
INTERNATIONAL JOURNAL OF CLIMATOLOGY
Int. J. Climatol. 34: 964–977 (2014)
Published online 18 June 2013 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/joc.3733

Caribbean low-level jets and accompanying moisture fluxes
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ABSTRACT: This study used the third phase of the Coupled Model Intercomparison Project (CMIP3) multi-model
ensemble (MME) and atmospheric general circulation models (AGCMs) with three horizontal resolutions, 20, 60, and
180 km, to investigate climate projections of the Caribbean low-level jet (CLLJ) and accompanying moisture fluxes.
Future climate simulations were also performed with 60- and 180-km mesh AGCMs forced by four lower boundary
conditions both to quantify uncertainty in the CLLJ projections and to determine the physical mechanism of change in
the CLLJ. Changes among the CMIP3 MME models in projected CLLJ in the future climate were inconsistent in sign
and statistically insignificant, whereas consistently among the models the easterly moisture flux accompanying the CLLJ
significantly intensified. The AGCM simulations with three different horizontal resolutions demonstrated that the merits of
dynamical downscaling for the CLLJ and moisture flux were limited for climate projections, although the high-horizontal
resolution models improved reproducibility of the CLLJ and moisture flux in the present-day climate and can provide
spatially detailed projections. Different projected sea surface temperatures (SSTs) as lower boundary conditions of the 60-
and 180-km mesh single-AGCM simulations clearly affected changes in the CLLJ. Both the CMIP3 MME analysis and
the 60- and 180-km mesh AGCM ensembles showed that large-scale SST patterns between the eastern tropical Pacific and
the region from the Caribbean Sea to the western tropical Atlantic influenced changes in the CLLJ in the future climate,
as seen in the present-day climate.
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1. Introduction

Western Hemisphere warm pool (WHWP) with warm
waters (>28.5 ◦C) develops east and west of Central
America and Caribbean, and affects the regional climates
(Ropelewski and Halpert, 1987; Enfield, 1996). This
region is also characterized by the Caribbean low-level jet
(CLLJ; e.g. Whyte et al., 2008; Cook and Vizy, 2010).
CLLJ has maximum easterly in the lower troposphere
around 925 hPa in the Caribbean Sea around 15◦N. In
the present century, changing climate may noticeably
affect the CLLJ (e.g. Taylor et al., 2012) and have larger
hydroclimatic consequences; however, because of the
region’s relatively small landmass area and the difficulty
of representing its topography, few attempts have been
made to model projections of future climate here.
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Located on the southern edge of the North Atlantic
Subtropical High (NASH), the CLLJ is influenced
by the WHWP; in the present-day Caribbean, the
CLLJ influences the interannual variability of wet
and dry years (Méndez and Magaña, 2010). The
CLLJ has a semi-annual cycle on a seasonal mean
timescale: two strong seasons in June–July–August
(JJA) and December–January–February (DJF), and
two weak seasons in March–April–May (MAM) and
in September–October–November (SON). The CLLJ
contributes to easterly wave activities (Serra et al., 2010)
and affects the vertical wind shear and moisture over the
Caribbean (Wang et al., 2008). These local environments
control tropical cyclone (TC) formation (e.g. Gray,
1968); therefore, CLLJ is closely linked to TC formation
and is a key phenomenon in the Caribbean.

The first climate projection for the Caribbean was
made at the end of the 20th century (Singh, 1997); how-
ever, according to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (Christensen
et al., 2007), projections for the Caribbean are limited.
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The multi-model ensemble (MME) of the third phase
of the Coupled Model Intercomparison Project (CMIP3;
Meehl et al., 2007) projects a decrease in annual mean
precipitation by 9% over most of this region at the end
of the 21st century under the Special Report on Emis-
sion Scenario (SRES) A1B scenario, accompanied by
more frequent dry extremes in all seasons. In all seasons,
most models project decreased precipitation in Central
America and increased summer precipitation in some
parts of northeastern Mexico and over the eastern Pacific
(e.g. Angeles et al., 2007). Annual maximum 5-day rain-
fall and annual maximum number of consecutive dry
days were projected to increase in most areas of Cen-
tral America, Mexico, and the Caribbean with three dif-
ferent horizontal resolution atmospheric global general
circulation models (AGCMs) (Nakaegawa et al., 2013a,
2013b).

Karmalkar et al. (2011) and Taylor et al. (2012) also
investigated the CLLJ in the future climate by using
a regional climate model (RCM) forced by lower and
lateral boundary conditions obtained from one of the
CMIP3 models. They found that a strong CLLJ is more
likely to persist through November when compared with
October in the present-day climate, and will therefore
be partly responsible for a decrease in precipitation.
Rauscher et al. (2008) found in several CMIP3 models
of future climate a strong CLLJ that will be responsible
in part for intensified mid-summer drought. In addition,
Rauscher et al. (2011), using an AGCM, examined the
influences on a drying Central America of a smaller
increase in sea surface temperature (SST) in the tropical
North Atlantic compared with the surrounding oceans and
show that in the future climate, this regional SST pattern
produces a stronger CLLJ.

A projection using a dynamical downscaling approach
with a RCM depends on both the lower and the lateral
boundary conditions. Moreover, in a RCM it is not
possible to alter large-scale features that are determined
by the selected CMIP3 model, but the RCM does
allow values such as small-scale intensity, location,
and distribution to be added. However, the findings
presented by Taylor et al. (2012) depend solely on
the CMIP3 model; when they used the model with
dynamical downscaling, an unclear value was added, and
the two results were not compared. Rauscher et al. (2008,
2011) focused on a drying Central America and did not
comprehensively analyse future changes in the CLLJ by
using the CMIP3 MME.

In our study, we first projected changes in the CLLJ in
future climate by using CMIP3 MME. We assessed the
merits of dynamical downscaling for projection of the
CLLJ by using high-resolution AGCMs with three hori-
zontal resolutions. With few exceptions (e.g. Giorgi et al.,
2009; van der Linden and Mitchell, 2009), projections
with dynamical downscaling are usually obtained with an
atmosphere–ocean general circulation model (AOGCM).
We performed multiple simulations with 60- and 180-km
mesh AGCMs forced by four lower boundary conditions
to quantify uncertainty in projection of the CLLJ. From

these simulations, we investigated a physical mechanism
for change in the CLLJ. Although moisture fluxes accom-
pany the CLLJ, they had not yet been projected in future
climate, even though moisture fluxes are additional key
factors in changes in TC formation and in climate dry-
ness. Here, we projected changes in moisture flux with
quantified uncertainty and showed the dependency of
the horizontal resolutions on the projections and phys-
ical mechanisms between the CLLJ and large-scale SST
pattern in the future climate.

2. Model and experimental conditions

2.1. Model

For a global hydrostatic AGCM, we used the Meteoro-
logical Research Institute (MRI) AGCM3.1 model, which
has been widely used for climate projection studies, for
example, for South America (Kitoh et al., 2011; Blázquez
and Nuñez, 2013), the East Asia summer monsoon (Kitoh
and Kusunoki, 2008), TCs (Murakami et al., 2012), and
river discharge (Nakaegawa et al., 2013b).

The AGCM has a triangular truncation at wave number
959 with a linear Gaussian grid in the horizontal,
corresponding to a grid spacing of approximately 20 km
(TL959), and 60 layers in the vertical with the model top
at 0.1 hPa (MRI-AGCM3.1S). We also used two reduced
resolution versions, TL319 and TL95, corresponding to
grid spacing of 60 km (MRI-AGCM3.1H) and 180 km
(MRI-AGCM3.1L), respectively.

The AGCM has many subgrid-scale parameterizations,
including the Arakawa–Schubert scheme with a prog-
nostic closure for cumulus parameterization (Randall and
Pan, 1993) and the Japan Meteorological Agency’s latest
simple biosphere model (Sellers et al., 1986; Hirai et al.,
2007) for land biosphere–hydrosphere parameterization.
Mizuta et al. (2006) describes the model in detail.

2.2. Experiments

We performed 25-year simulations for the present-day cli-
mate (1979–2003) and the future climate (2075–2099),
as listed in Table 1. This type of multiyear climate simu-
lation is called a time-slice experiment (Bengtsson et al.,
1996).

We performed present-day climate simulations using
three horizontal resolutions, 20, 60, and 180 km. As
lower boundary conditions we used the observed monthly
SST and sea-ice concentration (HadISST; Rayner et al.,
2003). These simulations take a global-scale dynamical
downscaling approach and therefore raise no concerns
about lateral boundary conditions because of incomplete
dynamical and thermal interactions between the outer and
the inner domains (e.g. Kanamaru and Kanamitsu, 2007).

We conducted a single 25-year time-slice simulation
for 2075–2099 with the 20-km mesh model under the
SRES A1B. For the future climate simulation, we used
as lower boundary conditions SST data obtained by
superposing three components (Mizuta et al., 2008): the
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Table 1. Experimental design.

25-Year target period Grid spacing (km) Sea surface temperature and sea-ice concentration Ensemble size

Present day 20 Observation HadISST1 1
1979–2003 60 Observation HadISST1 3

180 Observation HadISST1 1
Future 20 CMIP3 multi-model ensemble 1
2075–2099 60 CMIP3 multi-model ensemble 3

60 CSIRO-Mk3.0a 3
60 MIROC3.2 (hi-res)b 3
60 MRI-CGCM2.3.2c 3

aCommonwealth Scientific and Industrial Research Organisation (CSIRO) Atmospheric Research, Australia. bCenter for Climate System Research
(University of Tokyo), National Institute for Environmental Studies, and Frontier Research Center for Global Change (FRCGC) of Japan Agency
for Marine-Earth Science and Technology (JAMSTEC), Japan. cMeteorological Research Institute, Japan.

future change in the MME of SST projected from a
multi-model data set, the trend in the MME of SST, and
the detrended observed SST anomalies for the period
1979–2003. The MME consisted of 18 CMIP3 GCMs
as listed in Table 1 of Mizuta et al. (2008). The future
change in the MME of SST was determined as the
difference between the present-day and the future climate
simulations under SRES A1B; it shows an El Niño-
like pattern in the tropical Pacific (IPCC, 2007) and
small increases in the southern WHWP compared with
the surrounding oceans. The resulting SST data for the
future climate simulation have a higher mean and a
clear increasing trend, but also include a time series
of observed variabilities including El Niño–Southern
Oscillation (ENSO) events. Because ENSO projections
are not in agreement among the CMIP3 models in the
Fourth Assessment Report (IPCC, 2007), the use of
observed variabilities may be one of the best possible
choices. Future sea-ice concentration was obtained in a
similar fashion. The prescribed change in global annual
mean 25-year averaged SST was 2.16 ◦C. Schematics
of the process by which we developed these lower
boundary conditions are given by Mizuta et al. (2008)
and Kitoh et al. (2009, 2011). We used initial conditions
obtained from previous 20-km mesh simulations (Mizuta
et al., 2006) for both the present-day and the future
climate simulations. Spin-up time was 14 months for each
simulation.

Dynamical downscaling is a strong tool for obtain-
ing small-scale climatic and atmospheric phenomena,
but the approach does not necessarily provide better
or additional information about the CLLJ. Moreover,
uncertainty is inherent in current climate change pro-
jections. The pattern of SST increase in the tropics
and subtropics affects regional response in the future
climate (Clement et al., 2010; Xie et al., 2010), and
the local spatial pattern of changes in SST influ-
ences precipitation decrease in Central America and the
Caribbean (Rauscher et al., 2011). To quantify both of
these uncertainties in climate change projections, we
performed ensemble simulations with the 60-km mesh
model. The ensemble was composed of simulations with
three different data sets in addition to the MME SST
and sea-ice concentrations used in the 20-km mesh

model simulation: SSTs and sea-ice concentrations of the
CSIRO-Mk3.0 (CSIRO), MIROC3.2(hires) (MIROC),
and MRI-CGCM2.3.2 (MRI) models. These models pre-
scribed changes in global annual mean 25-year averaged
SST of 1.43, 1.73, and 3.49 ◦C, respectively. For cli-
matological annual mean changes, CSIRO-Mk3.0 and
MRI-CGCM2.3.2 SSTs show an El Niño-like pattern,
with the eastern equatorial SST rising more than the west-
ern equatorial SST as in the MME of SST, whereas the
MIROC3.2 (hi-res) SSTs show a La Niña-like pattern.
Although these patterns resemble those of El Niño and
La Niña events, the physical mechanisms differ (Collins
et al., 2010). In addition, MIROC3.2(hires) and MRI-
CGCM2.3.2 show a larger SST increase in the tropi-
cal eastern North Atlantic than in the Caribbean Sea
and tropical western North Atlantic; this is seen in the
CMIP3 MME SST data set used in this study and can
be seen in those of most CMIP3 models (see Figure
16 in Murakami and Wang, 2010). For each of these
four SSTs, we performed three-member simulations, thus
making up a 12-member (4 × 3) ensemble, with differ-
ing initial conditions to assess the influence of natural
variability.

2.3. CMIP3 MME

We used 17 climate models from the CMIP3 MME
for projections of the CLLJ in future climates because
of the 18 CMIP model outputs used for the lower
boundary conditions, 1 was not available. The present-
day climatologies for 1979–1999 were obtained from
the 20th-Century Climate in Coupled Models experiment
(20C3M) as part of CMIP3. Historical observations
of greenhouse gases, sulphate aerosols, and solar and
volcanic forcings were used for the present-day climate
simulations. The future climatologies for 2075–2099
were obtained from the CMIP3 experiment under the
SRES A1B scenario (IPCC, 2000). This scenario is
characterized by medium–high carbon emissions and
carbon dioxide concentrations of 700 ppm by the end of
the 21st century. We used a single member of each model
or the first member in this analysis even when multiple
members were available for a CMIP3 model.
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2.4. Observational data

We compared winds and moisture fluxes between the 25-
year Japanese Reanalysis (JRA25; Onogi et al., 2007)
and the model simulations. The horizontal resolution of
the JRA25 data set is a triangular truncation at wave
number T109 with a Gaussian grid in the horizontal,
corresponding to a grid spacing of approximately 120 km
(T106), and the temporal resolution is 6 h. As an index
of the CLLJ, we used anomalous westerly (zonal wind
at 925 hPa averaged over 70◦W–80◦W, 12.5◦N–17.5◦N,
referred to as the CLLJ index area; Taylor et al., 2012).
For the same purpose, we also used data from the
European Centre for Medium-Range Weather Forecasts
Reanalysis–Interim (ERA–Interim; Dee et al., 2011). In
Section 4, we discuss future changes on a 3-month mean
timescale.

2.5. Statistical methods

We applied a Bayesian model averaging to determine
model weightings (Tebaldi et al., 2005), in addition to
a simple averaging, called arithmetic ensemble mean
(AEM).

In this method, MME means
∼
y were determined as

∼
y =

17∑
i=1

wi yi (1)

where wi is the weight for each model and yi is the
simulated value by model i . Because Bayes factors can
be interpreted as model weights, as suggested by Kass
and Raftery (1995), previous research (Min and Hense,
2006; Ishizaki et al., 2010, 2012) used Bayes factors to
produce weighted MMEs of climate models. The met-
rics we used to evaluate model skills and to produce
model weights as Bayes factors were climatological sea-
sonal means (DJF and JJA) and the standard devia-
tions of climatological interannual variations of 925-hPa
zonal wind averaged over the CLLJ index area during
1979–2003.

A brief explanation of Bayes factors is first required.
The Bayes factors Bjr of model mj with respect to
reference model mr are expressed as

Bjr = P
(
mj |d

)
/P (mr |d)

P
(
mj

)
/P (mr )

(2)

where d is observational data, P (mj) and P (mr) are
prior distributions of model mj and the reference model
mr, respectively, and P (mj|d ) and P (mr|d ) are posterior
distributions of model mj and the reference model mr,
respectively. We assumed that the prior distributions of
model mj were identical to the prior distribution of the
reference model mr. Therefore, we estimated the Bayes
factors as the likelihood ratio, expressed as

Bjr = l
(
d |mj

)

l (d |mr )
(3)

where the likelihood in model mj was assumed to be
normally distributed and is expressed as

l
(
d |mj

) = 1√
2π

(
σo + σmj

) exp
(
−αj

2

)
(4)

where σ o and σ mj are the variances of the observations
and model j , respectively, and αj is the generalized
Mahalanobis distance between the observation and model
simulation, expressed as

αj =
(
d − mj

)2

σo + σmj
(5)

The observational variance σ o was assumed to be
identical to the model variance σ mj , and αj was assumed
to be zero for the reference model mr, as in Min
and Hense (2006). Because the prior distributions were
assumed to be identical for all models, the weighting
factor of each model wj could be calculated as the ratio of
likelihood for model mj to the summation of likelihoods
for all models. Thus, it can be expressed as

wj = l
(
d |mj

)
/

17∑
i=1

l (d |mi ) (6)

To produce the model weights from the correlation
coefficients of interannual variations, we calculated the
weight wj of each model by

wj = Corj /

17∑
i=1

Cori (7)

where Corj is the interannual correlation coefficient of
925-hPa zonal wind averaged over the CLLJ index area
for each season between each model and observation
during 1979–2003.

3. Reproducibility

We compared the variation of the 3-month mean 925-hPa
zonal wind averaged over the CLLJ index area (Figure 1).
Both JRA25 and ERA–Interim strongly resembled this
variation in phase and magnitude. The 20-km mesh model
captured the seasonal variations of the CLLJ, such as
DJF and JJA maximums, but did so 1 month earlier than
the JRA25 and ERA–Interim. The 20-km mesh model,
however, failed to capture the second minimum in MAM
and produced a larger amplitude for the 3-month mean
925-hPa zonal wind. The 60- and 180-km mesh models
produced very similar seasonal variations, and both
failed to capture the maximum in JJA. Different CMIP3
models show very different seasonal variations; however,
the CMIP3 MME mean exhibited seasonal variations
similar to those of the MRI-AGCMs with a smaller
amplitude than that of the JRA25 and ERA–Interim.
The seasonal variations of zonal moisture flux resembled
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Figure 1. Seasonal variation of climatological seasonal mean 925-hPa
zonal wind (a) and moisture fluxes (b) averaged over the CLLJ index
area. Black solid and chain, thin grey, and thick grey lines represent
JRA25, ERA, each of the CMIP3 models, and CMIP3 MME mean,
respectively, while red, green, and blue lines represent the 20-, 60-,

and 180-km mesh models, respectively.

those of the zonal wind (Figure 1). The phases of both
JRA25 and ERA–Interim coincided, but the easterly
zonal moisture flux of JRA25 was weaker compared with
that of ERA–Interim because of a slightly weaker CLLJ
and less atmospheric moisture. The 20-km mesh model
captured well the seasonal variations and the maximum
in JJA, but it produced a larger easterly zonal moisture
flux from December to June compared with JRA25 and
ERA–Interim. The CMIP3 MME mean showed small
biases in August–September–October (ASO) to MAM,
but it failed to capture the amplitude of the seasonal
variation and the maximum in JJA in magnitude. The
intensities of zonal moisture flux in all of these models
more closely resemble those of JRA25 than those of
ERA–Interim.

The maximum easterly zonal wind of the CLLJ has
exceeded 13 m s−1 during summer (JJA) in the lower
troposphere around 925 hPa (e.g. Mo and Higgins, 1996);
in the JRA25 data set this maximum was 12 m s−1 near
15◦N (Figure 2(a)). The CLLJ had a vertically standing
structure from the surface to 600 hPa. A westerly zonal
wind prevailed north of 30◦N. A strong easterly zonal
moisture flux accompanied the CLLJ and extended north
of the Greater Antilles or Jamaica and eastern Cuba,
which appear as two peaks in the lower troposphere in
high-resolution regional analyses (Cook and Vizy, 2010);
the 20-km mesh model captured these features fairly
well, but compared with JRA25, the maximum zonal
wind for the CLLJ was weaker (Figure 2(d)). The 60-
km mesh model captured the maximum zonal wind, but
compared with that in the 20-km mesh model it was
even weaker (Figure 2(c)). The 180-km mesh model
yielded the weakest maximum zonal wind of the three
models and showed the zonal moisture flux smoothly
extending to the north without the two peaks described

above (Figure 2(b)). These results show that, compared
with lower resolution models, the higher resolution model
better captured the CLLJ and accompanying moisture
fluxes in terms of quantity.

Some of the CMIP3 models also reproduced features
of the CLLJ fairly well. CSIRO captured the intensity
and the vertical position of the maximum zonal wind of
the CLLJ (Figure 2(e)); however, the CLLJ was con-
fined below 800 hPa in the lower troposphere. MIROC,
with the highest horizontal resolution among the CMIP3
models, approximately 125 km, captured the two peaks
with slight overestimation and also captured the verti-
cal position (Figure 2(f)). MRI captured the CLLJ well
except for the vertical level (Figure 2(g)). Among the
CMIP3 models, CCSM3.0 developed by National Center
for Atmospheric Research showed the best reproducibil-
ity for annual mean intensity and seasonal variation of
the anomalous westerly (Figure 2(h)), when we used the
CLLJ index as the metric. However, the CLLJ was con-
fined below 700 hPa, and its structure was inclined below
850 hPa. Therefore, given all of the above, the CMIP3
models captured the basic features of the CLLJ, which
thus allowed us to project changes in the CLLJ in the
future climate.

4. Projections

4.1. CMIP3 MME

The 3-month mean 925-hPa zonal wind was projected
to change little for all seasons (Figure 3(a)). In con-
trast, except for July–August–September (JAS) and
November–December–January (NDJ) the accompany-
ing 3-month mean easterly moisture flux was projected
to increase significantly owing to an increase in satu-
rated specific humidity in a warm climate (Figure 3(b)).
Insignificant changes were primarily owing to a weak-
ened CLLJ for JAS (Figure 3(a)) and large uncertainty
for NDJ (Figure 3(b)). Although the CLLJ is central to
uncertainties in projections of future climate, the easterly
moisture flux accompanying the CLLJ will be signifi-
cantly intensified in a future climate because the increase
in the atmospheric water vapour holding capacity is asso-
ciated with a robust increase in atmospheric temperature.

Future changes in the seasonal mean 925-hPa zonal
wind were plotted as a function of annual mean biases and
temporal correlation of the seasonal variations of the wind
for the CMIP3 models in Figure 4. This figure shows the
relationship between the changes in the future climate and
the reproducibilities in the present-day climate. The three
CMIP3 models with temporal correlation values greater
than 0.9 projected a weakened CLLJ for DJF in the future
climate, whereas the five CMIP3 models with biases
less than 1 m s−1 projected consistent but insignificant
intensified CLLJ except for one model with weakened
CLLJ (Figure 4(a)). For JJA, the five CMIP3 models
projected consistent intensified CLLJ, whereas the three
CMIP3 models projected inconsistent CLLJ changes:
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Figure 2. Vertical cross sections showing climatological seasonal mean of zonal moisture flux (g kg−1 m s−1; colours) and zonal wind (contours
in 2 m s−1 intervals) averaged for 73◦W–77◦W for JJA. (a) Observations from JRA25; models with (b) 180-, (c) 60-, and (d) 20-km mesh; (e)
CSIRO; (f) MRIOC; (g) MRI; and (h) CCSM. Contour. Solid and dashed lines represent positive (westerly) and negative (easterly), respectively.

Topographic highs (grey) are South America near the equator and the Greater Antilles near 20◦N.

one model with intensified CLLJ and two models with
weakened CLLJ (Figure 4(b)). The numbers of intensified
CLLJ for DJF and JJA among the CMIP3 models were
8 and 7, respectively, out of the total of 17. The 20-
km mesh model and CMIP3 AEM consistently projected
intensified CLLJ for DJF but not for JJA, although the
two show good reproducibilities in bias and temporal
correlation.

The seasonal mean 925-hPa zonal easterly moisture
flux consistently increased in the future climate for
both DJF and JJA (Figure 5). Although changes in the
CLLJ itself were inconsistent, the consistent increase in
the seasonal mean 925-hPa zonal easterly moisture flux
was caused by a distinct increase in specific humidity
because of air temperature rise, as described by the
Clausius–Clapeyron relation. The larger increase in the
flux for JJA compared with DJF was owing to a

stronger CLLJ and more humid atmosphere during the
former period. For the annual mean biases and temporal
correlation of the seasonal mean 950-hPa moisture flux,
no systematic increases in magnitude were projected. The
20-km mesh model has a smaller bias than the CMIP3
AEM, whereas the CMIP3 AEM has better temporal
correlation than the 20-km mesh model. The moisture
flux in the 20-km mesh model increased more for both
the seasons than in the CMIP3 AEM because of larger
changes in CLLJ in the 20-km mesh model than in the
CMIP3 AEM as seen in Figure 4.

We estimated a MME mean change weighted by the
two approaches described in Section 2.5.: a normalized
Bayes factor (Min and Hense, 2006) and a normalized
temporal correlation (Ishizaki et al., 2012). The MME
means of seasonal mean 925-hPa zonal wind with the
Bayes factor approach are almost zero for both DJF
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Figure 3. CMIP3 MME mean changes in 3-month mean 925-hPa zonal
wind (a) and moisture fluxes (b) averaged over the CLLJ index area.
Grey shaded areas represent the confidence interval of the standard
deviation, while black circles represent statistically significant changes

at 95% confidence level.
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Figure 4. Future changes in seasonal mean 925-hPa zonal wind aver-
aged over the CLLJ index area as a function of its annual mean biases
and temporal correlation of the seasonal variation. (a) DJF and (b)
JJA. Circles, diamonds, and triangles represent CMIP3 models, CMIP3
AEM, and 20-km mesh MRI-AGCM, respectively, while blue and red
represent positive and negative changes, respectively. Symbol size rep-

resents magnitude of changes.

and JJA (Table 2). For DJF the MME mean with the
normalized temporal correlation approach is nearly the
same as AEM, but for JJA the AEM is distinctly larger
in magnitude than the means obtained by the AEM
and Bayes factor approaches. The means of seasonal
mean 925-hPa moisture flux with the temporal correlation
approach are similar to those of AEM, whereas those
of the Bayes factor approach are approximately half the
value of those of the other two approaches. Therefore, we
were unable to obtain robust results for the changes in
the CLLJ from CMIP3 MME; however, we did observe
a significant increase in moisture flux accompanying the
CLLJ.
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Figure 5. Future changes in seasonal mean 925-hPa zonal moisture flux
averaged over the CLLJ index area as a function of its annual mean
biases and temporal correlation of the seasonal variation. (a) DJF and
(b) JJA. Circles, diamonds, and triangles represent CMIP3 models,
CMIP3 AEM, and 20-km mesh MRI-AGCM, respectively. Symbol

size represents magnitude of changes.

Table 2. MME mean changes weighted by the two app-
roaches—Bayes factor and normalized temporal correlation—in
addition to arithmetic ensemble mean (AEM). Here, * and **

represent a significant changes at 90% and 95% confidence
levels, respectively, for AEM.

925-hPa zonal AEM Bayes
factor

Correlation

Wind (m s−1) DJF 0.04 0.00 0.18
JJA 0.21 0.08 0.25

Moisture flux
(g kg−1 m s−1)

DJF −13.8* −6.3 −12.2

JJA −21.5** −10.3 −23.8

4.2. Dependency of the horizontal resolutions

Dynamical downscaling is a strong methodology for
obtaining spatially high-horizontal-resolution information
about climate projections because it enables more detailed
representation of land–sea contrasts, vegetation cover,
and topography, and it offers better representation of
synoptic and mesoscale atmospheric processes (Kjell-
storm and Giorgi, 2010); however, improvements depend
greatly on the type of application and the model variables
being analysed.

We examined climatological seasonal mean changes
in zonal wind and moisture flux between present-day and
future climates at the three horizontal resolutions of MRI-
AGCM3.1 forced by the CMIP3 MME mean SST (Figure
6). The vertical cross sections clearly depict a change
in the CLLJ near 15◦N. For DJF, the low-level easterly
moisture flux in the CLLJ region was projected to be
significantly enhanced by approximately 20 g kg−1 m s−1

in the 20-km mesh model, although the CLLJ itself was
not enhanced (Figure 6(c)). While the 60-km mesh model
projected the same general features (Figure 6(b)), it did
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Figure 6. Vertical cross sections showing climatological seasonal mean change of zonal moisture flux (g kg−1 m s−1; colours) and zonal wind
(contours in 0.3 m s−1 intervals) averaged for 75◦W–77◦W for DJF in the (a) 180-, (b) 60-, and (c) 20-km mesh models, and for JJA in the (d)
180-, (e) 60-, and (f) 20-km models, where CMIP3 MME mean SST is used as a lower boundary condition. Solid and dashed lines represent
positive (westerly) and negative (easterly) anomalies, respectively. Only areas of change that are statistically significant at the 95% level are

shown.

not show the same magnitude of moisture flux enhance-
ment as in the 20-km mesh model. The 180-km mesh
model projected enhanced easterly moisture flux in the
lower atmosphere of the CLLJ region and significantly
weaker zonal easterly wind extending from the CLLJ
region to the mid troposphere around 25◦N (Figure 6(a)).

For JJA, the 20-km mesh model projected a zonal
easterly moisture flux that was significantly enhanced in
two peaks in the lower troposphere (Figure 6(f)). The
CLLJ was projected to be intensified insignificantly in
the future climate compared to the present-day climate,
and the zonal easterly wind above 800 hPa was projected
to be intensified significantly. Projections of the CLLJ
in the 60- and 180-km mesh models were similar to
those of the 20-km mesh model, but with statistical
significance. Change was observed in the seasonal mean
zonal wind at 925 hPa as the CLLJ index in the 60-
and 180-km mesh models; this change was statistically
significant because of the three-member ensemble for
each projected SST simulations. Changes in easterly
moisture flux greater than 10 g kg−1 m s−1 extended to
600 hPa near 10◦N in the 20- and 60-km mesh models,
but in the 180-km mesh model these were confined
to below 650 hPa. The different horizontal resolution
models show different projections of both the CLLJ
and accompanying moisture fluxes in the future climate
quantitatively but similar projections qualitatively. From
these results, dynamical downscaling may add restricted
values for the CLLJ and the moisture flux when the index
and the vertical cross section are used for projections.
Dynamically downscaled features of the CLLJ in Taylor
et al. (2012) are very similar to those of one of the CMIP3
models, the HadAM3P developed by Hadley Center, U.K.

Met Office, which provides the boundary conditions for
the RCM they used.

4.3. Dependency of projected SSTs

Using the four-SST-ensemble results with both the 60-
and 180-km mesh models, we investigated the depen-
dency on the projected SSTs. Vertical cross sections were
obtained for the four-SST-ensemble means of zonal wind
and moisture flux and for consistency of changes in
sign (Figure 7). Consistency was defined as consistent
agreement between the four-SST-ensemble results and
the changes in sign. In DJF, the CLLJ and the easterly
moisture flux in the future climate would be weakened
consistently among both the 180- and 60-km mesh model
ensembles (Figure 7(a) and (c)), although the consistent
changes in the easterly moisture flux were confined to
below 950 hPa in the 180-km and 850 hPa in the 60-km
mesh models (Figure 7(b) and (d)). In JJA, the CLLJ
showed no consistent intensification in the 180- and 60-
km mesh model ensembles (Figure 7(f) and (h)). Among
the four SST ensembles, CLLJ simulated with only the
MRI SST was weaker in the future climate compared
with the present-day climate, but this difference was not
statistically significant, whereas the three others were
significantly stronger in the future climate than in the
present-day climate. The choice of AOGCM for obtaining
the lower boundary conditions determined the result of
outputs from the AGCM, and probably from the RCMs,
because simulations with the RCMs were constrained by
the lateral boundary as well as the lower boundary con-
ditions. The accompanying easterly moisture flux was
consistently intensified in the 180-km mesh model simu-
lations, but was not consistently intensified in the 60-km
mesh model simulations. This result again indicates the
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Figure 7. Vertical cross sections showing the four-SST-ensemble means of climatological seasonal mean change of zonal wind (m s−1) (left) and
moisture flux (g kg−1 m s−1) (right) averaged for 75◦W–77◦W for DJF in the 180- (a and b) and 60-km (c and d) mesh models, and for JJA in
the 180- (e and f) and 60-km (g and h) mesh models. Coloured areas have statistically significant changes at the 95% level. Hatched areas are

where all four of the SST ensemble of the 60-km mesh AGCM yielded consistent changes in sign.

importance of the horizontal resolution for the projec-
tions at which the target phenomena can be reasonably
simulated.

We observed the climatological mean changes in
SST and in the 925-hPa geopotential height for JJA
in the future climate (Figure 8). For all SST ensemble
simulations except MRI, the changes in SST were higher
in the eastern tropical Pacific than in the WHWP. The
changes projected in the 925-hPa geopotential height by
MRI were the smallest among the four models. In the
present-day climate, the CLLJ is intensified through the
relationship between the meridional geopotential height
gradient and jet, corresponding to the westward extension
of the NASH (Whyte et al., 2008), when SST anomalies
form a warm-Pacific–cool-Atlantic pattern (Wang et al.,
2007; Munoz et al., 2008). These observations explain

why our simulations with MRI lower boundary condition
showed inconsistent change in sign.

4.4. Relationship between the CLLJ and large-scale
SST pattern

We further investigated the relationship in changes
between the CLLJ and a large-scale SST pattern by
using 17 CMIP3 MME projections. As an index of
the large-scale SST pattern, we used the SST dif-
ference between the eastern tropical Pacific Nino3
region (90◦W–150◦W, 5◦S–5◦N) and the region from
the Caribbean Sea to the western tropical Atlantic
(40◦W–80◦W, 10◦N–20◦N) corresponding to the south-
ern WHWP. The climatological seasonal march of
the SST difference shows the maximum with positive
value in February–March–April and the minimum with
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Figure 8. Seasonal mean 925-hPa geopotential height changes (contours in 20-m intervals) and SST changes (K; colours) for JJA in the future
climate from the present-day climate. (a) CMIP3 MME, (b) CSIRO, (c) MIROC, and (d) MRI.

negative value in August–September–October. As the
SST difference increased, anomalous 3-month mean 925-
hPa zonal wind strengthened during DJF, with a signif-
icant correlation with SST (coefficient of 0.47; Figure
9(a)). Weakened and poleward-expanded Hadley circu-
lation in the future climate (Lu et al., 2007) produced
positive zonal wind changes owing to Matsuno–Gill-
type response (Matsuno, 1966; Gill, 1980) seen in Figure
6(a)–(c), and especially Figure 7(a) and (c) where larger
positive changes are seen in lower pressure levels. The
change in the SST differences modulates the local Hadley
circulation and therefore shows positive correlation to the
change in CLLJ in DJF. During JJA, anomalous easter-
lies or CLLJ showed a significant negative correlation
with SST (coefficient of −0.58; Figure 9(b)). For both
these seasons, the correlations between the 925-hPa zonal
wind and the SST difference for both the 60- and 180-
km mesh AGCM ensembles were significant. Wang et al.
(2007) performed an AGCM experiment forced with pre-
scribe observed SST without WHWP and demonstrated
that NASH is intensified in JJA. The positive change
in the SST difference in the future climate reduces the
absolute value of SST differences, weakening the effect
of WHWP on NASH. Therefore, CLLJ is intensified and
the negative correlation in JJA is obtained.

The relationships between the projections of the two
models differing in horizontal resolution closely resem-
bled each other. The results from the CMIP3 MME
demonstrate a robust relationship among the differ-
ing structures of the models, and the results from
the AGCM ensembles also clearly demonstrate the
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Figure 9. Changes in 925-hPa zonal wind in the future climate against
changes in the SST difference (�SST) between the eastern tropical
Pacific Nino3 region and the region from the Caribbean Sea to the
western tropical Atlantic. Grey circles represent CMIP3 models, while
triangles, squares, and hexagons represent the 20-, 60-, and 180-km

mesh models, respectively.

relationship. Therefore, the relationship was shown to
exist in the CMIP3 MME and in a single-AGCM ensem-
ble, suggesting an underlying physical mechanism for the
relationship.

Changes in SST in the future climate were smaller
in the western tropical Atlantic than in the surround-
ing latitudes, which increased the zonal gradient of
SST and affected the CLLJ. This strengthening of the
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CLLJ is seen over the Central American isthmus and
the Caribbean Sea in high-resolution models of CMIP3
such as MIROC. The slight SST warming in the trop-
ical North Atlantic relative to the surrounding tropical
waters reduces negative diabatic heating in the upper
troposphere and excites a Matsuno–Gill-type response
(Matsuno, 1966; Gill, 1980), enhancing the NASH as
well as its westward extension (Wang et al., 2007). This
enhancement strengthens the CLLJ and suggests that the
relationship holds under different global mean surface
air temperature rises, which is known in the present-day
climate as the interannual relationship between the inten-
sity of the CLLJ and a warm-Pacific–cool-Atlantic SST
pattern (Wang et al., 2007). The SST differences were
projected to increase for both DJF and JJA seasons with
high consistency among the CMIP3 MME: 15 of 17 for
both the seasons (Figure 9). Therefore, the CLLJ in the
future climate would be intensified in JJA and weakened
in DJF as long as the CMIP3 MME correctly projected
the sign of the change in the SST difference.

5. Discussion

The 20- and 60-km mesh MRI-AGCMs and CMIP3
MME mean fail to capture second minima in MAM. In
observation, meridional SST gradients are closely related
to CLLJ through meridional sea surface pressure gradi-
ents, and positive ocean–atmosphere feedback maintains
the CLLJ (Wang 2007). A primary possible common
reason for this failure in the both is weak minima. In
the MRI-AGCM present-day climate experiments, merid-
ional SST gradients are prescribed; therefore, the feed-
back lacking in the experiment may contribute to this
failure. In contrast, CMIP3 models can treat the feedback.
However, coarse horizontal resolutions of CMIP3 mod-
els hinder sharp meridional SST gradients and therefore
may contribute to this failure. In addition, about one-third
CMIP3 models captured the second minima, but did not
always show good reproducibilities in bias and temporal
correlation.

In extreme dry years in the present-day climate, the
NASH expands equatorward and westward, the CLLJ
strengthens, and the Intertropical Convergence Zone over
the eastern Pacific does not migrate north (e.g. Hasten-
rath, 1978); these patterns resemble those of the projected
future climate. More moisture was projected to be trans-
ported in the CLLJ region (Figure 10), but vertically
integrated moisture flux convergence was projected to
decrease (Figure 10(b) and (d)). Easterly moisture flux
travels through this domain to the Pacific without conver-
gence. Therefore, CMIP3 MME analysis (Neelin et al.,
2006) and RCM analysis (Campbell et al., 2011; Tay-
lor et al., 2012) consistently show a drying trend. The
difference in change in convergence between JJA and
DJF is owing to weakening but poleward expansion of
the Hadley circulation (Lu et al., 2009). These changes
bring dryer future climate in Central America and the
Caribbean. Weak divergences in JJA (Figure 10(c)) in the

CLLJ region in the present-day climate can be intensified
(Figure 10(d)) in the dryer climate, whereas strong diver-
gence in DJF (Figure 10(a)) in the present-day climate
cannot be intensified in the future climate. Strong diver-
gences are seen in DJF in Figure 10(a). In addition to the
uncertainty in the CMIP3 MME stemming from model
structures, our study considered the uncertainties in future
climate projections stemming from horizontal resolution,
different projected SSTs and sea-ice concentrations, and
natural variability in a single AGCM. Although the 20-
km mesh model is a powerful tool for global climate
change studies, its computational demands rule out its
use in ensemble experiments. Therefore, we performed
ensemble experiments with the 60- and 180-km mesh
models using four different SSTs and sea-ice concentra-
tions and three different initial conditions. The total of
12 ensemble simulations in the future climate for each
model enabled us to quantify the uncertainties in future
climate projections.

High-resolution AGCM downscaling allows us to
explore influences of remote forcings outside a target
region through teleconnections on phenomena there. The
relationship between the CLLJ and large-scale SST pat-
tern may be a typical case. The same but for RCM
restricts our exploration to relationships in the target
region because the size of the target region is limited
because of computer resources and the remote forcings
are implicitly embedded in the lateral boundary condi-
tions. Although it requires huge computer resources, the
high-resolution AGCM downscaling is the best approach
to exploring the remote forcings such as the relationship
between the CLLJ and large-scale SST pattern.

Owing to limited computer resources, dynamical
downscaling for a specific region is performed with an
RCM forced by the boundary conditions of a CMIP3 (e.g.
Taylor et al., 2012) or with multi-RCMs (e.g. Ishizaki
et al., 2012). Results from a CMIP3 MME model are
not reliable (Figures 1(a), 4, and 9 and Table 2). Our
results (Figure 7(f) and (h)) suggest that a multi-GCM
and multi-resolution (probably multi-RCM) approach is
essential for quantifying the uncertainty even under an
emission scenario. Such awareness has led to multi-GCM
and multi-RCM simulations for Europe in the ENSEM-
BLES project (van der Linden and Mitchell, 2009) and
to the Coordinated Regional Downscaling Experiment
(CORDEX) for the globe (Giorgi et al., 2009). The
dynamically downscaled outputs from these projects will
allow us to quantify the uncertainty and to raise the reli-
ability of future climate projections.

In designing this high-resolution AGCM downscaling
experiment, we assumed that land cover and oceanic
phenomena such as ENSO do not change in the future
climate. However, changes in cropping and cultivation
areas and changes in carbon fertilization effects alter
the land cover qualitatively and quantitatively, which
influences climate projections (e.g. Salazar et al., 2007).
ENSO influences climate variability in this region in
the present-day climate (e.g. Giannini et al., 2000). The
projected change in ENSO is highly variable among the
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Figure 10. Present-day climatological mean vertically integrated moisture flux vectors (arrows, kg m−1 s−1) and their convergences (colours,
kg m−2 s−1) in the 20-km mesh model for (a) DJF and (c) JJA, and climatological mean differences between the future and the present for (b)

DJF and (d) JJA that are statistically significant at the 95% level.

CMIP3 models and is considered to be highly uncertain
(IPCC, 2007). These currently unavoidable uncertainties
must be taken into account in interpreting the results of
our study.

6. Concluding summary

By employing the CMIP3 MME, we projected changes
in the CLLJ in the future climate. The CLLJ is central to
uncertainties in projections of future climate. We found
that the easterly moisture flux accompanying the CLLJ
would be significantly intensified in the future climate.
Changes in sign were inconsistent among the CMIP3
MME, and the weighted MME mean changes were slight.
The MME approach is widely regarded to be essential for
general climate projections and particularly for projection
of the CLLJ because the single model approach may
project a biased realization of the CLLJ in the future
climate among the general population.

We also performed global-scale dynamical downscal-
ing with three horizontal resolutions. The merits of
dynamical downscaling for the CLLJ and moisture flux
were restricted for future climate projections, although
high-resolution models showed better reproducibility of
the CLLJ and moisture flux in the present-day climate
than did low-resolution models Nevertheless, the high-
resolution models can provided spatially detailed pro-
jections in the future climate, which is essential for

impact, adaptation, and risk assessment studies in the
future climate as these depend on local conditions such
as topography, population, and infrastructure.

The results of the single 60- and 180-km mesh models
forced by four projected SSTs demonstrate that the spatial
patterns of projected SST affect the changes in the CLLJ
even in a single AGCM. This reconfirms that a dynamical
downscaling approach also requires multiple boundary
conditions obtained from an AOGCM MME to quantify
the uncertainty and that a single model is useful for
exploring the mechanisms of changes in phenomena.

Both the CMIP3 MME analysis and the 60- and 180-
km mesh AGCM ensembles showed that large-scale SST
patterns from the eastern tropical Pacific to the Caribbean
Sea to the western tropical Atlantic influence changes
in the CLLJ in the future climate as similarly seen in
the interannual variability of the CLLJ in the present-day
climate (Wang et al., 2007), demonstrating an existing
underlying physical mechanism for the relationship.

An ensemble approach combining multiple GCMs
and multiple RCMs has been used for future climate
projections in specific regions (e.g. Giorgi et al., 2009;
Kendon et al., 2010), and has an advantage in quantifying
the uncertainty stemming from the choice of models.
However, this quantification is not feasible when using
a high-resolution AGCM. To overcome this drawback,
we plan to perform a multi-physics ensemble experiment
from different models with the same 60-km mesh model.
The atmosphere–ocean interaction is a key process to
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CLLJ. We also plan to perform the experiment with
the atmosphere–ocean coupled version of the 60-km
mesh model. These approaches should enhance our
understanding of changes in phenomena and facilitate
identification of the underlying physical mechanisms.
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