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Abstract  This study examines the oceanic and atmo-
spheric variability over the Intra-American Seas (IAS)
from a 32-year integration of a 15-km coupled regional
climate model consisting of the Regional Spectral Model
(RSM) for the atmosphere and the Regional Ocean Mod-
eling System (ROMS) for the ocean. It is forced at the
lateral boundaries by National Centers for Environmen-
tal Prediction-Department of Energy (NCEP-DOE R-2)
atmospheric global reanalysis and Simplified Ocean Data
Assimilation global oceanic reanalysis. This coupled
downscaling integration is a free run without any heat flux
correction and is referred as the Regional Ocean—Atmo-
sphere coupled downscaling of global Reanalysis over the
Intra-American Seas (ROARS). The paper examines the
fidelity of ROARS with respect to independent observa-
tions that are both satellite based and in situ. In order to
provide a perspective on the fidelity of the ROARS simu-
lation, we also compare it with the Climate Forecast
System Reanalysis (CFSR), a modern global ocean—atmo-
sphere reanalysis product. Our analysis reveals that
ROARS exhibits reasonable climatology and interannual
variability over the IAS region, with climatological SST
errors less than 1 °C except along the coastlines. The
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anomaly correlation of the monthly SST and precipitation
anomalies in ROARS are well over 0.5 over the Gulf of
Mexico, Caribbean Sea, Western Atlantic and Eastern
Pacific Oceans. A highlight of the ROARS simulation is its
resolution of the loop current and the episodic eddy events
off of it. This is rather poorly simulated in the CFSR. This
is also reflected in the simulated, albeit, higher variance of
the sea surface height in ROARS and the lack of any
variability in the sea surface height of the CFSR over the
IAS. However the anomaly correlations of the monthly
heat content anomalies of ROARS are comparatively
lower, especially over the Gulf of Mexico and the Carib-
bean Sea. This is a result of ROARS exhibiting a bias of
underestimation (overestimation) of high (low) clouds.
ROARS like CFSR is also able to capture the Caribbean
Low Level Jet and its seasonal variability reasonably well.

Keywords Coupled downscaling - Reanalysis -
Intra-American Seas - Interannual variability

1 Introduction

The Intra-American Seas (IAS), which broadly covers the
regions of Caribbean Sea, Gulf of Mexico, and parts of north
western Atlantic Ocean is a vital source of moisture over the
continental US both in the summer (Ruiz-Barradas and Ni-
gam 2005; Mo et al. 2005) and winter (Orlanski and Sheldon
1995; Bosart and Lin 1984). Yet intriguingly IAS is one of
the poorly observed parts of the global oceans (Misra et al.
2009). The IAS circulation system is a complicated western
boundary current system. The Caribbean Current transports
significant amounts of warm water that flows northwestward
through the Caribbean Sea from the east along the coast of
South America and into the Gulf of Mexico. When the

@ Springer



H. Li, V. Misra

current turns north through the Yucatan Channel, it becomes
known as the Yucatan Current. Then it becomes the Loop
Current as it flows northward between Cuba and the Yucatan
Peninsula, which moves north into the eastern Gulf of
Mexico. The Loop Current then turns anticyclonically
southward to exit to the east through the Florida Straits and
joining the Gulf Stream (Mooers and Maul 1998). One of the
best-known mesoscale variability in the IAS is an area of
warm water with an “eddy” or “Loop Current ring” that
separates from the Loop Current, somewhat randomly every
3—17 months (Oey et al. 2005). These eddies are critical to
redistribute heat to the western part of the Gulf of Mexico
(Chang and Oey 2010; Liu et al. 2012).

Recent numerical ocean modeling studies have proved
that high resolution is necessary to resolve the oceanic
features over the IAS. The first successful numerical sim-
ulation of loop current and eddies off it follows from
Hurlburt and Thompson (1980), which was at 20 km grid
resolution. Subsequent studies have clearly shown the
benefit of high-resolution ocean models in resolving these
oceanic features in the TAS region (Chérubin et al. 2005,
2006). Chassignet et al. 2005 showed that the horizontal
resolution is important to represent the Loop Current and
associated rings, e.g., Navy Costal Ocean Model (NCOM)
1/8° system doesn’t perform as well as NRL Layered Ocean
Model (NLOM) 1/16° and Hybrid Coordinate Ocean Model
(HYCOM) 1/12° systems. In another related study, Oey
et al. 2005 also demonstrated that a 20 km or even higher
resolution is needed to properly resolve the strength, posi-
tion and eddy shedding characteristics of the Loop Current.
A downscaled high-resolution ocean model with a hori-
zontal resolution of 0.1° over Gulf Mexico successfully
predicted the reduced Loop Current in twenty-first century,
while the low resolution models underestimate the reduc-
tion of Loop Current and its cooling effect (Liu et al. 2012).

The IAS is a source of moisture and energy to a number of
severe weather events spread across the year over continental
North America including seasonal and long-term flooding
and drought events over the mid-western United States
(Rasmusson 1967; Bosilovich and Schubert 2002; Ruiz-
Barradas and Nigam 2005; Wang et al. 2006; Mestas-Nufiez
et al. 2007; Chan and Misra 2010). The IAS is not only a host
to complex fine scale intricate ocean surface currents (Stur-
ges and Lugo-Fernandez 2005), but also is host to many fine
scale atmospheric features such as the Caribbean Low Level
Jet (Amador 2008), and genesis region for many tropical
cyclones and even winter storms (e.g. President’s day storm;
Bosart and Lin 1984; blizzard of 1993; Orlanski and Sheldon
1995). Therefore the importance of using ocean—atmosphere
coupled models to understand ocean—atmosphere interac-
tions of this region cannot be overemphasized.

Coupled ocean—land—atmosphere modeling, a subset of
the earth system models has been promoted in the recent
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literature for seamless prediction of weather and climate
(Palmer et al. 2008; Hurrel et al. 2009; Shukla et al. 2010).
There is a growing consensus that coupling is critical for
the simulation of monsoon variations and variability of the
upper ocean in critical regions of the tropical and sub-
tropical oceans (Wang et al. 2005; Wu et al. 2006; Misra
2008a). It is shown that air—sea interactions promote
improved land—atmosphere coupling over the continental
regions (Misra 2008a, b; Misra and Dirmeyer 2009).
Similarly Wu et al. (2006) show that in many regions of the
tropical and subtropical oceans the atmospheric fluxes
dictate the SST variations. Misra et al. (2009) show that the
wind induced evaporation plays a critical role in the reg-
ulation of the SST over the IAS.

A fully coupled regional ocean—atmosphere modeling
system, which contains the Regional Spectral Model
(RSM, Juang and Kanamitsu 1994; Kanamitsu et al. 2010)
for the atmosphere and the Regional Ocean Modeling
System (ROMS, Shchepetkin and McWilliams 2005), has
been developed recently. This RSM-ROMS coupled
modeling system has been previously used in the 10-km
downscaling of global reanalysis over California Current
System (Li et al. 2012) and regional climate change pro-
jection studies over California (Li et al. 2013a, b). The
coupled downscaling shows much more realistic ocean and
atmospheric states than the uncoupled downscaling, and
the air—sea coupling plays an important role in the simu-
lation of coastal mesoscale circulation. However, the heat
flux correction was applied in the previous studies (Li et al.
2012, 2013a, b), and the oceanic variability in those sim-
ulations was not extensively investigated.

The purpose of this study is to establish the fidelity of
RSM-ROMS in capturing the climatology and interannual
variability of the IAS region when it is forced with global
reanalysis before we embark on conducting any further
studies with global predictions and projections. In this
study we present the results from Regional Ocean—Atmo-
sphere coupled downscaling of global Reanalysis over the
Intra-American Seas (ROARS), which is a 32-year inte-
gration free run without any heat flux correction. A series
of in situ and satellite observations will be used to validate
ROARS. The latest state-of-the-art high resolution
National Centers for Environmental Prediction (NCEP)
Climate Forecast System Reanalysis (CFSR; Saha et al.
2010) is also used to validate ROARS. This comparison of
ROARS with CFSR is done to provide a perspective on the
fidelity of ROARS since CFSR provides both global
atmospheric and oceanic reanalysis. CFSR is the closest
that we have to a “coupled” global reanalysis of the
atmosphere and the ocean. Therefore comparing ROARS
with CFSR would shed some light on the prospect of using
uncoupled global reanalysis of the atmosphere and the
ocean to force a regional coupled ocean—atmosphere model
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to produce a “pseudo” regional reanalysis for the IAS
region. It should however be remembered ROARS is not
ingesting any observations during its integration period,
which is unlike CFSR that ingests a variety of observations
throughout its assimilation period.

This paper is organized as follows. In Sect. 2, the
regional coupled model and experiments are described. The
description of observational datasets and CFSR used for
validation is presented in Sect. 3. Section 4 discusses the
results of the coupled downscaling over IAS forced by the
global reanalysis of the atmosphere and the ocean with
final concluding remarks in Sect. 5.

2 Description of model and experiments
2.1 The regional coupled model

A fully coupled regional ocean—atmosphere modeling
system, which contains the Regional Spectral Model
(RSM; Juang and Kanamitsu 1994; Juang et al. 1997,
Kanamitsu et al. 2010) as the atmospheric part and the
Regional Ocean Modeling System (ROMS; Haidvogel
et al. 2000; Shchepetkin and McWilliams 2005) as the
oceanic component, is utilized in this study. This RSM-
ROMS coupled modeling system has been previously used
in the downscaling of global reanalysis centered over
California (Li et al. 2012) and regional climate change
projection studies over California (Li et al. 2013a, b). A
brief description of the regional ocean—atmosphere coupled
model is presented here. The readers are referred to Li et al.
(2012) for further details on the regional modeling system.

The RSM is a primitive equation atmospheric model.
The RSM uses a spectral method (with sine and cosine
series) in two dimensions (Juang and Kanamitsu 1994).
The RSM has 28 terrain following sigma levels, with
irregular spacing in the vertical that is identical to the
NCEP-DOE reanalysis (R2; Kanamitsu et al. 2002), and
the top of the atmosphere in RSM is at ~2 hPa. The RSM
physical schemes used in this study is listed in Table 1.
The cloudiness is computed from relative humidity, verti-
cal motion, and the depth of the marine boundary layer
(Slingo 1987). These clouds interact with the short and
longwave radiation schemes following (Chou and Suarez
1994; Chou and Lee 1996). The Scale Selective Bias
Correction (SSBC, Kanamaru and Kanamitsu 2007, Ka-
namitsu et al. 2010) is used to prevent synoptic scale drift
during the regional climate model integration. The ROMS
is a free-surface, terrain-following, primitive equation
ocean model. It was based on the S-coordinate Rutgers
University Model (SCRUM, Song and Haidvogel 1994).
The RSM and ROMS are coupled by using the efficient
MPI dual coupling scheme with a coupling interval of 24-h.

Table 1 RSM physics

Parameterization

References

Convection

Shallow convection
Boundary layer

Relaxed Arakawa-
Schubert

Tiedtke scheme
Nonlocal scheme

Moorthi and Suarez
(1992)

Tiedtke (1983)
Hong and Pan (1996)

Longwave radiation M.-D. Chou Chou and Suarez
(1994)

Shortwave radiation M.-D. Chou Chou and Lee (1996)

Cloud Slingo Slingo (1987)

Gravity wave drag Pierrehumbert Alpert et al. (1988)

Land model NOAH LSM Ek et al. (2003)

The RSM and ROMS share the same domain and resolu-
tion to avoid interpolation between atmosphere and ocean
model grids. The SST-flux is directly exchanged between
RSM and ROMS without using any SST-flux coupler.

2.2 Experiments

The ROARS was conducted with this RSM-ROMS
regional coupled model. The domain of ROARS
is shown in Fig. 1. The domain (8.002°S-38.391°N,
100.49°W—-44.097°W) covers Southeastern US, Central
America, Northern part of South America, and the IAS.
Four sub-domains of Gulf of Mexico (GM), Caribbean
Sea (CS), Eastern Pacific (EP), and Western Atlantic
(WA) as outlined in Fig. 1 are used to analyze the
oceanic variability. The 15 km horizontal resolution is
identical for both RSM and ROMS. The RSM has 28
vertical atmosphere sigma levels, while ROMS has 30
vertical ocean sigma levels. The atmospheric lateral
forcing and initial conditions is taken from T62L.28 R2
Reanalysis (Kanamitsu et al. 2002). The monthly Simple
Ocean Data Assimilation (SODA, Carton et al. 2000) is
used for the oceanic initial and boundary condition.
SODA is available at 0.5° horizontal resolution with 40
vertical layers.

It may be noted that this coupled downscaling is a free
run without any heat or salinity flux corrections. The thirty-
two-year integration period is from 1979 to 2010. The first
2 years are discarded in the analysis to account for spin-up.
The remaining 30 years of the ROARS integration are used
for analysis of the results.

3 Datasets
3.1 In situ and satellite observations

This study utilizes a mix of in situ observations, satellite
based datasets, and multi-sensor analysis for validation of

@ Springer



H. Li, V. Misra

ROARS as listed in Table 2. We also compare ROARS
with the relatively new Climate Forecast System Reanal-
ysis (CFSR; Saha et al. 2010). CFSR is a coupled global
ocean—atmosphere reanalysis that is current and makes use
of a global coupled ocean—atmosphere model. The wind
stress climatology is validated with the Quickscat Scatter-
ometer Climatology of Ocean Winds (SCOW, Risien and
Chelton 2008), which is available from September 1999 to
October 2009. The 925 hPa wind speed from Integrated
Global Radiosonde Archive (IGRA, http://www.ncdc.
noaa.gov/oa/climate/igra/) over Plesman Field (68.97°W,

Fig. 1 Model domain,
topography and bathymetry (m).

12.2°N) is used to validate the Caribbean Low-Level Jet.
The monthly CPC Merged Analysis of Precipitation
(CMAP, Xie and Arkin 1997) is used to validate the cli-
matology and variability of precipitation. The pentad
CMAP precipitation (January 1979-December 2010) is
used to examine the Central American mid-summer
drought. The International Satellite Cloud Climatology
Project (ISSCP D2, Rossow et al. 1996) available from July
1983 through June 2006 is used to validate the simulated
high, middle, and low cloud fraction. The Coordinated
Ocean-ice Reference Experiments Phase 2 hindcast

topography & bathymetry [m]

The sub-domains of Gulf of
Mexico (GM), Caribbean Sea
(CS), Western Atlantic (WA) 3000
and Eastern Pacific (EP) are
used for the subsequent analysis 2500
2000
1500
—1000
—500
—0
——500
——1000
—-1500
—2000
—-2500
—3000
Table 2 Observation list Variable Reference Resolution  Platform Acronym
Sea Surface Reynolds et al. (2007) 0.25° Satellite, in situ observation NOAA
Temperature
Wind sress Risien and Chelton (2008) 0.25° Quickscat sateliite SCOW
925hpa wind http://www.ncdc.noaa.gov/ ~ Station Radiosonde IGRA
oa/climate/igra/
Precipitation Xie and Arkin (1997) 2.5° Satellite, in situ observation CMAP
Cloud Rossow et al. 1996 2.5° Satellite ISCCP
Radiation Large and Yeager (2009) 1° Bulk formula simulation COREII
Sea Surface Height http://aviso.oceanobs.com  1°/3 Satellite AVISO
Ocean heat content  Ingleby and Huddleston 1° Objective analysis EN3
(2007)
Ocean surface Bonjean and Lagerloef 1°/3 Satellite altimeter and OSCAR
current (2002) scatterometer
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Fig. 2 DJF SST climatology (°C) from a observation, b ROARS and c the difference between ROARS and observation; JJA SST climatology
from d observation, e ROARS and f the difference between ROARS and observation

simulations (COREII, Large and Yeager 2009) are used to
validate the atmospheric fluxes.

The SST is the daily OI SST (Reynolds et al. 2007),
which includes the AVHRR-only product version 1
(November 1981-May 2002) and the AMSR + AVHRR
product version 2 (after June 2002). The CFSR is also

strongly nudged to this daily OI SST, which is abbrevi-
ated NOAA SST hereafter. The AVISO Altimetry
(available from 1993 to 2009) (http://aviso.oceanobs.
com) is used to validate the Sea Surface Height (SSH).
The upper 300 m averaged ocean temperature of the EN3
from the Met Office (Ingleby and Huddleston 2007) is
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Fig. 3 The wind stress climatology (N/mz) in DJF from a SCOW observation, b ROARS simulation, ¢ CFSR, and in JJA from d SCOW

observation, ¢ ROARS simulation, and f CFSR

used to validate the Ocean Heat Content (OHC). The
Ocean Surface Current Analysis—Real time (OSCAR,
Bonjean and Lagerloef 2002) is a near-real time global
ocean surface currents analysis derived from satellite
altimeter and scatterometer data. OSCAR is available
since 1993, and is used to validate the ocean surface
currents. The reference, resolution, platform and acronym
of these observed variables are listed in table 2. All of
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these observational data were interpolated to 15 km grid
of ROARS for validation of the simulation.

3.2 CFSR
The new CFSR (Saha et al. 2010) is a state-of-the-art

coupled high resolution global NCEP Reanalysis for
atmosphere, ocean, land and sea ice. The atmospheric
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Fig. 4 Annual climatology of 925 hPa wind speed from a ROARS and b CFSR. ¢ The annual cycle climatology of 925 hPa wind speed over
Plesman Field (68.97°W, 12.2°N) from radiosonde (black), CFSR (red) and ROARS (green)

component of CFSR is the Global Forecast System
(GFS) with much higher horizontal and vertical reso-
lution (T382L.64). The ocean component of CFSR is the
GFDL MOM version 4p0d (MOM4) (Griffies et al.
2004). The zonal resolution of MOM4 is 0.5°, and the
meridional resolution is 0.25° between 10°S and 10°N,
gradually increasing from the tropics to 0.5° poleward
of 30°S and 30°N. There are 40 vertical layers in the
MOMA4. It is noted that the IAS region is in the range of
10°N and 30°N. In a vein of being inclusive of an
interactive physical climate system, the CFSR was
promoted as a first step towards a coupled ocean—
atmosphere global reanalysis (Saha et al. 2010). In
CFSR although a global coupled ocean—atmosphere
model was used to generate the first guess field for the
data assimilation cycle, the observations were actually
assimilated in the individual uncoupled models of land,
ocean, sea-ice, and atmosphere. The CFSR with this
attempt has provided a one-stop resource of analyzed
variables of atmosphere, land, and oceanic variables,
which makes holistic diagnosis of the physical climate
system easier.

4 Results
4.1 Climatology
4.1.1 SST

The observed SST climatology is shown in Fig. 2 for the
two contrasting seasons December—January—February
(DJF) and June—July—August (JJA; for brevity other sea-
sons are excluded). In both the seasons ROARS exhibits a
cold bias that is most severe in the coastal regions, while in
the open oceans the bias is comparatively far less. However
in the DJF season the US Gulf coast exhibits a warm bias.
It should be noted that ROARS does not use any heat flux
correction during the integration period and therefore this
relatively low SST bias in the open oceans is a reflection of
the fidelity of the ROARS. Since ROARS is a coupled
ocean—atmosphere integration, the relatively low SST bias
is also a reflection of the atmospheric variability, especially
of the low level winds in the summer time when the wind
driven evaporation from the easterly flow of the southern
flank of the North American subtropical high is significant
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(Misra et al. 2009). Along the coastlines however it is far
more difficult to verify especially when there is a mis-
match in resolution between the observed product (at
0.25°) and ROARS (at 15 km ~0.14°). Furthermore,
RSM-ROMS does not include the fresh water discharge
from the river mouths along the coast and the relatively
coarse vertical resolution in the mixed layer in ROMS for
resolving the coastal processes could be other potential

(a)

issues affecting the SST simulation in ROARS along the
coastlines.

4.1.2 Wind stress
The wind stress climatology in DJF and the corresponding

analysis from ROARS simulation and CFSR are shown in
Figs. 3a, b, and c respectively. The superiority of CFSR’s

(d)
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30N

20N

10N

EQ

®

100w 90w 80w T0W 60w 50W

30N

20N

10N

EQ

100W 90W 80w T0W 60W 50W

| l

8 10 15 20 30

Fig. 5 DIF precipitation climatology (mm/day) from a CMAP observation, b ROARS simulation, and ¢ CFSR; JJA precipitation climatology
(mm/day) from d CMAP observation, e ROARS simulation, and f CFSR
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verification (Fig. 3c) with SCOW observations in Fig. 3a
over the ROARS simulation (Fig. 3b) is apparent. The
easterly bias in the tropical Atlantic especially along the
eastern lateral edge of the ROARS domain and the westerly
bias along the coasts of Colombia and Venezuela in ROARS
are some of the most prominent differences from the CFSR.
Similarly in the summer season (JJA), the bias in the wind
stress is comparatively higher in ROARS (Fig. 3e) com-
pared to CFSR (Fig. 3f). However in comparison to the DJF
season, the easterly bias in the eastern part of the domain and
the westerly bias over the northern coasts of Venezuela and
Colombia in ROARS are far less in the JJA season.

4.1.3 925 hPa winds

Figure 4 shows the annual mean climatology of 925 hPa
winds from ROARS and CFSR. The Caribbean Low Level
Jet (CLLJ) is seen as winds in excess of 10 ms~! at
925 hPa that has a bi-annual peak along the northern coast
of Colombia and Venezuela, peaking in the boreal summer
and winter seasons. The CLLJ from ROARS and CFSR is
verified with corresponding 925 hPa monthly wind clima-
tology from IGRA radiosonde data over Plesman Field

(indicated by the black dot in Fig. 4a and located at
68.97°W and 12.2°N). It is seen that the depiction of CLLJ
over Plesman field in both the CFSR and ROARS is rea-
sonable. The seasonal peak in June followed by that in
December is also well picked in both CFSR and ROARS.
However further west of Plesman Field, the CLLJ in
ROARS is weaker than that in CFSR. But outside of the
CLLJ region, the annual mean climatology of easterly
winds over the Caribbean Sea and the northern tropical
Atlantic are comparable in ROARS and CFSR.

4.1.4 Precipitation

The precipitation climatology for the winter and summer
seasons are shown in Fig. 5. The relatively dry IAS and
northern part of South America (e.g. Venezuela, northern
Colombia) in ROARS (Fig. 5b) is comparable to that in
CMAP observations (Fig. 5a) during the DJF season. The
corresponding DJF rainfall climatology in CFSR (Fig. 5¢)
has a higher wet bias. Similarly the DJF rainfall climatol-
ogy over southeastern US in ROARS and CFSR are rea-
sonable in comparison to the corresponding observed
climatology. However both ROARS and CFSR show

(a) (e) )
50 Obs 50 50
40 ROARS 40 401
30 30 30
20 20 20
10 10 10
0 0 0
(b ® @
50 50 50-
40 40 40
30 30 30
20 20 20
10 10 M 10
0 0 0

(c) (g k)
50 ] 50 ] 50
401 401 40
304 301 30
20 201 20
10 101’;ghj"g:gjQ§9>“3=64'\_3—/‘41 10
0 0 0
) (h) @
50 50 50
40 401 40
30 30 30
20 20 20
10 10 10
0 : : : {0 : : : 0 : : :
3 6 3 12 3 8 S 12 3 6 9 12

Fig. 6 The annual cycle climatology of high cloud cover fraction (%) over a Gulf of Mexico, b Caribbean Sea, ¢ Western Atlantic and d Eastern
Pacific; e-h are for middle cloud; i-1 are for low cloud. ISCCP observation is in black, and the ROARS simulation is in green
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significant wet bias in DJF over central Brazil near the
southern boundary of the domain. Furthermore ROARS
(CFSR) shows a dry (wet) bias in DJF over eastern equa-
torial Pacific Ocean. In the summer season (JJA) both
ROARS (Fig. 5¢) and CFSR (Fig. 5f) show larger dis-
agreement with CMAP observations (Fig. 5d) than in the
DJF season especially over land. However the general
observed pattern of relatively less rainfall over the IAS
compared to that over the neighboring land regions is
maintained in both ROARS and CFSR. But the wet bias
over Central America and northern part of South America
in both ROARS and CFSR is apparent. In addition the dry
bias over southeastern U.S. and IAS in ROARS is in
contrast to the wet bias in CFSR. The cold SST bias of

Fig. 7 The annual cycle

ROARS over the Eastern Pacific, Caribbean Sea and Gulf
of Mexico results in the underestimation of precipitation in
winter and summer.

4.1.5 Clouds and radiation

In Fig. 6 we show the seasonal cycle of high, middle,
and low clouds over the Gulf of Mexico, Caribbean Sea,
Western Atlantic, and Eastern Pacific Oceans (see Fig. 1
for their domain locations) from ROARS and corre-
sponding ISCCP observations. It is quite apparent from
the figure that the middle clouds verify the best relative
to high and low clouds except over the eastern Pacific
Ocean. In fact the verification of the total clouds in the

() Gulf of Mexico (95W~B5W,22N~27N)

climatology of net short wave

radiation (W/m?) over a Gulf of — }(%BZRS
: : 250{ ——
Mexico, b Caribbean Sea,
¢ Western Atlantic and 2004
d Eastern Pacific. COREIL
observation is in black, and the 150 -
ROARS simulation is in green
100 1
50 T
JAN FEB MAR
1981
300

APR  MAY  JUN JUL  AUG  SEP OCT  NOV  DEC

(b) Caribbean Sea (?5W~65W,12N~17N)

150 1

100 1

50

250 1
200 _/

JAN FEB  MAR
1981

300

APR  MAY  JUN JUL  AUG  SEP OCT  NOV  DEC

(c) Western Atalantic (75W~65W,25N~35N)

250 1

200

150 4

100 1

50

JAN FEB  MAR
1981

300

APR  MAY  JUN JUL  AUG  SEP OCT  NOV  DEC

(d) Eastern Pacific (—95W~—85W,5S~5N)

250 1

100 1

50

200-/\‘\\’\/_——_‘

150-,__————<>-—‘’‘'°‘\~~\{,______<}_____{*_____{,______c>—————<>—-———<r---__+_____1

JAN FEB  MAR
1981

@ Springer

APR  MAY  JUN JUL  AUG  SEP OCT  NOV  DEC




Thirty-two-year ocean—atmosphere coupled downscaling

column in these four oceanic regions is most reasonable
relative to low, middle, and high clouds (not shown). In
the case of high clouds, ROARS exhibits a bias of
excess cloud fraction throughout the year in all four of
the oceanic regions with the bias peaking in the boreal
summer season and gradually reducing into the fall
season. The bias in the low level clouds in ROARS is
relatively less than that in the high clouds with the Gulf
of Mexico exhibiting the least of all the other three
oceanic regions. In addition except for the Caribbean
region in late boreal fall and winter seasons, ROARS
tend to underestimate the low level cloud fraction in the
rest of the oceanic regions. Misra and DiNapoli (2012)
in their observational study suggested that the down-
welling shortwave flux is one of the most important
surface heat flux terms in the boreal summer and fall
seasons that regulate the SST in IAS. Therefore we
examine the bias in the shortwave flux in Fig. 7, which
shows that ROARS exhibits an underestimation of the
downwelling shortwave flux at surface especially in the
summer and fall seasons over the western Atlantic and
Gulf of Mexico region, while it is underestimated
throughout the year over the Caribbean Sea and in the
eastern Pacific Ocean. This underestimation of short-
wave flux is coincident with the corresponding excess
bias of the high (middle) cloud fraction over the
Caribbean Sea (eastern Pacific; Fig. 7). Over Gulf of
Mexico and western Atlantic Ocean the cloud bias
(Fig. 6) and shortwave bias (Fig. 7) is relatively smaller
than the other two oceanic regions.

4.2 Interannual variability
4.2.1 Sea Surface Height (SSH)

The standard deviation of the SSH from observations,
ROARS, and CFSR was shown in Fig. 8. The SSH data
was not assimilated in the CFSR (Xue et al. 2011), and
the CFSR (Fig. 8c) exhibits very little variability com-
pared to the observations (Fig. 8a) over the IAS region.
In contrast ROARS (Fig. 8b) is able to capture the vari-
ance of the SSH over the Gulf of Mexico, the Caribbean
Sea, and the northwestern Atlantic Ocean, although this
variance is overestimated in ROARS relative to the
observation. This variability in the SSH in the observa-
tions and ROARS is a reflection of the corresponding
variability in the ocean circulation and ocean heat storage
over these regions.

4.2.2 Sea surface temperature (SST)

Figure 9 show the time series of the area averaged
SST anomaly over the Gulf of Mexico, Caribbean Sea,
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Fig. 8 Monthly Sea Surface Height standard deviation (cm) from
a AVHRR observation, b ROARS simulation, and ¢ CFSR

western Atlantic, and eastern Pacific from observations
and ROARS. It should be noted that in CFSR there is a
strong relaxation of the SST towards the observed daily
NOAA SST through the period of the reanalysis while in
ROARS there is no such heat flux correction being used.
Thus the ROARS SST variability is only compared with
observation. The standard deviation of SST over Gulf
of Mexico (Fig.9a) from observation and ROARS
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Fig. 9 Monthly SST anomaly (°C) over a Gulf of Mexico, b Caribbean Sea, ¢ Western Atlantic and d Eastern Pacific. Observation is in black,

and the ROARS simulation is in green

simulation is 0.43 and 0.42 °C respectively, and the
correlation between them is 0.69. The standard deviation
of SST over Caribbean Sea (Fig. 9b) is 0.41 and 0.38 °C
for observation and ROARS simulation respectively, and
the correlation between them is 0.78. The SD of SST over
Western Atlantic (Fig. 9¢) is 0.40 °C for both observa-
tion and ROARS, and the correlation between them is as
high as 0.80. The SST standard deviation is largest over

@ Springer

Eastern Pacific (Fig. 9d) than over other domains, and the
temporal correlation is 0.74.

4.2.3 Ocean heat content (OHC)
The OHC is represented by the upper 300 m ocean tem-

perature as in Xue et al. (2011). The time series of the area
averaged ocean heat content over the 4 oceanic regions are
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Fig. 10 Monthly Ocean Heat Content anomaly (°C) over a Gulf of Mexico, b Caribbean Sea, ¢ Western Atlantic and d Eastern Pacific. EN3
analysis observation is in black, the ROARS simulation is in green, and CFSR is in red

shown in Fig. 10 from ROARS, CFSR, and corresponding
EN3 analysis. Since the CFSR SST was strongly nudged to
the NOAA daily OISST, the OHC from CFSR verifies with
observation better than ROARS. The positive correlations
in both reanalysis products ROARS (and CFSR) are highest
over the eastern equatorial Pacific 0.72 (and 0.90) followed
by that over western Atlantic 0.57 (and 0.62), Caribbean
Sea 0.23 (and 0.40) and Gulf of Mexico 0.15 (and 0.29).

4.2.4 Precipitation

Similarly the time series of area-averaged precipitation
over the four oceanic regions are shown in Fig. 11. In all
four regions we observe that the positive correlations of
precipitation from CFSR with corresponding observations
are higher relative to ROARS. We find in ROARS the
highest correlation is over eastern Pacific Ocean (0.78)
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followed by that over the Caribbean Sea (0.61). Over the
Gulf of Mexico (0.52) and the western Atlantic (0.50) the
correlations of rainfall variability in ROARS is comparable
and smaller than the other two oceanic regions. In CFSR
however the correlations are highest in the Western
Atlantic (0.86) and is followed by that over eastern Pacific
Ocean (0.80), the Gulf of Mexico (0.79), and the least is
over the Caribbean Sea (0.67). Over the entire domain in
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Fig. 1 the correlation of ROARS is 0.69, and the correla-
tion of CFSR precipitation is 0.79.

4.2.5 Relationship with ENSO variations
The ENSO teleconnections on the winter season (DJF)

rainfall over the domain is well known (Ropelewski and
Halpert 1987; Kiladis and Diaz 1989; Diaz et al. 2001).
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Since the ROARS domain does not completely cover
the Nifio3 region (150°W-90°W; 5°S-5°N) we have
used an alternative ENSO SST index averaged over
100°W-85°W and 5°S-5°N to examine the ENSO
teleconnections on the winter rainfall in Fig. 12. It is
apparent from the figure that ROARS and CFSR are
able to capture the observed robust teleconnections over
the southeastern US and over tropical South America
while the local observed positive correlations over the

eastern equatorial Pacific is also simulated by both
ROARS and CFSR.

4.3 Phenomenological features
4.3.1 Ocean circulation

A characteristic feature of the ocean circulation in this
domain is the loop current and eddies that are generated off
this current periodically. A winter month of January 2000
and a summer month of July 2000 are arbitrarily selected to
examine this feature. In January 2000 we isolated one such
example of loop current shedding an eddy that is captured
in ROARS (Fig. 13b). In CFSR (Fig. 13c) the loop current
is barely simulated while the eddies in the western Gulf of
Mexico are not simulated at all. The eddies typically persist
beyond 6 months and in July 2000 we continue to see the
eddies in the western Gulf of Mexico both in observations
(Fig. 13d) and ROARS (Fig. 13e) while CFSR (Fig. 13f)
remains quiescent. The ROARS surface current is much
stronger than observation over Caribbean Sea, Gulf of
Mexico and the U.S. eastern coast (Gulf Stream). This is
consistent with the stronger ROARS SSH variance in
Fig. 8. It may however be noted that the location of the
eddies in ROARS do not exactly match with that in
observations. It is shown that the ocean model of CFSR
with a low resolution of about 0.5° over IAS is barely able
resolve the Loop Current and completely misses the eddy
shedding.

4.3.2 Mid-summer drought

The mid-summer drought is a unique phenomenon that is
wide spread across the North American monsoon region
and the Caribbean (Hastenrath 1967; Magana et al. 1999).
Hastenrath (2002) claims that this phenomenon is caused
by the meridional movement of the ITCZ over the Central
American region. In contrast Magana et al. (1999) sug-
gest that the mid-summer drought is caused by coupled
air—sea interactions in the neighboring oceans of Central
America. On the other hand several studies indicate that
subsidence induced by intensification and expansion of
the north Atlantic subtropical high leads to the mid-
summer drought in the region (Hastenrath 1976, 1978,
1984; Granger 1985; Giannini et al. 2000). The mid-
summer drought is characterized by a subtle but signifi-
cant reduction of monthly mean rainfall in July relative to
June and August. We examine this feature over Central
America (98°W-83°W and 10°N-20°N; Fig. 14). It is
seen from the figure that both ROARS and CFSR over-
estimate this phenomenon by overestimating the rainfall
in June and August over Central America relative to the
observations. The relative dip in July rainfall climatology
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over Central America (Fig. 14) is comparable to obser- (RSM-ROMS) forced by NCEP R-2 global atmospheric
vations in ROARS while CFSR continues to have the wet  reanalysis and SODA ocean reanalysis, which we refer as
bias. ROARS (Regional Ocean—Atmosphere coupled down-
scaling of global Reanalysis over the Intra-American Seas).
No explicit flux correction is applied during this coupled
5 Conclusions integration, which is conducted at approximately 15 km
grid resolution covering a relatively large extending from
In this paper we have extensively verified a multi-decadal 100.49°W-44.097°W to 8.002°S-38.391°N. This high-
integration of a regional ocean—atmosphere coupled model  resolution coupled downscaling was conducted to examine
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Fig. 14 The pentad precipitation climatology (mm/day) over Central America (98°-83°W, 10°-20°N) from CMAP (black), ROARS (green) and

CFSR (red)

the capability of RSM-ROMS over IAS prior to the cou-
pled downscaling of seasonal forecast and CMIP5 decadal
hindcasts and climate change projection.

We have used a variety of variables including SST, low
level atmospheric winds, sea surface height, precipitation,
ocean surface currents, cloud cover, downwelling short-
wave flux at surface, wind stress, ocean heat content to
verify against corresponding observations and compare
with the recently released CFSR (Saha et al. 2010). The
observations were obtained from diverse platforms
including satellite based, independent data analysis
(COREII), in situ observations of radiosondes and multi-
sensor analysis (e.g. precipitation and SST analysis). A
major difference between CFSR and ROARS besides the
fact that former is global while the latter is regional is that
unlike CFSR, ROARS does not explicitly employ any heat
flux correction in the simulation of SST and nor does it
assimilate any observations during its multi-decadal
integrations.

ROARS reasonably reproduced the observed climato-
logical spatial distribution of SST, near surface winds, and
precipitation. However, our analysis reveals that ROARS
exhibits a cold SST bias in the IAS region and over eastern
equatorial Pacific Ocean both in the boreal summer and
winter season. In the summer it is likely related to the
excessive high clouds that tend to reduce the downwelling
short wave flux at surface, which tends to be a dominant

driver of SST in the IAS region (Misra and DiNapoli
2013). The lower tropospheric winds in the IAS region is
characterized by the Caribbean low level jet that has a
distinct seasonal cycle, which is reasonably well captured
both in ROARS and CFSR when compared with in situ
radiosonde observations. The underestimation of ROARS
precipitation over the ITCZ and IAS region is most likely
related to the cold SST bias from ROARS.

ROARS captures the variance of the SSH over the
Caribbean Sea, Gulf of Mexico and the northwestern
Atlantic as observation, while these SSH variance is very
weak in the CFSR without the assimilation of altimetry
SSH data. The ROARS simulated SST anomaly variance
matches the observed SST very well. The correlation of
ROARS SST is above 0.69 against observation over the
four sub-domains of Caribbean Sea, Gulf of Mexico,
Eastern Pacific and Western Atlantic. Both ROARS and
CFSR reasonably simulates the observed OHC variability
over Eastern Pacific and Western Atlantic than over
Caribbean Sea and Gulf of Mexico. However, CFSR per-
forms slightly better than ROARS over these sub-regions
due to the assimilation of upper layer ocean temperature in
the former. Although the correlation of ROARS precipi-
tation against CMAP is lower than the CFSR, the corre-
lation is still above 0.5 over the four sub-domains.

A highlight of ROARS is that with its relatively high
resolution it is able to capture the complex ocean surface
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currents including the loop current and eddy shedding off
of it that is reflected in the variance of the sea surface
height as well. In contrast, the CFSR with a resolution of
about 0.5° over IAS is not able to capture these features.
Another important feature of this region relates to the mid-
summer drought in Central America, which is reasonably
well captured by both ROARS and CFSR, with the wet bias
in the former relatively lower than that in the latter.

In fact our comparisons between ROARS and CFSR
indicate some inconsistencies in the latter. For example, the
loop current and the eddies are considered to be critical
mechanisms for the redistribution of the heat brought in
from the Caribbean Sea throughout the Gulf of Mexico,
especially in the western part of the Gulf (Chang and Oey
2010). However despite the poor rendition of these surface
ocean features CFSR displays the observed SST and a
comparatively much lower correlation of the OHC (0.29;
Fig. 10a) over the Gulf of Mexico. In case of ROARS the
bias in SST (Fig. 2) and OHC is apparent (Fig. 10), which
is likely dominated by the bias in the clouds (Figs. 6, 7).

In summary ROARS does provide an alternative avenue
to generate high resolution analysis of ocean and atmo-
spheric climate over the IAS region, one of the most poorly
observed region of the planet.
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