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[1] The European Centre for Medium-Range Forecasts Reanalysis-40 and National Centers
for Environmental Prediction (NCEP)/Department of Energy reanalyses are downscaled
over the eastern Caribbean and Lesser Antilles using the NCEP-Scripps Regional Spectral
Model for Augusts when the Atlantic Warm Pool (AWP) area is the most anomalous.

The simulations show a two-way influence between the Lesser Antilles and the AWP: the
islands modulate the regional atmospheric circulation, and AWP variations modulate the
interannual variabilities of the islands. The Lesser Antilles introduce diurnal variations and
drag to the easterlies. The presence of the islands modulates the prevalent easterlies as a
result of the daytime heating of the islands and the consequent boundary layer expansion.
The modulations are sensitive to the islands’ size and topography. Small and flat islands act
as thermal plumes, but the modulations of large and hilly islands are during the daytime as
their boundary layer expands. The manifestation of the atmospheric response to the sea
surface temperature (SST) anomalies over the islands is sensitive to the island orography.
For most islands, the atmospheric response to the SST anomalies is reflected only during
the daytime. For all one-grid-point islands and Antigua, nighttime and dawn minimum
temperatures are modulated to the same degree as the daytime maximum. For island rainfall,
downscaling reduces the gross overestimations of rainfall in the reanalyses. However, our
downscaling results suggest that there is room for improvement in simulating the marine

surface diurnal cycle.

Citation: Chan, S. C., V. Misra, and H. Smith (2011), A modeling study of the interaction between the Atlantic Warm Pool, the
tropical Atlantic easterlies, and the Lesser Antilles, J. Geophys. Res., 116, D00Q02, doi:10.1029/2010JD015260.

1. Introduction

[2] The Atlantic Warm Pool (AWP) is a pool of tropical
warm water that forms during the boreal summer/fall season
over the Gulf of Mexico, the Caribbean Sea, and the tropical
western Atlantic [Wang and Enfield, 2001]. The AWP is part
of the greater Western Hemisphere Warm Pool (WHWP),
which includes both the tropical eastern Pacific and the
Atlantic. The extent of the WHWP/AWP is defined as the
area enclosed by the 28.5°C SST isotherm. The WHWP area
tends to be largest during the late boreal summer season
between August and September.

[3] A low-level easterly jet called the Caribbean low-level
jet (CLLJ) [Stensrud, 1996; Mo et al., 2005; Murfioz et al.,
2008] (hereinafter M08) overlies the AWP in the Carib-
bean. Unlike the AWP, which has only one seasonal maxi-
mum, the CLLJ has two: one in the boreal winter and another
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in the boreal summer. Here, we concern ourselves only with
the boreal summer, when the AWP area is the largest. The
CLLJ transports tropical Atlantic moisture westward toward
the Gulf of Mexico, where it meets with the Great Plains low-
level jet (GPLLJ). The latter transports moisture into the
continental United States and Canada [Rasmusson, 1967,
Bosilovich and Schubert, 2002]. The rainfall peaks in the
tropical Caribbean and continental Central America during
the boreal summer (with a drier midsummer period); how-
ever, rainfall over the Caribbean Sea is generally lower than
rainfall over tropical continental Central America and the
tropical East Pacific [Magaria et al., 1999].

[4] The interannual variability of the boreal summer CLLJ
easterlies is connected with the AWP through the movement
of the North Atlantic sea level subtropical high [ Wang, 2007].
The CLLJ is located on the southern flank of the Bermuda
High. Large (small) AWP is associated with weaker (stron-
ger) CLLJ easterlies and lower (higher) sea level pressure
over the Caribbean. Cook and Vizy [2010] (hereinafter CV10)
show strong LLJ (small AWP) is related to reduced rainfall
over the boreal summer Caribbean.

[5] Many studies have investigated the relationship
between the prevailing AWP variability and broader regional
climate [Wang, 2007; Wang and Lee, 2007; Cook and
Vizy, 2010]. Wang and Lee [2007] posit that an increase
in Atlantic hurricane activity occurs when AWP is larger.
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Figure 1. The domain used in the regional climate simulation. Major islands and surface topography are
shown. Water pixels are white. NDBC buoy 42060s coordinate (see section 7) is marked with an asterisk.

CV10 show a link between CLLJ variability and precipitation
over the United States in the boreal winter. The relationship,
however, does not exist during the boreal summer when AWP
is prominent because of the weaker changes in the zonal sea
level pressure gradients associated with the north Atlantic
subtropical anticyclone.

[6] Because of the small size of some of the Caribbean
islands (especially in the Lesser Antilles), most global climate
models simply cannot resolve the islands. Here we seek
to understand the following: (1) the islands’ impact on the
regional climate and (2) the AWP/CLLJ variability modula-
tion of the islands’ climate variability. This is accomplished
with a high-resolution regional dynamical model in which
the relatively small islands are explicitly resolved. Amador
[2008] showed that downscaling reanalyses improve the
representation of the lower troposphere winds. Here we chose
the National Centers for Environmental Prediction (NCEP)-
Scripps Institution of Oceanography (SIO) Regional Spectral
Model (RSM) [Juang and Kanamitsu, 1994; Kanamaru and
Kanamitsu, 2007].

[7] The island can interact with the surrounding water only
through the atmosphere. The interaction of the prevailing
low-level easterlies with the islands may occur at the meso-
scale level through the island’s orography and diurnal
variations. The heating-forced convective mixing [Holton,
2004], sea/land breezes caused by temperature contrasts,
and the drag on the atmospheric flow from the island’s
topography and land cover [Smith et al., 1997; Carbone
et al., 2000] are examples of possible interactions.

[8] Focusing only on topography interaction, Grubisi¢
et al. [1995] and Smith et al. [1997] showed that the island
shapes impact the turbulent wake generated. In our RSM
simulations, the Lesser Antilles have less topography than
in reality (see Figure 1 and compare with Figure 2 of Smith
et al. [1997]); however, the RSM is a major improvement
from having no islands at all in coarse-grid models.

[9] Section 2 of this paper discusses the major components
of the RSM and the data used in the study. Section 3 gives a
broad overview of the interannual variability of the AWP.
Section 4 describes the simulated island impacts on the sur-
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Table 1. The Lesser Antilles Resolved by RSM, Their Approxi-
mate Coordinates, and the Number of Grid Points the Islands
Occupy®

Latitude and Number of Number of Grid
Island Name Longitude Grid Points Points Along y
Barbados 59.6°W 13.3°N 5 3
Tobago 60.7°W 11.3°N 4 3
Grenada 61.8°W 12.1°N 3 2
St. Vincent 61.3°W 13.3°N 4 2
St. Lucia 61.0°W 13.9°N 11 5
Martinique 61.1°W 14.7°N 16 6
Dominica 61.5°W 15.4°N 12 6
Marie Galante 61.3°W 15.9°N 3 2
Guadeloupe 61.5°W 16.3°N 27 8
Montserrat 62.2°W 16.8°N 1 1
Antigua 61.8°W 17.1°N 5 2
Barbuda 61.8°W 17.6°N 1 1
Nevis 62.8°W 17.3°N 1 1
Trinidad 61.3°W 10.5°N 78 11

“Islands that occupy only one grid point and 10+ grid points are in boldface
and italics, respectively. Antigua is noted for its unique interannual
variability (see section 5).

rounding marine environment. In section 5, we describe how
interannual AWP variability forces changes to the Lesser
Antilles. Section 6 intercompares the simulated rainfall with
corresponding observations and reanalyses; section 7 pre-
sents in situ observations in the Lesser Antilles. Finally,
section 8 contains the conclusions.

2. Models and Data

2.1.

[10] National Oceanic and Atmospheric Administration
(NOAA) Extended Reconstruction Sea Surface Temperature
analysis version 3 (ERSST) [Smith et al., 2008] is used to
compute the AWP area. The AWP area is computed by
summing the area covered by pixels with SST higher than
28.5°C in the Atlantic, the Caribbean, and the Gulf of Mexico
between 0°N and 40°N. For RSM forcing, we have used the
daily averaged (diurnally invariant) European Centre for
Medium-Range Forecasts (ECMWF) SSTs [Fiorino, 2004].

AWP Sea Surface Temperatures

2.2. Atmospheric Reanalysis

[11] The ECMWF Reanalysis 40 (ERA-40) [Uppala et al.,
2005] and the National Centers for Environmental Prediction
(NCEP)/Department of Energy (DOE) [Kanamitsu et al.,
2002] reanalysis (hereinafter NCEPR2) are used to force
the RSM. ERA-40 is available from September 1957 to
August 2002. The assimilating model for ERA-40 is the
ECMWF operational model that was in operation between
June 2001 and January 2002. The ERA-40 assimilating
model uses Tiedtke convection parameterization [Tiedtke,
1989, 1993] and updated land surface and PBL schemes
that lead to improvements in high-latitude surface tem-
peratures. The input data for ERA-40 include upper air
observations from fixed stations and aircraft, surface station
observations, and various remote sensing data. NCEPR2
is available for all months since January 1979. NCEPR2 is
an update to the NCEP/National Center for Atmospheric
Research (NCAR) reanalysis [Kalnay et al., 1996], with
improvements to the land surface and hydroclimate of
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the NCEP/NCAR reanalysis. The assimilating model is
the NCEP Global Forecast System (GFS). The version of
GFS that is used for NCEPR?2 uses the Hong and Pan [1996]
PBL scheme and the simplified Arakawa-Schubert cumulus
scheme [Hong and Pan, 1998]. Upper air observations
assimilated into the NCEPR2 are similar to those of ERA-40
(J. Wollen, NCEP, personal communication, 2010).

[12] Detailed reanalyses intercomparisons are beyond the
scope of this paper. Both reanalyses use mass flux convection
and (corrected) K-theory boundary layer schemes. For the
tropics, Nigam et al. [2000] and Chan and Nigam [2009] have
intercompared the time mean and interannual variations of
diabatic heating (an integral measure of the general circula-
tion and convection in the tropics, sensitive to the assimilat-
ing model cumulus and boundary layer parameterization)
between ECMWEF and NCEP reanalyses. ECMWF reanal-
yses are found to have more intense time mean and inter-
annual varying tropical circulations.

2.3. NCEP-SIO RSM

[13] The NCEP-SIO RSM [Juang and Kanamitsu, 1994] is
a regional dynamic atmosphere-land coupled climate model.
RSM has undergone significant changes since its inception in
the 1990s, including the introduction of the scale selective
bias correction (SSBC) [Kanamaru and Kanamitsu, 2007]
to the model’s atmospheric component. The standard SSBC
nudges vorticity in spectral space toward large-scale forcing
data only in wavelengths larger than 1000 km, and forces
domain mean moisture and temperature perturbations to zero.
In our simulations, the horizontal nudging scale is reduced to
400 km owing to the small size of the regional domain and
high horizontal resolution. Apart from SSBC, reanalyses are
nested into the RSM at 6 h intervals in a six-point sponge
zone around the lateral boundaries of the regional domain.

[14] RSM uses the updated Kain-Fritsch cumulus con-
vection scheme [Kain and Fritsch, 1990; Kain, 2004]
(hereinafter KF-C) and PBL scheme by Hong and Pan [1996]
(same as in NCEPR2; hereinafter HP-PBL). The RSM land
surface component is the recently developed NOAH (NCEP-
Ohio State-U.S. Air Force-NWS Hydrology Laboratory)
LSM [Ek et al., 2003]. The KF-C scheme is a mass flux
scheme with convective downdrafts physics. Convection is
triggered when unstable updraft source layers are found with
the search beginning at the lowest model vertical layer.
Closure is assumed when 90% of the convective available
potential energy (CAPE) is removed. The HP-PBL scheme
takes into account PBL mixing due to both local gradient and
“large-scale” eddies (K-theory “diffusive” gradient-based
turbulent flux plus a “large eddy” correction). The PBL height
(hereinafter Hpp; ) is determined recursively by incrementally
changing Hppp until the Richardson number (Ri) matches
with a specified critical value (Ri.. = 0.5).

[15] RSM simulations are carried out at 8 km horizontal
resolution with a 20 s time step and 28 vertical sigma-
pressure levels. The Lesser Antilles isles resolved at 8§ km
are shown in Table 1. Upper atmosphere and single-layer
(including 2 m temperature) outputs are available at 3 h
and 1 h intervals, respectively. The simulation domain is
shown in Figure 1. The domain covers the eastern Caribbean,
the Lesser Antilles, and parts of South America and the
Greater Antilles. The islands are relatively flat compared to
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Table 2. Years Selected for RSM Downscaling Simulations®

Years

Simulated Large AWP
Simulated Small AWP

1987, 1995, 1998, and 1999
1984, 1986, 1992, and 1994

“The selection criterion is that the AWP area for the year has to be 1
standard deviation from the 1979-2001 mean.

continental South America; only Guadeloupe has “surface
topography” higher than 250 m. The core of the CLLJ is
located at the west end of the domain, and our domain extends
westward to the eastern LLJ entrance (see Figure 4).

[16] The simulations are carried out for August for the four
small and four large AWP years listed in Table 2. All simu-
lations begin on 0000 UT 29 July of the specified year. Initial
soil conditions are given by NCEPR2 surface analyses.

2.4. Precipitation Analyses and Other Data Used

[17] We have employed two precipitation analyses. For
“historical” comparisons (between large and small AWPs),
the Climate Prediction Center merged analysis of precipita-
tion (CMAP) is used [Xie and Arkin, 1997]. This CMAP
version does not assimilate NCEP/NCAR reanalysis. When
interannual variability is irrelevant, the 3-hourly and monthly
(3B-42/43) 0.25° resolution merged Tropical Rainfall Mea-
suring Mission (TRMM) analyses [Huffman et al., 2007] are
used.

[18] NOAA buoy and upper atmospheric sounding obser-
vations are used as well [Hamilton, 1986; Durre et al., 2006].
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Table 3. The Average, Median (and the Year of Occurrence), and
Standard Deviation of AWP Area for JJA, August, and ASO

Mean (km?) Median (km?), (Year) SD (km?)
JIA 4.19 x 10° 3.75 x 10%, 1979 1.84 x 10°
August 6.98 x 10° 6.57 x 10°, 1983 220 x 10°
ASO 6.53 x 10° 6.28 x 10°, 1996 245 x 10°

The observations are local “point” measurements, and differ
fundamentally with area-averaged gridded data sets (such as
precipitation and model analyses). However, insights can be
gained from the “point” in situ observations as they represent
the best estimate to the ground truth.

3. Interannual AWP Variations and Their
Atmospheric Signatures

[19] The interannual variations of the June-July-August
(JJA), August, and August-September-October (ASO) AWP
areas between 1979 and 2001 are summarized in Figure 2 and
in Tables 2 and 3. We have selected the Augusts when AWP
areas are +1 standard deviation from the 1979-2001 mean for
downscaling.

[20] August AWP areas are highly correlated (0.8+;
not shown) with both JJA and ASO seasonal AWP areas.
Therefore, August is a representative month of AWP forc-
ing for downscaling. The prescribed ERA SST differences
between the large and small AWP Augusts in our domain are
shown in Figure 3a. SSTs are about 1°C lower in the selected

1999 2001

Year

AWP(AUG)

Figure 2. The standard deviation normalized AWP area anomalies between 1979 and 2001. Blue, orange,
and yellow lines represent August-September-October (ASO), August, and June-July-August (JJA)

anomalies, respectively.
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Figure 3. The RSM (a) interpolated SSTs, (b) ERA-40-simulated, and (c) NCEPR2-simulated selected
large and small AWP Augusts (small minus large AWP Augusts). Contour intervals are 0.05°C and

02ms .

small AWP Augusts. The ERA SST differences decrease both
north and south of the Lesser Antilles.

[21] As discussed by Wang [2007], the AWP area has a
close relationship with the boreal summer CLLJ: stronger
(weaker) CLLJs are associated with smaller (larger) AWPs.
Shown in Figures 3b and 4 are the differences and composites
of reanalyses and RSM-simulated August 925 hPa zonal
wind (ug,s) for the selected large and small AWP Augusts.
Reanalyses and their regional simulations generally share
similar features. Large AWP Augusts have weaker low-level
easterlies across the simulation domain. The easterlies are
weaker across the Lesser Antilles; stronger easterlies are
evident in the open Atlantic to the east and the CLLJ core
to the west.

[22] For the RSM simulations, the island impact on the
monthly mean easterlies is clear. RSM-simulated easter-
lies are weaker in the immediate vicinity and to the west of
the islands, and mesoscale easterly maximums are evident
between the Lesser Antilles islands (Figure 4). Such features
are absent in both global reanalyses, which is not surprising
given their coarse model resolutions: NCEP Global Forecast
System (GFS) T62 (~180 km), ECMWF ERA-40 T159
(~100 km), and RSM’s 8 km horizontal resolution. Terrain-
flow interactions in the RSM simulations are evident in
northeastern Venezuela. There are enhanced 925 hPa east-
erlies on the southern flanks of elevated terrain where a LLJ
has been observed [Douglas et al., 2005].

[23] Maximum easterlies over the open Atlantic are shifted
farther north by about 5° latitude during the large AWP
Augusts. The ERA-40 ecasterlies are generally stronger

than the NCEPR?2 easterlies for both large and small AWP
Augusts. Similar interannual variations and interreanalyses
differences are reflected in the corresponding RSM down-
scaling simulations.

[24] The downscaled and reanalyses easterlies across the
islands are not only stronger, but they are also more uniform
during the small AWP years. With the exception of Trinidad,
925 hPa easterlies in the RSM simulations and ERA-40 are
uniformly 9-9.5 m s~ across all of the Lesser Antilles
for small AWP years. For the large AWP RSM simulations,
8+ ms ! easterlies can be found only near the northern end of
the Lesser Antilles (Leeward Islands). Over the southern end
of the island chain (Windward Islands), 925 hPa easterlies
weaken to ~6.5 m s ' during large AWP years.

4. Simulated Lesser Antilles-Surrounding
Environment Interactions

4.1.

[25] Changes to regional-scale flow change the climate on
the islands, and the islands themselves have their own impact
on the regional-scale circulation (as evident in Figure 4). The
most obvious impacts of the islands on the regional climate
are the introduction of diurnal variability and the increased
surface roughness of the island to the otherwise unobstructed
easterlies over the open Caribbean Sea. The prescribed RSM
Caribbean SSTs are daily averaged. However, the simulated
air-sea interface still has diurnal variability due to diurnal
varying surface atmospheric conditions and energy budgets.

Overview
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Figure 4. The reanalyses and their RSM downscaled ug,s for the selected (a, b, ¢, d) small AWP (1984,
1986, 1994, and 1992) and (e, f, g, h) large AWP (1998, 1999, 1987, and 1995) Augusts. The reanalyses are
plotted in Figures 4a, 4c, 4e, and 4g, and their downscalings are in Figures 4b, 4d, 4f, and 4h. Contour inter-

vals are 0.5 ms .

For brevity, the discussion here will concentrate on the
ERA-40 downscaling.

[26] Tt is only natural to begin with a discussion that con-
trasts the diurnal variabilities over the islands with the nearby
water. That information is presented in Figure 5: the RSM-
simulated diurnal variability of the 2 m temperature (T,,),
PBL depth (Hpgy ), and 10 m wind speed (WS;onm). Since it is
evident from Figure 4 that there is a distinction between the
east (upwind, where the mean flow originates) and the west
(downwind, where the mean flow is going) of the islands, our
composite in Figure 5 is also further divided into downwind
and upwind waters. The island average is normalized by total
surface area covered by the islands. In other words, the value
is biased toward the large islands.

[27] The simulated diurnal T,,, variability over water is
much weaker than it is over the islands. During the daytime
(nighttime), islands are warmer (colder) than the surround-
ing waters. Temperatures are highest over the island shortly
after noon and are lowest in the dawn hours, with a typical
diurnal range of about 5°C. The T,,, over water shows signs
of a subdiurnal cycle: temperatures are moderately lower
(~0.5°C) during the afternoon hours and are highest during

the overnight hours and at dawn. The simulated diurnal var-
iability of Hppy is also higher over the islands than over water,
consistent with the diurnal variations of Ts,.

[28] The composite island nighttime/dawn T, minimum
is slightly higher during the large AWP years (<0.3°C).
The early afternoon T,, maximum shows a much larger
change (~0.7°C). The simulated island temperature anomalies
responding to the surrounding SST anomalies are reflected
mostly in the daytime.

[29] The simulated diurnal variations of WS¢, over water
are consistent with the lower troposphere wind diurnal cycle
as analyzed by MO0S8: surface/lower tropospheric winds are
strongest overnight and are weakest during the afternoon.
Over the islands, WS, are much lower; wind speeds are
about one fourth of the wind speeds over open waters.
Curiously, the wind speed is strongest over the islands during
the daytime, when the open water wind speeds are lowest. We
will discuss this in further detail in section 4.2.

[30] The WSiom (Tom) is lower (higher) on the downwind-
leeward side of the islands than on the upwind-windward
side, but the difference itself is diurnally varying and is largest
during the afternoon. Air that is warmed over the island is
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being advected westward. Therefore, T,,, over water west
of the islands remains elevated by about 0.1-0.2°C until
about 2200 local standard time (LST).

4.2. The Richardson Number Problem

[31] The question is then “How do the islands modulate
the climate in the open water around them”? This is fun-
damentally tied to how the islands can impact the flow
surrounding environment. At first order, the problem is
essentially a gradient (derivative)/bulk (finite-differencing)
Richardson number (Ri) problem. That is, how do the verti-
cally sheared CLLJ easterlies, strongest in the lower tropo-
sphere and weakening toward the surface, respond to the

islands’ diurnal heating?
90,
0z _gAz Af,

g
Tv ou 2 Ov 2™ Tv Au2+Av27
(&) *(&)

Ri=Fr?=

(1)

where Fr, g, u, v, Ty, and 6, take on their usual meanings: the
Froude Number, the approximate gravitational acceleration
near the Earth’s surface (2~ 9.81 ms ), zonal and meridional
wind speeds (u, v), virtual temperature (7', = T(1 + 0.6q)), and
virtual potential temperature (6,). The CLLJ is dominated by
the zonal component (M08); however, diurnal variations of
the meridional component are significant (CV10). During the
daytime, the growth of Hpgp over the islands (Figure 5b)
leads to vertical mixing of potential temperature, moisture
(specific humidity, q), and momentum (which leads to the
reduction of the vertical shear).

[32] The impact of the widening of the boundary layer and
vertical mixing over the islands is clearly illustrated in
Figure 6, where we have plotted the diurnal variability of
the vertical differences of q, wind shear, and 6, between the
1000 hPa and 925 hPa isobars over the islands. The shear
between 925 hPa and 1000 hPa isobars is highest during the
nighttime and is reduced during the daytime when stronger
easterlies mix down toward the surface (Figure 6b) and
strengthen the surface wind speeds (as seen in Figure 5¢). The
opposite applies with moisture: air is drier aloft, and mixing
reduces the negative difference (Figure 6a).

[33] The reduction of wind shear between 925 hPa and
1000 hPa is associated with a reduction of average wind speed
of the lower troposphere. Shown in Figure 7a is the aver-
age wind speed (WS) between 925 hPa and 1000 hPa. The
average WS is lowest during the daytime (~0.5 m s ' less
than the nighttime/dawn maximum) as kinetic energy of the
mean flow is lost to turbulent kinetic energy (TKE) through
diurnal vertical mixing [Holton, 2004].

[34] Considerable PBL variations are observed between
the different islands. Some of the individual islands stand out:
the small islands have weaker diurnal variations, and Trinidad
has a distinctly large variation. All the one-grid-point islands
(Nevis, Barbuda, and Montserrat; boldface in Table 1) and
some of the smaller islands (Marie Galante and Antigua) have
weaker diurnal variability in the vertical wind shear and 6,
differences.

[35] The one-grid-point islands, Marie Galante, and
Antigua have T, diurnal variabilities that are comparable
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to those of the other islands. In Figure 8, we have shown the
diurnal variability of the same three variables used in Figure 5
over the individual islands. With the exception of Trinidad,
T, varies between 26°C and 30°C. The three one-grid-point
islands stand out in terms of the daily average WS, which
is higher by about 0.5 m s~' compared to that of all other
“bigger” islands. Unlike the WS;q,, of the one-grid-point
islands, the WS, of Marie Galante and Antigua is generally
comparable to that of the other Lesser Antilles islands (except
Trinidad).

[36] Trinidad’s diurnal mean and variability are particularly
notable. Trinidad is not only the largest of the islands, but it’s
location, close to the South American coast with far less open
water downwind to the west, is unique. Because of its geo-
graphical location and its relatively large size among the other
Lesser Antilles islands, Trinidad warrants a study specifically
focusing on it alone.

[37] Unlike Trinidad, the one-grid-point islands are crow-
ded toward the northern end of the Lesser Antilles and are the
farthest away from the South American coast. We will discuss
the location of the one-grid-point islands in detail in section 5
under interannual variability, especially in comparison with
Antigua, a “larger” island that is in proximity to the three
one-grid-point islands.

[38] The other islands between Trinidad and the one-grid-
point islands have varying degrees of diurnal variability in the
925 hPa and 1000 hPa vertical difference of T,, 6, q. Using
Figure 8 as a reference, we have plotted ug,s at the time Hpg
are deepest (~1400 local time) and shallowest (~0500 local
time) in Figure 9. The local 1400 local time ug,s is charac-
terized by alternating stronger easterlies between and behind
the islands and weaker easterlies in front of (windward side)
and behind (leeward side) the islands, a classic signature of
lee waves. The feature is simulated regardless of whether the
AWP is anomalously large or small. The feature is absent
at the northern end of the islands near the one-grid-point
islands. At 0500 local time (Figures 9b and 9d), the easterlies
are stronger over the open water, and lee wave features are
actually less prominent. Easterlies remain relatively weak
upwind of the islands in large AWP years as compared to the
small AWP years.

[39] Equation (1) tells us how the island modifies the mean
flow when it crosses over the islands. During the daytime,
wind speeds increase near the land surface, and vertical shear
is reduced as island thermals mix momentum downward. If
the islands are “flat,” the diurnal cycle of lower troposphere
is controlled only by the diurnal thermals (Ri increases). For
“hilly” islands, increased terrain interaction leads to increased
mechanical turbulence and gravity waves (Ri decreases).

[40] The diurnal variations of thickness (Az) and average T,
between 925 hPa and 1000 hPa isobars are small (Figures 7b
and 7c¢).

Tv.day - Tv,night sz,day - sz.night

- 7 — < 0.01, 2
. )
E ~ AZday ~ AZnighh (3)
TV ~ Tv,day ~ Tv.night~ (4)
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Figure 6. Similar to Figure 5 but for the different islands (labeled) and the difference of (a) specific
humidity (qoas-q1000), (b) wind shear (squared) (ugas — U1000)” + (Voas — Viooo)>, and (c) virtual potential
temperature (6, 925-0y.925) between 925 hPa and 1000 hPa isobars.
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Figure 7. Same as in Figure 6 but for the 925 hPa and 1000 hPa average WS (1/2(WSg25+WS1000)),
average T, (1/2(Ty 9251 Ty.1000)), and the difference of 925 hPa and 1000 hPa geopotential height (“thick-
ness,” Zgz5-Z1000)-
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Figure 8. Similar to Figure 6 but for the diurnal variability for the ERA-40 downscaled (a) Ty, (b) Hpgy,
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and (¢) WS om over the resolved individual Lesser Antilles isles.
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Figure 9. The (a, b) small and (c, d) large AWP composite ug;s at (left) 1400 local standard time (1800 UT)

and (right) 0500 local standard time (0900 UT) over the eastern Caribbean. Contour intervals are 0.5 ms .

The Richardson number diurnal variations become diurnal
variations of the vertical shear (squared) and 6, differences in
the lower troposphere.

Ridtzy ~ ( Aev,day ) Auzight + Avgight _ ( Aev‘day ) (Sduy >_]
Rinight A0v,night Aufmy + Avﬁay A6‘\/,mght Snight

(5)

S = Au? + Av? = (w1000 — tss)*+(Viooo — voas)*,  (6)

1

where S is the shear term. The diurnal variations of S, A#,, and
Ri of the individual islands are shown in Table 4.

[41] Ri decreases during the daytime for larger and hillier
islands. For smaller islands, Ri increases during the daytime.
The hilly islands (such as Guadeloupe and Martinique)
have especially low values in the third and sixth columns of
Table 4. Terrain heating leads to higher 6, on the 1000 hPa
isobar through elevated sensible heating. This is the same as
saying a smaller Af, and a stronger reduction of reduced
gravity (the Brunt-Viisild frequency), and that drives Ri down.
For the smaller islands with poorly resolved topographic
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Table 4. Diurnal Variations (Fractional) of 925 hPa and 1000 hPa
Vertical Wind Shear (S), 6,, and Bulk Richardson Number of the
Lesser Antilles®

Small AWP Large AWP

Saqy  Abvaey  Riagy  Siy  Abvasy  Riagy

Island Suight  AOynight Rinighe  Suight  AOypighe  Rinigns
Barbados 0.539 0.453 0.840 0.468 0.337 0.721
Tobago 0.536 0.554 1.033 0.481 0.448 0.931
Grenada 0.530 0.492 0.928 0.486 0.389 0.800
St. Vincent 0.513 0.426 0.829 0.441 0.348 0.788
St. Lucia 0.472 0.254 0.539 0.394 0.202 0.512
Martinique 0.437 0.150 0.344 0.367 0.098 0.266
Dominica 0.432 0.354 0.818 0.397 0.244 0.614
M. Galante 0.608 0.730 1.201 0.510 0.584 1.146
Guadeloupe  0.408 0.134 0.327 0.354 0.087 0.247
Montserrat  0.612 1.112 1.816 0.610 0.942 1.544
Antigua 0.546 0.485 0.888 0.497 0.372 0.748
Barbuda 0.769 1.080 1.404 0.710 0.923 1.300
Nevis 0.705 1.048 1.488 0.757 0.864 1.141
Trinidad 0.393 0.255 0.650 0.346 0.218 0.631

See equations (5) and (6). Islands that occupy only one grid point and 10+
grid points are in boldface and italics, respectively. Antigua is noted for its
unique interannual variability (see section 5).

features, the islands act as hot spots with their surface terrain
comparatively unimportant. In Table 4, sixth column values
are systematically lower than those of the third column. This
difference is related to the preferential sensitivity of daytime
temperatures to AWP anomalies (see section 5).

[42] Despite the increased mechanical-generated turbu-
lence for the larger and hillier islands during the daytime, the
increase of mechanical lee waves is still fundamentally
connected with heating-induced reduction of vertical stabil-
ity. The above results also show that the modeled island-
atmosphere interaction is sensitive to the model-resolved
island size and topography.

4.3. Why Do “Antilles-less” Reanalyses Have Wind
Minimums Near the Islands?

[43] The impact of islands on the easterlies across the
eastern Caribbean is explicitly resolved by RSM model
dynamics. However, global reanalyses cannot resolve the
impact of an island without actually having the island
resolved within the assimilating model. The validity of
Figure 4 is then called into question: there are 925 hPa east-
erly minimums in the vicinity of the Lesser Antilles in both
ERA-40 and NCEPR2 reanalyses. Upper air observations
from the Lesser Antilles are assimilated into both reanalyses
even though the islands do not exist in the assimilating model
[Uppala et al., 2005; J. Wollen, NCEP, personal commu-
nications, 2010]. Further analysis of this feature is beyond the
purview of this paper. However, the above discussion high-
lights the value of producing high-resolution regional
reanalysis, in which the true impacts of the island are
explicitly resolved.

5. The Relationship With AWP Variability
and Island Diurnal Variability

[44] In section 4, we focused on the islands’ impacts on the
regional climate. In section 5, we revisit Figures 3 through
8 to focus on how changes of AWP are reflected on the
islands.
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[45] As shown in section 4, the simulated interannual var-
iability of the island’s diurnal variability is dependent on the
size of the island. AWP variability can influence the island’s
climate by modulating tropical cyclone activities [ Wang and
Lee, 2007]. For the eight selected Augusts, only one tropical
storm/hurricane entered our domain (TS Arthur, 1984)
[Lawrence and Clark, 1985]. In this paper, however, changes
in tropical cyclone (and other synoptic) variability will not be
discussed. We will focus on diurnal variability as we did in
section 4.

[46] Because of our experimental design (prescribed daily
mean SST) and the lack of diurnal variability over the ocean,
the AWP interannual variability of T,,, and winds over water
is most pronounced in the shift of the daily average (Figure 5).
Over the islands, both daily maximum and minimum T, are
increased during the large AWP Augusts; however, the
change of daily T,,, maximum at interannual scales is clearly
larger than the daily T, minimum (Figure 5a).

[47] The composite diurnal variability of T,.,, Hpgr, and
WSiom is shown in Figure 8 for the ERA-40 downscaled
integrations. This information is also summarized in Tables 5
and 6 where we present the differences of diurnal minimum,
maximum, and average Ty, between the large and small
AWP years. Table 6 shows the average both in terms of island
land area average (Island (per island land area); same as in
Figure 5, equation (7)), and as an island average (Island (per
island), equation (8)):

N
Z ay T2m,n
Tom(i) = nlei ; N = # island grid points (7)
> an
n=1
Ly
| M > aiTom;
Tomginy = MZ 1:1L7 i M = # islands,
m=1 Z a
=
L,, = #grid points on island m, (8)
where a is the area of grid point as referred by the subscript

(n and /).

[48] In agreement with the results shown in Figure 5, the
interannual variability of the daily T,, maximum over all
individual islands is larger than the interannual variability of
the daily T,,, minimum. The average change between large
and small AWP (Table 6, tenth, eleventh, and twelfth col-
umns) of the maximum, minimum, and daily average Ty,
over the islands, however, is approximately the same
regardless of whether this averaging is performed per area or
per island. But the actual values of the maximum and mini-
mum T, are dependent on the averaging method. Averaging
per island reduces diurnal temperature range AT, (fourth
and eighth columns in Table 5). The interannual variability of
daily average T,,, over the islands is smaller than the simu-
lated values over water. The T, variability over water itself
is weaker than the variability of the prescribed diurnally
invariant daily average SST. The prescribed SST differences
between large and small AWP Augusts are at least 0.9°C
around the Lesser Antilles (see Figure 3).
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Table 5. The Simulated Daily Maximum (T axom), Daily Minimum (Tyinom), Daily Range (AT,y,), Daily Average Top, (°C), and Their

Differences for the Islands During Small and Large AWP Augusts®

Difference Between Small

Small AWP Large AWP and Large AWP

Island Tinaxom Tinin2m ATy Tom Tinaxom Tinin2m ATy, Tom Tinaxom Tininzm Tom
Barbados 29.2 259 3.3 27.1 30.0 26.1 3.9 27.6 0.8 0.2 0.5
Tobago 28.7 259 2.8 26.9 29.6 26.1 3.5 27.4 0.9 0.2 0.5
Grenada 28.8 25.9 2.9 27.0 29.6 26.2 3.4 27.5 0.8 0.3 0.5
St. Vincent 28.8 25.4 3.4 26.7 29.6 25.7 39 27.1 0.8 0.3 0.4
St. Lucia 29.5 253 4.2 26.9 30.3 25.5 4.8 27.3 0.8 0.2 0.4
Martinique 29.6 25.3 4.3 26.9 30.3 25.5 4.8 27.4 0.7 0.2 0.5
Dominica 30.2 26.0 4.2 27.6 31.0 26.3 4.7 28.1 0.8 0.3 0.5
M. Galante 29.4 26.4 3.0 275 30.4 26.8 3.6 28.1 1.0 0.4 0.6
Guadeloupe 30.0 24.9 5.1 26.9 30.9 253 5.6 27.5 0.9 0.4 0.6
Montserrat 29.1 26.4 2.7 274 29.8 27.0 2.8 28.0 0.7 0.6 0.6
Antigua 29.9 26.1 3.8 27.6 30.7 26.7 4.0 28.3 0.8 0.6 0.7
Barbuda 29.0 26.5 2.5 27.5 29.8 27.2 2.6 28.2 0.8 0.7 0.7
Nevis 29.2 26.6 2.6 27.7 30.0 27.2 2.8 28.3 0.8 0.6 0.6
Trinidad 28.5 23.8 4.7 25.6 294 24.0 5.4 26.2 0.9 0.2 0.6

“Islands that occupy only one grid point and 10+ grid points are in boldface and italics, respectively. Antigua is noted for its unique interannual variability

(see section 5).

[49] The reason averaging by islands leads to a smaller
diurnal temperature range is illustrated in Table 5. For most
(not all) islands, the change in minimum daily temperature is
less than half of the change in daily maximum temperature.
But all one-grid-point islands and Antigua have daily mini-
mum temperature changes that are twice as large as the
changes for the rest of the islands. Marie Galante, whose PBL
diurnal variation shares similarities with that of the one-grid-
point islands and Antigua, has a large versus small AWP
T,m difference that resembles that of the larger islands. The
change of daily average T, for all the one-grid-point islands
and Antigua is, therefore, a consequence of the changes in the
daily mean T, from the interannual variations of the AWP.
For the other islands, including all islands that are represented
by more than 10 grid points, the change due to AWP varia-
tions comes largely from the changes in daily T,,, maximum.

[so] The simulation results over the one-grid-point islands
are consistent with the results from section 4.1. The small
islands display diurnal T,,, variabilities comparable to those
of'the large islands, but the small islands are unable to modify
local wind circulations. Therefore, as far as the low-level
winds are concerned, the islands do not exist. However, why
does Antigua behave the same way as the one-grid-point
islands? The location of Antigua further complicates the
problem as the one-grid-point islands and Antigua are all in
the same vicinity, in the northern end of the Lesser Antilles,

where the interannual variations of the low-level easterlies
due to AWP variations are relatively weak (see Figure 3).

6. Precipitation Changes and Sensitivities
to Forcing Reanalyses

[51] The discussion so far has focused on temperature and
lower tropospheric winds. As for the actual local impacts,
precipitation is of higher importance than both temperature
and lower tropospheric winds. The relationship between
Caribbean rainfall anomalies and AWP variability is well
understood [Wang, 2007]. The precipitation differences
between the large and small AWP Augusts may not be very
surprising; naturally, warmer SST (larger AWP) will lead
to increased precipitation. What may be of more interest are
the differences between the reanalyses and the sensitivity of
the RSM simulation to the forcing reanalyses.

[52] The height of Central America midsummer drought
occurs during August, but such drought is not as evident
in the eastern Caribbean [Magaiia et al., 1999; Amador,
2008]. The composite August RSM and reanalyses pre-
cipitations are shown in Figure 10. As a comparison, CMAP
and TRMM precipitation analyses are shown in Figure 11. As
expected, rainfall is decreased for the small AWP Augusts
(Figures 10a—10d) for both reanalyses and RSM simulations;
the differences between the large and small AWP simulations

Table 6. The Average Simulated Daily Maximum (Tpaxom), Daily Minimum (T yinom), Daily Range (AT,y,), Daily Average Top, (°C),
and Their Differences Over All Islands and Water Grid Points Within the Box (11.0°N-18.0°N and 58.0°W-62.5°W) for Small and Large

AWP Augusts®

Difference Between Small

Small AWP Large AWP and Large AWP
Terrain Tmame Tmin2m Tmame Tmame Tmame Tmian AT21‘n TZm Tmax2m Tmin2m TZm
Islands (per island land area) 29.7 25.5 4.2 27.0 30.5 25.8 4.7 27.6 0.8 0.3 0.6
Islands (per island) 29.3 25.9 3.5 272 30.2 26.3 3.9 27.8 0.9 0.4 0.6
Water 27.2 26.8 0.4 27.0 27.9 27.4 0.5 27.7 0.7 0.6 0.7

“The island averages are computed both in terms of per island land area (Trinidad excluded; weighting in favor of the larger islands) and per island. See

equations (7) and (8). The box is the same box as in Figure 5.
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Figure 10. The ERA-40 reforecasted, NCEPR2 reforecasted, and RSM-simulated precipitation for the
selected (a, b, ¢, d) small and (e, f, g, h) large AWP Augusts. Contour intervals are 2 mm d .
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Figure 11. Same as in Figure 10 but for (a, b) CMAP and (c) merged TRMM precipitation analysis.
Figures 11aand 11b show CMAP precipitation for the selected small and large AWP Augusts, and Figure 11¢
shows TRMM 1998-2010 August averages. (d) CMAP differences; contour intervals are 0.5 mm d .
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Figure 12. Same as in Figure 5 but for (a) ERA-40 downscaling precipitation and (b) NCEPR2 down-
scaled precipitation. Units are in mm d ™.
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Figure 13. (a) Observed and (b) RSM-simulated upper atmosphere soundings over Barbados for August
1994.
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Figure 13. (continued)
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Figure 14. Same as in Figure 13 but for 1998.

are most noticeable for the Leeward Islands. CMAP analysis
shows a similar precipitation decrease, with the bulk of the
decrease to the east of the Lesser Antilles.

[53] For the RSM simulations, “bull’s eyes” in precipita-
tion line up along the islands. Because of the coarse resolution
of the CMAP analysis, it is not possible to distinguish such
island maximums (Figures 11a and 11b). For TRMM analysis

(Figure 11c¢), there are hints that such maximums exist. Over
open waters, RSM downscaled simulations have less pre-
cipitation than their original forcing reanalysis. Precipitation
in ERA-40 has a tendency to be higher than NCEPR2 pre-
cipitation, and the downscaled simulations follow the same
pattern. To summarize the differences, we have plotted the
differences between the islands and water in Figure 12 in the
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Figure 14. (continued)

same manner used in Figure 5. In the NCEPR2 simulations,
the “increased” midday precipitation over the islands for
small AWP years is so small that it is only one third of the
small AWP ERA-40 simulations.

[54] A more convectively and wet ERA-40 tropical and
equatorial Atlantic relative to NCEP/NCAR reanalysis is

mentioned by Uppala et al., [2005] and Chan and Nigam
[2009]. Because of the similarity between NCEPR2 and
the NCEP/NCAR reanalysis assimilating model, the differ-
ences here between ERA-40 and NCEPR?2 are not surprising.
Regardless, compared to CMAP, both reanalyses over-
estimate the actual rainfall for both warm and small AWP

20 of 25



D00Q02 CHAN ET AL.: ATLANTIC WARM POOL, EASTERLIES, ISLANDS INTERACTIONS D00Q02

39 7_07) _201_0/(_)8, _Buc_> 4_120_6(1_Diu_rn0LvﬁorioFion_sﬁ: SS_T(°_C), .T""(.OC)Z W_S(m_s")_ 8.5
31.51 e e e e B B B T R e T R R I I8
31 - A RER EER EER B N R ) R EER ER FE R R SRR RR S ¥ X
30.54 : SRR ok i ) D e S B
301 P CRW AR O 77:—::"'/':é___:—‘é= 165
29.5 1 P A e | 1 g g ——0 L6
291 : P;4;jj»é4r{jﬁjjﬁj*t?%x;3::j;;;f:_fi—%=—¥1_;}é—55
28.5- R e o I o RS PR PR ERR. co o ‘ -5
28 . Colk -4.5
27.5- SR urtt SH) B FEE R O : | -4
o7d e : sk k .35
S T O A 0 0 O
26 +————"r—-"--—1+r——-—rtr—tttt—t—t—t—t—r—t—+t 2.5
20 23 02 05 08 11 14 17 20
3y b) 2010/08, Buoy 42060 — TRMM 3B42: SST(°C), Tu(°C), Rainfall (mm dy™)

11AUG T 16AUG 21AUG  26AUG
c) 1998/08, RSM(ERA40): T,.(°C), Rainfall (mm dy™")

1AUG 26AUG

Figure 15. (a) The diurnal variability (in local time) of surface air temperature (blue), wind speed (orange),
and SST (green) as observed by NBDC NOMAD buoy 42060 for August 2010. (b) The buoy hourly surface
air temperature (blue), SST (green), and box-averaged 3-hourly 3B42 TRMM precipitation (see text). Pass-
ing tropical systems (TS Danielle and Hurricane Earl) are marked. (c) As a comparison, RSM-simulated
marine (islands excluded) T,,, and precipitation for August 1998 are shown.
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Augusts. A reduction of the rainfall in the RSM simulations
over the Lesser Antilles and the open waters is an improve-
ment over the original reanalyses.

7. In Situ Observations

7.1. In Situ Upper Air Observations

[55] Twice-a-day (2300—0000 UT/1900-2000 local time
and 1100-1200 UT/0700-0800 local time) vertical soundings
are available from Barbados Grantley Adams International
Airport for the period between 1965 and 2007 [Durre et al.,
2006]. Because of the sounder launch times, the data are
unsuitable for any day versus night comparisons. However,
quantitative comparisons can be made between large and
small AWP years.

[s6] Because of the unavailability of 925 hPa-level upper
air observations from earlier years, here we compare 2 years
from the 1990s (1994 and 1998). The time-averaged August
observed and RSM-simulated vertical soundings from
Barbados for those two years are shown in Figures 13a, 13b
and 14a, 14b. The features of the soundings are generally
consistent with the discussions in sections 3, 4, and 6. Both
soundings indicate a moist and well-mixed boundary layer.
High relative humidity is evident at 925 hPa. Above 925 hPa,
there is a rapid decrease of dew point with height and reduced
lapse rate. That hints at the existence of inversion-capped
boundary layer clouds.

[57] The large 1998 AWP has a more unstable troposphere
(higher CAPE) than the 1994 AWP, consistent with the
difference of rainfall between the large and small AWP
Augusts. RSM-simulated CAPE is lower than the soundings,
but both sounding and simulated CAPE values are high
(1000+ J kg "), suggesting an unstable troposphere.

7.2.

[s8] We obtained buoy observations for the Caribbean
from the National Data Buoy Center (NDBC) [Hamilton,
1986]. Buoy 42060 (16.5°N, 63.5°W; marked in Figure 1)
is located approximately 150 km west of Montserrat. How-
ever, “historical” hourly data are available only after 2009,
so direct comparisons with our model simulations are not
possible.

[59] Shown in Figures 15a and 15b are the diurnal averages
and hourly August 2010 observations from buoy 42060. To
illustrate synoptic variability, 11°N-18°N 58°W—-62.5°W
box-averaged (same box used in Figure 5) TRMM 3B42
rainfall analyses over the eastern Caribbean are plotted as
well. Buoy 42060s diurnal air temperature range is ~0.4°C,
comparable to the RSM-simulated values (see Figure 5).
However, there are differences in the diurnal phase, with
observed air temperature tending to peak at dusk hours.

[60] Buoy-measured surface wind speeds tend to show a
high degree of variability with the standard deviation on the
same order of the hourly diurnal average value. Buoy wind
speeds tend to be at a minimum during late afternoon and
dusk hours. RSM-simulated surface wind speed minimums
tend to occur 2-3 h earlier at around 1400-1500 local time
(Figure 5b).

[61] Temperature variations (+1°C) associated with lower-
frequency synoptic variability are much larger than diurnal
variability. Cooler buoy air temperature can be seen after
notable rainfall events. As a quantitative comparison,

In Situ Ocean Observations
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Figure 15b is reproduced for 1998 for the RSM simula-
tion (Figure 15c). Synoptic variations dominate the RSM-
simulated precipitation variability for the region. Both
Figures 15b and 15c imply a 1-10 day returning period of
synoptic rainfall events, consistent with observed Atlantic
easterly wave variabilities [Reed et al., 1977]. A realistic
representation of periodicity of rainfall events is hardly
unexpected, as the simulations are forced by reanalyses.
However, the apparent relationship between surface air tem-
perature and rainfall is not evident.

8. Discussions and Conclusions

[62] In this paper, we have discussed how the Lesser
Antilles climate is modulated by the AWP variability and
how the islands themselves are modulating the marine climate
of the eastern Caribbean. The simulated interactions between
the islands and the regional climate are diurnally varying as
a consequence of the diurnal heating of the islands. Island
interactions are strongest during the daytime as the islands
warm and their boundary layer expands.

[63] AWP SST anomalies can be communicated to the
islands only through the atmosphere. The island’s diurnal air
temperature variability is much higher than that of the sur-
rounding water, and the simulated maximum air temperatures
over the island differ greatly from the marine environment
that surrounds it. Therefore, it is natural to ask how the AWP
anomalies manifest in the islands. For surface temperatures
on the “larger* islands (islands greater than 10 grid points),
the manifestation appears only during the daytime. During the
nighttime, the decoupled boundary layers and land breezes
keep the islands essentially isolated. The island must be large
or hilly enough to modulate the mesoscale atmospheric
circulations around it, as shown in Figure 9. For all one-
grid-point (smallest resolvable) islands, the island is just too
small to interact with the prevailing low-level easterlies,
and the temperature anomalies over the islands, day or night,
largely reflect the anomalies of the SST around the islands.

[64] The peculiarity of Antigua’s changes of maximum
and minimum temperature raises the question of whether
Antigua’s location and shape have played a role. In light of
the existence of islands similar to Antigua in area size and
Richardson number diurnal variation (such as St. Vincent and
Barbados), results here suggest that Antigua’s location may
have played a role. A prerequisite for a detailed study for the
above problem is a dynamical model that can resolve the
coastlines of the smaller islands. RSM is unsuitable for such
a high-resolution modeling study because the model is not
designed for nonhydrostatic dynamics and cloud-resolving
physics.

[65] CV10 have pointed out the importance of thermally
forced pressure gradients in forcing diurnal variations of the
CLLJ. In Figure 16, we show the meridional mean T,,,, across
our domain at 0500 1400 local time; the island chain intro-
duces a ~0.2°-0.4°C perturbation against the background
zonal negative temperature gradient. At noon, the zonal
gradients of temperature to the west of the islands are
weakened as aresult of the island. The warmed islands should
lead to a lower tropospheric trough to the east of CLLJ core.
Following the arguments by M08 and CV 10, the zonal tem-
perature gradients would introduce a geostrophic northerly
wind component to the CLLJ. However, the flow behind the
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Figure 16. The average Ty, between the latitude 11°N-18°N for the (a) small and (b) large AWP. Circles
and pluses are for 0500 local time (0900 UT) and 1400 local time (1800 UT), respectively. No land masking

has been used.

Lesser Antilles actually turns southerly during the daytime
(not shown). Instead, the work here highlights the importance
of the frictional (PBL) effects as described in CV10. Since
low-level flow is approximately zonal, diurnal variations of
island drag would have the most impact in the zonal wind

diurnal variations. The diagnosed zonal frictional accelera-
tion in CV10 is large (see CV10, Figure 5). Results here
show a need to examine the frictional term more carefully.
Section 4.3 suggests island drag is built into the coarse-grid
global reanalyses through data assimilation. However, the
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following two open-ended CLLIJ questions remain unan-
swered: (1) What if the island upper air observations are not
assimilated into the coarse-grid reanalyses? Would there still
be an easterly minimum over the Lesser Antilles? (2) How
would the Atlantic easterlies and CLLJ respond if the Lesser
Antilles and South American coastal mountains are removed?

[66] Analyses of in situ observations show considerable
challenge in simulating the diurnal variations of near-surface
marine climate. The magnitude of the marine air-temperature
diurnal variability is reasonably simulated, but the phase
appears to be erroneous when compared with limited (1 month)
buoy observations. There is also no clear evident subdiurnal
cycle in the buoy observation, and the model is unable to
simulate the observed Ty, reduction during rainfall events.
Is this tied to the prescription of daily averaged SST? The
observed precipitation-T,,,, relationship suggests the impor-
tance of cloud cover, which is controlled by the model’s
cumulus and radiation schemes.

[67]1 We have discussed the forcing reanalyses represen-
tation of the eastern Caribbean climate and the value added
by dynamically downscaling them. The simulation shows
features that are basically nonresolvable by the coarser-grid
model and reduces the reanalysis rainfall biases in the region.
It is encouraging to note that downscaling from a reanalyses
that has poor (excessive) Caribbean rainfall (ERA-40) does
not lead to a poor downscaled precipitation. Comparisons
between simulated and observed gridded island precipitation
are handicapped by the coarse resolution of the gridding. The
work presented here, which is mostly based on model simu-
lations, indicates a need to improve in situ observations.
Observations must be obtained for the calmer, “less inter-
esting” overnight hours to gain a better understanding of the
diurnal variability. Possibilities for future research include
using in situ radar measurements.
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