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1  Introduction

Regional climate models (RCMs) have been developed ‘as 
a magnifying glass tool’ to increase the resolution of cli-
mate projections in specific regions of the globe. Global 
climate model (GCM) outputs are considered coarse for 
regional climate change impacts assessments (IPCC 2007). 
The higher resolution of RCMs enable more detailed repre-
sentation of local processes, coastlines, land use and topog-
raphy, which may contribute to the simulation of meaning-
ful small-scale features over limited regions at affordable 
costs compared to GCMs (Jones et  al. 1995; Denis et  al. 
2002). Higher resolution may also better capture storms 
and extreme weather (Huntingford et al. 2003; Seneviratne 
et al. 2012).

One-way nested RCMs integrate atmospheric model 
equations on a high resolution domain using global model 
or analysis data as boundary conditions (Christensen et al. 
1997; Seth and Giorgi 1998). Several issues arise in set-
ting up RCM nesting experiments including the choice of 
resolution and the definition of the domain (Giorgi and 
Mearns 1999). Studies indicate the importance and impact 
of domain size and the position of the lateral boundaries 
on simulated regional climate variability (e.g. Jones et  al. 
1995, 1997; Jacob and Podzun 1997; Colin et  al. 2010). 
Domain size has received more attention as the nest-
ing issue is more a boundary value problem than an ini-
tial value problem (Denis et al. 2002). Giorgi and Mearns 
(1999) note that it is difficult to define general criteria for 
choosing the domain size as it will depend on the region 
and experiment design. For example, while Jones et  al. 
(1995) finds a stronger dependence of the United Kingdom 
Meteorological Office Unified Regional Climate model’s 
results on domain size over Europe, Bhaskaran et al. (1996) 
shows that the same RCM applied over the Indian monsoon 
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region does not exhibit similar sensitivity. The Caribbean 
comprises islands of varying small sizes making it suitable 
for study using RCMs. The Caribbean is surrounded by the 
Atlantic Ocean, the Caribbean Sea and the Gulf of Mexico, 
and is limited by the coasts of North and South America. 
Granger (1985) characterizes Caribbean climate as diverse, 
with as many climate types as islands. Tropical and extra-
tropical systems interact (Alfonso and Naranjo 1996) and 
frequently produce complex meteorological conditions. 
More than 70 % of the rainfall occurs from May to October 
(November in the eastern Caribbean) due to events embed-
ded in the synoptic easterly flow (e.g. easterly waves and 
tropical cyclones). Rain is also associated with moisture 
surges from the Pacific and the Caribbean Sea that impinge 
upon island topography (Hastenrath 1967) and sea-breeze 
circulation in islands and peninsulas (Riehl 1979).

The bimodality of the annual rainfall regime is a sig-
nificant feature of Caribbean climate i.e. the rainy sea-
son is characterized by two maxima occurring in May–
June and September–October separated by a relatively 
drier period (July–August) often called the mid-summer 
Drought (MSD) (Magaña et  al. 1999). Tropical cyclone 
activity in the Caribbean follows a similar bimodal pattern 
(Inoue et  al. 2002). The MSD is associated with the sea-
sonal intensification of the North Atlantic subtropical high 
(NASH) and low-level regional circulation features such as 
the Caribbean Low-Level Jet (CLLJ) (Wang 2007; Wang 
and Lee 2007; Whyte et al. 2008). The strengthening of the 
low-level easterlies results in stronger vertical wind shear 
which reduces convective activity over the region (Wang 
and Lee 2007). The predominantly ocean areas also play 
an important role in modulating climate variability via the 
influence of sea surface temperatures (Taylor et  al. 2002, 
2011; Stephenson et al. 2007; Karmalkar et al. 2012).

Most of the previous sensitivity studies of RCMs to 
domain size have dealt with continental or semi-continen-
tal regions dominated by land areas (Jones et  al. 1995; 
Bhaskaran et al. 1996; Seth and Giorgi 1998). RCM stud-
ies for domains including the Caribbean have primarily 
focused on simulated seasonal precipitation and tempera-
ture regimes (Martinez-Castro et al. 2006; Karmalkar et al. 
2008, 2012; Tourigny and Jones 2009; Campbell et  al. 
2010; Diro et al. 2012; Taylor et al. 2013). To the best of 
our knowledge only Martinez-Castro et  al. (2006) have 
conducted an RCM sensitivity study of Caribbean climate 
to domain size, resolution and convective schemes using 
RegCM3 and simulating the 1993 summer period. They 
find substantial sensitivity to all 3 factors.

In the last few years, the PRECIS RCM (Jones et  al. 
2004) has been extensively evaluated over the Caribbean 
and used to produce future regional climates (Centella et al. 
2008; Campbell et al. 2010; Karmalkar et al. 2012; Taylor 
et  al. 2013). The RCM studies were developed under the 

PRECIS-Caribbean project (Taylor et  al. 2013) as a part 
of the coordinated work of the Caribbean Climate Model-
ling Group (CCMG) comprising institutions from Cuba, 
Jamaica, Belize, Barbados and Suriname and supported 
by the Caribbean Community Climate Change Centre. For 
these studies the choice of domain size and resolution was 
guided by general criteria i.e. that the domains represented 
areas large enough to allow the development of regional 
scale circulations but not so large to prevent the RCM devi-
ating from the GCM in the center of the domain (Campbell 
et al. 2010). This study explores the impact of the choice of 
domain size on the downscaled climate since running larger 
domains is computationally expensive (e.g. longer run time, 
larger storage requirements) and often results in the need 
for compromises (e.g. restricting the resolution) where 
resources for modelling are limited. This study examines 
the feasibility of an optimal PRECIS domain configuration 
with respect to domain size, computational resources, and 
the ability to reproduce important climatic features in the 
Caribbean. The skill of the PRECIS RCM and the ‘added 
value’ of utilizing it in simulating the climate over the Car-
ibbean region are also investigated.

The remainder of the paper is structured as follows. 
Section  2 describes the PRECIS RCM, the experiments 
performed and the observational data used for the assess-
ment. Results depicting and comparing model simulations 
of interannual and intraseasonal variations in rainfall with 
emphasis on spatial patterns and annual cycles are pre-
sented in Sect. 3. Results for model simulations of the MSD 
and the low-level circulation related with the CLLJ are also 
presented and examined in the same section. A summary 
and discussion of the results are provided in Sect. 4.

2 � Model, data and methods

2.1 � Model description

The study uses the Hadley Centre’s regional climate 
modeling system—PRECIS. It is a hydrostatic primitive 
equations grid point model containing 19 levels in a ver-
tical hybrid coordinate system (Simmons and Burridge 
1981). The horizontal resolutions are 0.44°  ×  0.44° and 
0.22° ×  0.22° which gives a minimum resolution of ~50 
and ~25 km, respectively at the equator of the rotated grid. 
Due to its fine resolution, the model requires a timestep of 
5 and 2.5 min, respectively to maintain numerical stability. 
The RCM uses a relaxation technique implemented across 
a four point buffer zone at each vertical level. The atmos-
pheric sulphur cycle, dynamical flow, radiative processes, 
clouds and precipitation, the land surface and the deep soil 
are described in the model. Jones et al. (2004) gives a full 
description of the model’s physics.
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For this study, initial and lateral boundary forcing is 
taken from the six hourly fields of a quasi-observed dataset 
derived from the ERA-interim reanalysis (ERA) at a resolu-
tion of 1.5° × 1.5° (Simmons et al. 2007; Dee et al. 2011). 
The sea surface temperatures (SSTs) and sea-ice fractions 
surface boundary conditions are taken from a combina-
tion of the monthly HadISST1 (Rayner et  al. 2003) and 
weekly NCEP (Kalnay et al. 1996; Kanamitsu et al. 2002) 
observed datasets. Observed values of various greenhouse 
gases are used to provide relevant information on atmos-
pheric composition.

2.2 � Experiments

PRECIS RCM simulations were made for the years 
1990–1999 for three different domains at a resolution of 
0.44° × 0.44°. To allow for model spin-up the first year is 
not considered.

Figure 1 shows the three domain areas after an 8-point 
buffer zone has been removed. The first domain (D1) mir-
rors that used in previous PRECIS studies of the Caribbean 
(e.g. Centella et al. 2008; Campbell et al. 2010; Taylor et al. 
2013). The second domain (D2) is smaller and centered 
over the Caribbean region. Its selection was based mainly 
on its relatively low computational cost i.e. if results for 
this smaller domain are comparable to those from larger 
domains, then its use in future modelling studies will 
reduce the expense, both in processing time and storage 
capacity, of producing ensembles of Caribbean climates. 
This is important given the current institutional capacity 
within the Caribbean. The third domain (D3) is larger, with 
the eastern boundary shifted to explicitly include the circu-
lation associated with easterly waves and tropical cyclones 
as they leave west Africa. These systems have a decisive 

influence on the accumulated rainfall over areas within the 
Caribbean.

The default model configuration does not include many 
of the smaller islands of the eastern Caribbean. A signifi-
cant additional difference between D3 and the other two 
domains is the inclusion of the eastern Caribbean islands 
in D1 and D2 by a filling of the nearest or covering grid 
boxes as land. (The RCM has the ability to define new land 
points.) In D3, however, the filling is not done and the east-
ern Caribbean is defined as sea. The effect of including or 
excluding the island chain is also explored in the following 
sections.

A common validation area (CVA) is used for the analy-
sis and comparison of the three domains (Fig. 1). The CVA 
was located far from the outer domain borders in order to 
avoid spurious influences of the lateral boundary conditions 
(LBCs). Within the CVA three other areas are defined—
Central America (CAM), the Caribbean Precipitation Index 
(CPI) region, and the Largest Caribbean Islands (LCI). 
CAM is a continental region where the signal of the MSD 
is clearly observed and where the direct influence of the 
Pacific Ocean is present. The CPI region is as defined by 
Chen and Taylor (2002) and is often taken as representative 
of the region’s rainfall variability. It is also where the CLLJ 
occurs. LCI incorporates the larger island territories within 
the Caribbean. The rainfall climatology of the LCI is also 
bimodal but the two peaks occur in different months from 
those of the CAM region.

Analysis was conducted for the wet season in the Car-
ibbean (May–October) and specifically for months repre-
senting the early wet season (EWS) (May–July) and the 
late wet season (LWS) (August-October) (Chen and Taylor 
2002). The main focus is on precipitation because of its rel-
evance in most regional climate impact studies, its impor-
tance to the hydrological cycle, and its use as an indicator 
of the freshwater availability of the Caribbean region.

Apart from the domains chosen, the CORDEX protocol 
was generally followed particularly in terms of the resolu-
tion employed and the use of lateral boundary conditions 
from reanalysis of observations.

2.3 � Observational datasets

To assess the model’s ability to capture the seasonal pre-
cipitation patterns several observational datasets are used 
as comparison. These include the observed land-only grid-
ded datasets of the Climate Research Unit TS 3.1 (CRU) 
(Mitchell and Jones 2005), the University of Delaware 
(UDEL) (Matsuura and Willmott 2007) and the Global 
Precipitation Climatology Centre (the VASclimO data-
set) (Beck et  al. 2005). These global datasets have a spa-
tial resolution of 0.5°  ×  0.5° and are based on station 

Fig. 1   Domains (excluding the eight point boundary buffer zone) of 
configurations D1 (red line), D2 (green line) and D3 (blue line) of 
the regional climate model. The Common Validation Area (CVA) is 
delimited by long dash blank line. Red boxes delimit the subregions 
for which the annual cycle is analyzed-Central America (CAM), Car-
ibbean Precipitation Index (CPI; see the text for definition) and Large 
Caribbean Islands (LCI)
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observations. They differ in the included set of station 
observations and in the interpolation methods used.

Because of the dominant ocean influence in determining 
the background climatology of the region, the skill of the 
RCM in reproducing the large-scale pattern is also assessed 
through comparison to lower spatial resolution gridded 
datasets over land and sea. These include the Global Pre-
cipitation Climatology Project (GPCP) 2.5° × 2.5° monthly 
(Adler et al. 2003) and daily (GPCP_1DD) 1° × 1° datasets 
(Huffman et  al. 2001), and the Climate Prediction Center 
(CPC) Merged Analysis Precipitation (CMAP) dataset (Xie 
and Arkins 1997). These gridded datasets merge gauge 
measurements, satellite estimates and model output of rain-
fall. Use is also made of the International Satellite Cloud 
Climatology Project (ISCCP) monthly total cloud cover 
dataset at a resolution of 2.5° × 2.5° (Rossow and Schiffer 
1991).

A third group of reference datasets include the ECMWF 
ERA-interim reanalysis and the National Center for Envi-
ronmental Prediction (NCEP) North American Regional 
Reanalysis (NARR) (Mesinger et  al. 2006). NARR is a 
long-term, high-resolution atmospheric and land surface 
hydrology dataset for the North American domain. Vari-
ables extracted from both datasets include evaporation, 

cloud cover, and those related to atmospheric circulation 
(e.g. sea level pressure, geopotential height, wind compo-
nents). Rainfall is not extracted from NARR because analy-
sis (not shown) revealed extremely low values over Carib-
bean land areas, and unrealistic wet season totals. Since the 
ERA-Interim data is also the LBC for the regional model, 
the comparison of the ERA dataset with the model output 
gives an indication of the ‘added value’ of downscaling 
over the driving dataset.

3 � Results

3.1 � Multiannual spatial patterns

PRECIS shows reasonable skill in reproducing the syn-
optic scale climatological patterns of precipitation across 
the Caribbean basin irrespective of domain configuration. 
Figures 2 and 3 show the EWS and LWS rainfall patterns, 
respectively for GPCP, CMAP, ERA, CRU and D1–3 over 
the CVA. In both seasons, notwithstanding domain choice, 
the precipitation maximum off the Caribbean coastline of 
Panama associated with the CLLJ (Whyte et  al. 2008) is 
captured, though the model simulates more rain than in 

Fig. 2   EWS rainfall climatologies for 1991–1999 in mm/day for a–d reference fields GPCP, CMAP, ERA and CRU, e–g simulated values for 
D1–3 and h–j anomalies of the simulations with respect to CRU observed climatologies
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the observed datasets and extends the zone further to the 
east (Figs.  2e–g, 3e–g). Similarly, the rainfall maximum 
in the equatorial Pacific close to Panama is well-simulated 
but anomalously extended to the north-west, appearing as 
an overestimation of the precipitation associated with the 
Inter Tropical Convergence Zone (both in intensity and 
extension). Other captured large-scale features include the 
dry belt over the southern Dutch Caribbean Islands and 
the zonal bands of low/high precipitation over central/west 
Nicaragua. The simulated spatial features of Figs. 2 and 3 
mirror the results of Campbell et al. (2010).

Much of the rainfall in the region is convective in ori-
gin. The model captures this but underestimates rainfall 
over most of the CVA. With respect to the ERA dataset (not 
shown) rainfall is underestimated for all domain experi-
ments and for both seasons, suggesting differences in the 
simulated large-scale precipitation, particularly over land 
areas. Comparisons to the CRU dataset (Figs.  2h–j, 3h–j) 
show the underestimation of rainfall by the model over 
most land areas. The underestimation is largest (in excess 
of 2–6 mm/day) over Guatemala and the Caribbean coast 
of Honduras and Nicaragua, and more intense for D1 and 
D3. The negative bias is also evident over the Caribbean 
Islands but it is less intense. Wet biases are confined to Pan-
ama and over sections of Colombia and Venezuela.

For both the EWS (Fig.  4) and LWS (not shown) the 
modeled moisture fluxes from the surface into the atmos-
pheric boundary layer are consistently 10–20 % lower over 
most land areas than for the ERA reanalysis for all domain 
simulations. This suggests that the hydrological cycle is 
less active over land areas in the model. This is discussed 
further in ensuing sections. In Fig. 4b, c a meridional band 
of negative values is also observed over the eastern Carib-
bean which is not present in D3 (Fig. 4d). The presence of 
land points in D1 and D2 modifies the spatial pattern of the 
moisture fluxes anomalies.

The three RCM domain experiments reproduce similar 
large-scale cloud anomaly patterns with respect to ERA 
for the EWS (Fig.  5) and LWS (not shown). In general, 
PRECIS simulates less cloud cover over coastal South 
America, but there are differences between D2 and the 
other two experiments over Central America and the larger 
Caribbean Islands. In D2 the cloud anomalies are positive, 
which likely accounts for smaller negative rainfall anoma-
lies observed over these regions in the D2 simulation (see 
again Figs. 2, 3). There is also a discernible difference in 
simulated cloud cover over the eastern Caribbean due to the 
absence of land points in D3. The simulated cloud patterns 
are similar to those derived from ISCCP cloud cover data 
(not shown).

Fig. 3   As Fig. 2, but for LWS
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Figure  6 explores the impact of changing the model 
domain on the distribution of daily rainfall over the region. 
Changes in boundary locations trigger internal variability in 
the RCM which likely impact day-to-day variability more 
so than the mean climatology. Results are presented for the 
frequency and intensity of wet days (hereafter FWD and 
IWD, respectively) which are defined as rainfall amounts 
greater than 0.1  mm. The results are presented as differ-
ences with respect to the GPCP daily precipitation dataset. 
For the EWS, the large-scale anomaly patterns of FWD 
and IWD are similar across all simulations except over the 
eastern Caribbean in D3. In general, the model produces 
largest differences in FWD over the sea (Fig. 6, top row). 
FWD is underestimated over almost all the land areas with 
anomalies generally greater than 10  %, except over parts 
of Central and South America. The model simulates higher 
IWD values (Fig.  6, bottom row) over the Pacific and 
the southwestern Caribbean Sea i.e. over the same areas 

where seasonal total precipitation is also higher (see again 
Fig. 2e–g). In other regions of the CVA IWD anomalies are 
negative and larger over sea than over land.

Similar results are attained if the simulated FWD and 
IWD are compared with values derived from the ERA-
Interim daily precipitation dataset (not shown). In this case 
the three model configurations yield fewer wet days over 
ocean areas and smaller reductions in rainfall intensity.

In an attempt to further delineate differences in the per-
formance of the three RCM configurations in reproduc-
ing the seasonal patterns of rainfall and the other related 
variables, Taylor Diagrams (Taylor 2001) are presented. 
The Taylor diagrams combine pertinent metrics—in this 
case the root mean square (RMS) difference, the pattern 
of correlation (PC) and the standard deviation (STD)—to 
quantify the similarities or differences between the RCM 
simulations and a reference field. By normalizing both the 
simulated RMS and STD with the standard deviation of the 

Fig. 4   EWS mean evaporation in mm/day 1991–1999 for ERA; and evaporation differences for D1 minus ERA, D2 minus ERA and D3 minus 
ERA in percent
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corresponding reference fields, it is possible to combine 
different fields on the same graph, allowing for a concise 
summary of the model skill. On the diagrams the refer-
ence point (called REF) is plotted at unit distance from the 
origin along the x-axis, and the distance between REF and 
individual points correspond to RMS difference. The nearer 
a simulation result is to REF is the better its performance.

For the EWS, Fig. 7 shows the Taylor Diagrams for pre-
cipitation (top row) and for evaporation, cloud cover, FWD 
and IWD (bottom row), over land-sea grid points (left pan-
els) and land-only grid points (right panels). The results 
for the LWS yield similar conclusions and are not shown. 
For precipitation a fourth reference dataset is included in 
each case (i.e. for the land + sea and land-only diagrams) 
by averaging the three original datasets used as reference in 
each case (i.e. ERA, GPCP and CMAP for the land + sea 
plot and CRU, UDEL and VASClimO for the land only 
plot). Although the reference datasets are not truly 

independent, this is done to highlight the spread amongst 
the reference data (black dots in top row). Figure 7 shows 
that, though for precipitation the reference datasets are cor-
rectly phased in space (i.e. with similar patterns of corre-
lation), they possess some obvious differences in spatial 
amplitudes (i.e. STD).

With respect to precipitation over land and sea regions 
the different domain configurations are similarly correlated 
with observations (depending on the reference dataset) with 
the main difference being largest amplitudes in D2, though 
D1 and D3 also show higher amplitudes than observed. 
Over land areas the differences between domain configu-
rations are mainly associated with the magnitudes of spa-
tial correlation and not so much with amplitudes. For land 
only points D2 appears to be marginally more skillful as it 
has greater spatial correlation and smaller RMS difference 
than D1 and D3. It is clear that the RCM always overesti-
mates the STD and its skill is better over land + sea areas, 

Fig. 5   EWS mean cloud cover (in percent) 1991–1999 for ERA; and cloud cover differences for D1 minus ERA, D2 minus ERA and D3 minus 
ERA (in percent)
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as evidenced by higher correlations than for land-only grid 
points.

Cloud cover is well-reproduced over both the land and 
land + sea grid points irrespective of domain (green points 
in bottom row figures). The RCM configurations also do a 
better job of simulating IWD (with generally similar skill 
for all configurations) than FWD. Though the differences 
are not considerable, D2 appears to be the worst at captur-
ing FWD over land + sea points but in contrast has margin-
ally better skill over land points. Evaporation is very poorly 
represented over land areas irrespective of domain, with 
very low patterns of correlation and high RMS difference. 
It is, however, more realistic over sea areas contributing 
to improved results for land +  sea grid points. This rein-
forces the idea that modeled soil moisture content may be 
an important cause for the weaker hydrological cycle over 
land.

In general, for precipitation and for the other related-var-
iables analyzed, the similarities between D1 and D3 (save 
for those differences due to the absence of Eastern Carib-
bean land points) suggest no significant alteration of model 
skill when the right domain border is shifted further to the 
east. More visible impacts, but in our opinion not so impor-
tant, are produced when the domain size is reduced on the 
western side (as in D2), which likely impacts aspects of the 
circulation associated with Atlantic-Pacific gradients. This 
bears further investigation.

Finally, an interesting aspect of the modeled rain-
fall patterns is the presence of dry areas in the form of a 

precipitation shadow leeward of most of the islands (see 
again Figs.  2e–f, 3e–f). The feature is not present in the 
GPCP and CMAP datasets, perhaps due to their lower 
spatial resolution. Similar dry shadow areas can, however, 
be found in the TRMM 3B43 highest resolution dataset 
(Huffman et  al. 2007) for the period of 1998–1999, over 
the southern Caribbean Netherland Antilles and around La 
Hispaniola and the Yucatan Peninsula (not shown). The dri-
est band over and leeward of the Eastern Caribbean Islands 
also appears but it is neither as intense nor so close to the 
islands. This phenomenon in the simulations might be asso-
ciated with the high sensitivity of the RCM to the land sur-
face and topography configuration i.e. changes in land and 
vegetation can change the moisture and latent heat fluxes 
locally, in turn affecting the subregional atmospheric circu-
lation, cloud cover and precipitation over these areas. It is 
noted that although the precipitation shadow appears in all 
three domains, it does not occur in D3 for the Eastern Car-
ibbean islands. The same effect can be seen in Campbell 
et  al. (2010) (see the middle row of Fig.  2 in that paper) 
though the authors do not make reference to it.

3.2 � Annual cycle and mid‑summer drought

The main feature of precipitation over the Caribbean is a 
well-defined annual cycle, which exhibits maximum pre-
cipitation from May to November and a dry period peak-
ing in February–March. The wet season is bimodal (Chen 
et  al. 1997) with peaks in May–June (early season) and 

Fig. 6   1991–1999 EWS differences in mean number of rainy days (top row) and mean intensity of rainfall (bottom row) events between D1–3 
and ERA reanalysis. Units expressed as percentage of ERA reanalysis values
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August–October (late season) separated by a lower rain-
fall period (July–August) called the mid-summer drought/
dry spell (Magaña et  al. 1999; Gamble and Curtis 2008). 
Figure 8 shows the rainfall climatology for D1–3 over the 
three smaller areas defined in Fig. 1. The plots are averaged 
over all land +  sea points and are compared to similarly 
derived climatologies from GPCP, ERA, CMAP (top row). 
The same is done for land grid points which are compared 
to climatologies from CRU, UDEL and VASclimO (bottom 
row).

From Fig. 8 the following are noted:

1.	 The model is able to reproduce the bimodal structure 
of the observed annual cycle.

2.	 For land + sea grid points the model tends to produce 
more precipitation than CMAP and GPCP products, 
except over the LCI subregion where the simulated 
rainfall shows a dry bias during the boreal summer.

3.	 The model mirrors the pattern of the ERA reanalysis 
with a wetter late season than early. However, the rela-

Fig. 7   EWS standardized deviations and spatial pattern correlations 
between the three domains and different references datasets for pre-
cipitation (top row) and cloud cover, moisture flux, rainfall frequency 
and intensity (bottom row). In the top row D1, D2 and D3 are indi-
cated by red, green and blue colors, respectively; colored circles, 
squares and diamonds indicates whether the domains were compared 
with ERA, GPCP and CMAP, respectively, while the triangles indi-

cate the comparison against the average of the three references; black 
circles represent the differences of each individual dataset and the 
simple average of the three. In the bottom row D1, D2 and D3 are 
indicated by 1 2 3, while the colors red, green, blue and black repre-
sent evaporation, cloud cover, rainfall frequency and rainfall intensity, 
respectively. In this case the reference dataset is the ERA reanalysis
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tive minimum in July is more clearly represented by the 
model suggesting an added value of the RCM experi-
ments. This is especially true for the CPI subregion 
where neither ERA reanalysis nor the other rainfall prod-
ucts reproduce the bimodal pattern. It is noted that if only 
land points are considered, all the observational datasets 
show the bimodal distribution, notwithstanding the dif-
ferences between them, and the second peak in the mod-
eled precipitation is no longer higher than the first.

4.	 The major differences between model and observed/rea-
nalysis datasets occur over land areas and mostly during 
the wet season when less precipitation is simulated than 
observed. Over the LCI subregion the model exhibits a 
persistent dry bias throughout the entire year with larg-
est bias occurring during the wet season as well.

5.	 Generally, there are no major differences between the 
domains in the modeled annual rainfall cycle. In fact, 
the discrepancies between the reference datasets are 
greater than the differences between model experi-
ments for averages over all land + sea points. This is 
particularly noticeable during the wet months over all 
the sub-regions except for LCI.

Figure 9 shows the differences between the average of 
June and September rainfall and the average of July and 

August rainfall. These differences are used as a measure of 
the MSD signal (after Rauscher et al. 2008 and Diro et al. 
2012) and facilitates an examination of how the model spa-
tially reproduces the presence and strength of the MSD. 
Negative differences indicate the likely presence of the 
MSD, with magnitudes indicative of its severity.

From the rain gauge station based databases (Fig.  9, 
top row), the MSD is best defined over the western coast 
of Central America, the Yucatan Peninsula and Cuba but 
is absent in Southern Belize and on the Caribbean coast 
of Nicaragua and Costa Rica. Similar patterns are seen for 
the coarser resolution reanalysis products (Fig. 9, middle 
row) but with much less spatial details. Largest differences 
occur with CMAP which extends the MSD over almost 
all Central America but not over the Yucatan Peninsula. 
The domain experiments (Fig.  9, bottom row) broadly 
mirror the MSD spatial patterns, showing its occurrence 
over almost all the Pacific coast of Central America, the 
Yucatan and the western half of Cuba. The simulation, 
however, tends to extend the MSD too far east over Hon-
duras and Nicaragua (particularly in D3) and also over 
southern Belize, where it is absent in the observations. The 
east–west gradient observed over Nicaragua is well cap-
tured by D1 and D2 (better in D1) but is not represented 
by D3. Over the Caribbean Islands the simulated MSD 

Fig. 8   Annual cycles of mean precipitation (mm/day) for observations and PRECIS simulations averaged over CVA, CAM, LCI and CPI for 
land-sea points (top row) and land points (bottom row)
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signal is weaker than observed and is largely confined to 
parts of western Cuba.

The MSD is associated with an intensification and west-
ward shift of the NASH and an increase in the low-level 
easterly wind strength over the Caribbean Sea and the Gulf 
of Mexico (Hastenrath 1966; Magaña et al. 1999; Giannini 
et al. 2000). The RCM results are examined for their abil-
ity to reproduce these changes. Figure 10 (top row) shows 
changes in sea level pressure (SLP) and low-level wind 
with respect to prior month values for ERA reanalysis for 
May through August. A decrease in SLP over the Gulf of 
Mexico and the Caribbean at the start of the EWS in May 
is followed by an increase in June throughout the eastern 
Caribbean. This June increase in the NASH’s influence is 
accompanied by an anticyclonic circulation anomaly pat-
tern i.e. easterly anomalies over the Caribbean Sea and 
southerly anomaly over the Yucatan, Cuba and Hispan-
iola. In July, the strong influence of the NASH is evident 
in the increase in SLP over the entire CVA region, which 

is accompanied by a cyclonic (anticyclonic) circulation 
anomaly over the eastern Caribbean (western half of the 
CVA). There are also northerly anomalies over the Gulf of 
Mexico and easterly anomalies over the Caribbean Sea.

The SLP and low-level winds obtained from ERA are 
closely mirrored by the simulations (Fig.  10, rows 2–4) 
with minor differences. The negative change in SLP from 
April to May is greater in the PRECIS simulations, being 
more intense for D1. Positive SLP changes in June are 
shifted further west over Cuba, the western Caribbean Sea 
and Central America, except in D3, where negative changes 
persist over areas of Central America. D1 and D3 also 
show negative SLP values over the top-left corner of the 
CVA coincident with stronger southern wind anomalies. 
The further increase in SLP in July is well simulated for 
all domains, though in D3 the eastern area of weaker posi-
tive change is extended westward over La Hispaniola. In 
addition an area of negative change not seen in the reanaly-
sis is simulated near the eastern border of the CVA in D3, 

Fig. 9   MSD precipitation indicator 1991–1999 for CRU, UDEL and VASclimO observed rainfall over land, ERA, GPCP and CMAP reanalysis 
and D1–3 simulations. Brown regions indicate the presence of MSD
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strengthening the low-level cyclonic circulation anomaly in 
this region. The simulations reproduce the SLP reduction 
in August, but for D3 the negative anomalies are shifted 
southward, resulting in a stronger meridional SLP gradi-
ent over the southwestern Caribbean Sea accompanied by a 
slightly stronger westerly circulation anomaly. In compari-
son to D1 and D2, the stronger easterly flow in D3 could 
account for the simulated rainfall reduction in August over 
CAM for this domain (Fig. 8, land grid points) and for the 
extension of the MSD signal over almost all Central Amer-
ica (see again Fig. 9).

The Taylor diagrams shown in Fig.  11 do not suggest 
a strong impact of domain size on either the Caribbean 
rainfall annual cycle or the regional atmospheric circula-
tion associated with the MSD and the NASH influence. 
With respect to the annual cycle (Fig.  11, left panel), the 
RCMs tend to have smaller amplitudes than observed but 
are accurately phased with correlations greater than 0.9 
over land areas (greater than 0.8 over land + sea points, not 
shown). There are no clear differences between the perfor-
mance of the different configurations and the worst simu-
lations seemingly occur for the LCI subregion. The spread 
amongst the observed datasets for the different subregions 

is also evident. With respect to the simulated atmospheric 
circulation features related to the MSD and the NASH 
influence (i. e. month-to-month low-level wind and SLP 
as well as MSD low-level wind) (Fig. 11, right panel) D2 
appears as a marginally more skillful experiment with cor-
relation greater that 0.9 and amplitudes closer to ERA rea-
nalysis. The other two configurations also have high corre-
lations (greater that 0.8) but with slightly higher amplitudes 
and RMS differences.

3.3 � The Caribbean low‑level jet and seasonal low‑level 
circulation

The CLLJ manifests as a strong increase in the trades 
up to 700  hPa over a region delimited by 70°W–80°W, 
12°N–15°N, with maximum horizontal wind speeds of up 
to 16 m/s at 925 hPa (Amador 1998; Amador and Magaña 
1999; Amador et  al. 2000). Several studies associate the 
CLLJ with (1) the formation of the MSD over Central 
America (Magaña et  al. 1999), (2) intense rainfall over 
the Central America Atlantic coast (Amador and Magaña 
1999), (3) a minimum of tropical cyclones and a maxi-
mum of SLP in the Caribbean region (Wang 2007) and (4) 

Fig. 10   Month-to-month differences in sea level pressure (hPa) and 925 hPa wind vectors for ERA reanalysis, D1–3 from top to bottom rows, 
respectively. Positive (negative) SLP are in red (blue)
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rainfall anomalies over the Caribbean (Wang 2007; Whyte 
et al. 2008). The CLLJ also appears as the first mode of the 
zonal wind in July (Whyte et al. 2008). Whyte et al. (2008) 
locates the east–west jet axis at approximately 15°N and 
limits its vertical and meridional extent to the trade wind 
inversion and to the Andes to the south, respectively. The 
RCM’s ability to simulate the CLLJ’s is examined as well 
as other features of the low-level regional circulation. Fig-
ure 12 presents the annual cycle of the 925 hPa zonal wind 
averaged over 12.5°N–17.5°N, 80°W–70°W, which is the 
region normally used to define CLLJ index (Wang 2007; 
Whyte et al. 2008). D1 and D2 simulations produce a peak 
of maximum wind speed in July similar to that seen in ERA 
but overestimate the zonal wind speed early in the year. 
In contrast, D3 underestimates the speed during the sum-
mer months and produces a peak in June instead of July. 
It should be noted that there are substantial differences in 
the portrayal of the CLLJ annual cycle in ERA and NARR. 
NARR has zonal wind speed values for the CLLJ index 
which are lower than ERA and than that found in the peer-
reviewed literature (e.g. Amador 1998; Wang 2007; Whyte 
et al. 2008). Notwithstanding that NARR is a higher reso-
lution reanalysis, it does not accurately capture the CLLJ 
intensity even though it reasonably represents the shape of 
the annual cycle.

Figure 13 shows that the spatial patterns of zonal and 
total wind at 925  hPa in July are well-simulated by the 
RCM, especially for D1 and D2 configurations. Features 

such as the east–west band of strong easterly zonal wind 
located along 13°N, and the two exit regions of strength-
ened easterlies in the southwestern Caribbean and in the 
north (close to 18°N) are well-reproduced, though they 
are weaker (stronger) than observations in D1 (D2). 
Very strong in the northern exit region suggest a possi-
ble strengthening of the simulated Great Plain Low Level 

Fig. 11   Taylor diagrams for the land-sea grid points rainfall annual 
cycle in the CVA and the subregions (left) and month-to-month vari-
ations of atmospheric circulation as well as the low-level MSD cir-
culation pattern (right). In the left panel the numbers 1, 2, 3 indicate 
D1, D2, D3 and 4, 5, 6 represents to ERA, CMAO and GPCP, respec-
tively, while the red, green, blue and orange color indicate the CVA 

and the CAM, LCI and CPI subregions. In the right panel D1, D2 
and D3 are indicate by red, green and blue colors, respectively; cir-
cles, squares, triangles, multiplication sign, and circle with vertical 
bar, represent month-to-month zonal wind, meridional wind and SLP 
as well as zonal wind, meridional wind and wind magnitude, respec-
tively

Fig. 12   Annual cycle of zonal wind at 925 hPa (multiplying by −1) 
averaged over the CLLJ region (12.5°N–17.5°N, 80°W–70°W) for 
ERA and NARR reanalysis and D1–3 model experiments
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Jet which is connected to this branch of the CLLJ. It is 
noted, however, that the area of maximum wind (~16 m/s) 
appears clearly defined in D2 only and the region of 
winds higher than 14 m/s is extended slightly more to the 
north in D1 and D2. For D3, maximum wind values asso-
ciated with the CLLJ do not reach 14  m/s. Differences 
in the modeled low-level wind fields compared to ERA 
also occur over La Hispaniola and to a lesser extent west 
of Puerto Rico and Jamaica and over the eastern half of 
Cuba where the zonal wind strength is lower. These dif-
ferences suggest the effect of both mountain regions and 
land-sea contrast on the easterly flow which is not seen in 
the lower resolution ERA dataset but which are evident in 
(for example) higher resolution reanalysis such as NARR 
(not shown).

Finally, variations in the vertical structure of the atmos-
phere with latitude are generally very well-reproduced by 
each of the RCM simulations (Fig.  14). The simulations 
capture the dominant easterly flow during boreal summer, 
the stronger low-level winds between 12 and 18°N related 

with the CLLJ, and the position of the trade wind inversion. 
However, for D3 there is a reduced vertical gradient of the 
zonal wind component as a result of weaker easterly low-
level flow. In general, the simulated vertical structure of the 
circulation suggests enhanced vertical wind shear, where 
the shear is calculated as the difference between 200 and 
850 hPa of the magnitude of horizontal wind. The spatial 
distribution of vertical wind shear anomalies (not shown) 
is similar for D1 and D2 except that highest positive shear 
anomalies are placed over the Pacific in D1 versus over 
the central and western Caribbean Sea in D2. The D3 con-
figuration produces a very different vertical shear anomaly 
pattern with positive differences confined to the western 
half of the CVA and negative differences extending into 
the southwestern Caribbean. The simulated shear patterns 
likely further contribute to the systematic negative rain-
fall bias of all simulations by preventing the organization 
of deep convection, limiting the occurrence of heavy rain-
fall events and reducing the formation of tropical cyclones 
(Inoue et al. 2002; Wang 2007).

Fig. 13   1991–1999 July mean zonal wind (shaded) and total wind (vectors) for ERA reanalysis and D1–3 experiments
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4 � Summary and conclusions

In this paper the impact of three different domain sizes 
on simulated regional patterns of precipitation and atmos-
pheric circulation features of the Caribbean was assessed 
using the PRECIS RCM. The overall skill of PRECIS in 
reproducing key climate regional characteristics was also 
evaluated for the early (MJJ) and late (ASO) wet seasons.

With respect to model performance we note the 
following:

1.	 The skill of the model in reproducing large-scale pro-
cesses: The three RCM configurations simulate reason-
ably well the synoptic scale climatological patterns of 
precipitation across the Caribbean during the wet sea-
son, including the maximum off the Caribbean coastline 
of Panama, and the dry belt over the southern Dutch 
Caribbean Islands. Relevant features of the rainfall 
annual cycle over the defined subregions are also well 
reproduced by PRECIS for all domains. These include 
the distinction between the EWS and LWS and the rela-
tive rainfall reduction in July–August associated with 
the MSD. The model biases are similar to those found 
by Campbell et al. (2010). The difference between the 
latter study and this one is the driving data, suggesting 
that the simulated biases are are mainly due to the inter-
nal characteristics of PRECIS RCM over Caribbean i.e. 
they are independent of the driving information.

2.	 The importance of land processes: The model underes-
timates precipitation over most of the domain but par-
ticularly over land areas. The systematic overland dry 
bias of PRECIS appears to be related to an underesti-
mation of the large-scale rainfall but also to a weaker 
over-land hydrological cycle associated with less soil 
moisture being available for evaporation. The latter 
would yield less surface latent heat flux to the atmos-
phere and reduce the evaporative cooling of the atmos-
phere. In support of this, it is noted that the model (irre-
spective of configuration) exhibits a positive bias in 
mean tropospheric temperature of ~1.0 °C at 1,000 hPa 
and up to 0.6 °C at levels below 300 hPa (not shown). 
This would also help explain the warm bias in model 
simulations noted by Campbell et al. (2010).

3.	 Resolution and small islands climates: The added 
value of the RCM over (for example) ERA is seen in 
its better representation of the land-sea mask and orog-
raphy and the impact this seemingly has on the simu-
lated climate e.g. the apparent impact on the easterly 
flow (see again discussion of Fig. 13). It is noted, how-
ever, that the simulations produced a rainfall shadow 
leeward of the islands which we also associate with the 
RCM’s sensitivity to land surface and topography con-
figuration. The phenomenon is also seen in high spa-
tial resolution datasets such as TRMM but to a lesser 
extent. Although the effect appears over the sea adja-
cent to the landmasses, it may influence simulated rain-

Fig. 14   1991–1999 mean zonal 
wind (easterlies in green and 
westerlies in yellow) zonally 
averaged over the CVA for MJJ 
of ERA and D1–3 domains 
(from top to bottom)
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fall amounts over the nearest land grid points, and for 
this reason bears further investigation, especially with 
respect to improving the PRECIS model’s performance 
over regions with small islands.

With respect to the choice of domain we make the fol-
lowing observations:

•	 Discernible discrepancies between the PRECIS configu-
rations with respect to simulated rainfall are not seem-
ingly significant when both land and sea grid points are 
considered. When land-only points are analyzed the 
overall model ability decreases and D2 appears as the 
most skillful simulation (see again Fig. 7), but the dif-
ferences with the other domains are not substantial.

•	 The analysis of simulated cloud cover, evaporation, and 
rainfall frequency and intensity also suggests a similar-
ity between the domains, making it difficult to identify a 
better domain configuration.

•	 The atmospheric circulation patterns associated with 
the MSD, including the influence of the NASH during 
the year, are reasonably reproduced by the three con-
figurations. In this instance, D2 appears to be the best 
of all three simulations (see again discussion related to 
Fig. 11).

•	 The CLLJ is well reproduced by PRECIS over the D1 
and D2 configurations. For D2, the simulated annual 
cycle is slightly stronger than observed, especially in 
July. There is also a stronger vertical gradient of the 
wind field, and a stronger wind shear over the Caribbean 
Sea than seen in the ERA dataset (also seen in D1). The 
stronger vertical wind shear patterns likely contribute to 
the systematic negative rainfall bias in the simulations, 
but may not be the main determinant since the dry bias 
is also observed in D3 where the vertical shear is in fact 
weaker. The model simulates simulates a weaker east-
erly low-level flow for D3.

In general, the three domain configurations show more 
similarities than differences in the simulated results espe-
cially for D1 and D2. A reduction in domain size does not 
significantly impact the atmospheric circulation patterns, 
especially at the low level. More specifically, extending 
the domain further to east, as in D3, does not seem to yield 
substantially significant improvements, as some features of 
the regional circulation are less well represented in com-
parison to D1 and D2.

We conclude, then, that even though both D1 and D2 
present as good candidates for simulating the climate of the 
region and producing future climate projections, D2 may 
represent an optimal choice given the computational and 
other resource constraints of Caribbean institutions. This 
may have implications for future regional projects targeting 

the use of regional models including those geared toward 
participation in global efforts like CORDEX.

Finally, though the PRECIS RCM has been exten-
sively used and evaluated over European, Asian and Afri-
can domains, this study highlights the importance of also 
evaluating it over a geographically different region like the 
Caribbean where small land areas are surrounded by large 
bodies of water. As has been shown there is some value 
added by the inclusion of the land mass and topography of 
the small islands in the RCM.
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