study the
impact of GHG-induced warming on the ocean ecosystem in the
IAS (Pastor et al., 2013). The future study will also benefit from the
development of regional coupled atmosphere-ocean models (Li and
Misra, 2014).
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