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Abstract Air temperatures in the trade wind inversion (~850 hPa) over the
Caribbean have been rising much faster than sea temperatures. This is associated
with an accelerated Hadley circulation, with sinking motions over the Caribbean
corresponding with increasing rising motion over the Amazon. The sinking motions
induce a faster rate of warming and drying in the trade wind inversion than at other
levels. Much of the trend in Caribbean climate is attributable to physical mechanisms;
changes in atmospheric composition play a secondary role. Smoke and dust plumes
from Africa, drifting westward across the Atlantic, enhance the greenhouse effect
in an elevated (1-3 km) layer. A stabilized lower atmosphere across the Caribbean
has contributed to warming and drying trends over the twentieth century which are
projected to continue. The atmosphere is warming faster than the ocean, causing a
decline in sensible heat fluxes that fuel tropical cyclones.

1 Introduction

The Hadley cell is a prominent feature of the general circulation of the tropical
atmosphere. Subsidence in the Hadley cell plays an important role in determining
the position and intensity of the subtropical dry zones. Ground- and satellite-based
observations (Fu et al. 2006) and recent model simulations (IPCC 2007) reveal a
recent meridional widening and poleward shift of the Hadley cell (Frierson et al.
2007). The northward shift of the Hadley cell together with global warming is
likely to cause intensification of storm tracks in mid latitudes (Bengtsson et al.
2006), expansion of the subtropical deserts (Seager et al. 2007) and a decrease
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in Caribbean rainfall (IPCC 2007). Direct radiative forcing by aerosols has been
shown to significantly alter tropical convective precipitation well away from emission
centers by strengthening of the Northern Hadley circulation (Wong et al. 2007).

Here we describe some of the multi-disciplinary factors underlying climate change
in the Caribbean, with a focus on the Hadley circulation and atmospheric composi-
tion, through an analysis of past trends in temperature, natural and man-induced
aerosols and related variables in time, space and elevation. We explain the trends
taking into account physical, chemical, local, and remote thermodynamic processes.
The impacts of climate change are briefly reviewed and include trends in rainfall and
tropical cyclones in the Caribbean.

2 Data

We utilize data from numerous sources to understand changes in air temperatures
driven by the Hadley circulation and atmospheric composition (Table 1). Observed
air temperatures from land station data are quality-checked, converted to standard-
ized departures for averaging into grid boxes, then model-interpolated into the
‘HadCru’ data base for the Caribbean. Observations derive from Cuba, Jamaica,
Haiti, Dominican Republic, Puerto Rico, Virgin Islands, Anguila, Barbuda, St Kitts
& Nevis, Martinique, Dominica, St Lucia, St Vincent, and Barbados. Sea surface
temperatures (SST) that are observed by ships and (since 1980) by satellites are
similarly model-interpolated into a second data base. These records extend back to
the beginning of the twentieth century, to enable long-term trends to be determined.

The NCEP reanalysis data model assimilates upper level temperature (T), relative
humidity (RH) and winds from radiosonde stations since 1949, and infers T and RH
profiles from satellite radiances since 1976. The correlation of these time series with
a linear trend was analyzed per 2° grid box and then mapped in plan and section
using the NOAA website www.cdc.noaa.gov/Correlation. Temperature trends over
the Caribbean in the entire reanalysis period (1949+) and the satellite era (1976+)
were compared, and results were found to be consistent. Although longer records
are preferred, for upper level T and RH we constrain our analysis to the period since
1976, to avoid artificial trends resulting from the known discontinuity of observations
(Hurrell et al. 2000). We compared radiosonde temperature data at standard levels
for Puerto Rico and Barbados (from the Comprehensive Aerological Radiosonde
Data Set; CARDS) (Eskridge et al. 1995) with co-located reanalysis data. Statistically
significant correlations were found (r > 4+0.90), and little difference in trends could
be detected.

The long-term time series were averaged over the Caribbean (14-22° N, 75-
58° W), and smoothed with a 5-year running mean to isolate trends and low
frequency variability. The linear trend was computed and the intercept, slope, and 72
fit were determined. To evaluate significance, the degrees of freedom were deflated
owing to autocorrelation imposed by the smoothing filter. The linear trend 7? fit
required to achieve 98% confidence is 0.25 for a ~100 year record with ~20 degrees
of freedom. For the 5-month filtered satellite-era time series, r*> > 0.16 is significant
at 98%. Temperature data were analyzed for distribution and an 2 value of 0.80 with
respect to a second order Gaussian fit was sufficiently normal to make use of standard
tests for significance.
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Trends in 5S-month smoothed aerosol optical thickness (AOT) and tropospheric
ozone (O3) data from the TOMS satellite radiometer (1994-1995 missing) were also
analyzed and compared with smoothed vegetation (NDVI) data from the AVHRR
satellite radiometer in the period 1980-2006. While continuous records provide
overall trends, some processes may have a seasonal dependence. Here the monthly
radiosonde temperature, winds, AOT and O; data were analyzed for mean annual
cycle in various regions, including a 5 x 5° box between Puerto Rico and Barbados
(15-20° N, 65-60° W).

Past observed trends were compared with future projected trends of temperature
in different layers over the Caribbean using the GFDL C2.1 coupled general circula-
tion model (GCM), run for the IPCC/AR4 assessment with the SRES A1B scenario
(Meehl et al. 2007). The GFDL C2.1 model is described by Delworth et al. (2006),
Gnanadeskan et al. (2006), Wittenberg et al. (2006) and Griffies et al. (2005) and
is considered one of the more robust coupled GCMs that account for both climate
change and variability. The period from 2001-2100 was considered and monthly
projected data were 5-year smoothed and trend analyzed as above.

3 Results
3.1 Analysis of temperature and circulation trends

Century long records of observed sea (ship) and air (station) temperature exhibit
significant warming trends across the Caribbean over the period 1888-2006 as
illustrated in Fig. 1. The Caribbean area SST trend was 0.004°Cl/year, yet the 2 m
air temperature trend was three times greater (0.014°C/year). The fastest rate of
warming occurred at the 850 hPa level, where temperatures increased 0.029°C/year
over the radiosonde era 1949-2006. The variance explained by the linear trend
increases with elevation, rising from 55% at the sea surface, to 87% and 92% for the

Caribbean temperature anomalies

y = 0.0024x
3 1 R2=0.92
25 +y=0.0012x
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&
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Fig. 1 Caribbean area-averaged temperature anomalies for different levels: 1,500 m (upper, from
radiosonde), 2 m (middle, from land stations) and sea surface (lower, from ships) all smoothed with
5 year running mean. Values are offset so that the trend lines meet at ¢ = 0. Linear fit and r? given
for each series in the order they appear
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2 and 1,500 m air temperature, respectively. Hence the long-term trend exceeds inter-
decadal fluctuations of temperature. Wavelet spectral analysis failed to isolate any
statistically significant cycles because of the trend.

Regional variations in 850 hPa air temperature (Fig. 2a) and 500 hPa vertical
motion (Fig. 2b) during the satellite era were mapped over the Caribbean. Trends
for 850 hPa level were positive and significant across the Caribbean, with a maximum

50 aou 754 20 [ [ a5u) 5008 451 4w

Jan to Dec: 1978 to 2006: BEOmb Air Temparatura
Seasenal Correlaion w/ Jan to Dec Trend

Jan to Dac: 1876 te 2006 500mb Omega (to 100mb}
Seasonal Correlatfon w/ Jan to Dec Trend

NCEP /NCAR Reonolyeis

-1.2 -0.8 =0.4 a 0.4 0.8

Fig. 2 Linear trend correlations for NCEP 850 hPa temperature (a), NCEP 500 hPa omega (b).
Values >0.4 (yellow) are significant
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running N-S along the eastern Antilles Islands (50-60° W). Analysis of linear trends
at other levels indicates that the 700-850 hPa layer exhibited maximum warming;
there was little trend above 700 hPa. An analysis of trends in different seasons reveals
an increase from winter to summer, as described later. The 500 hPa layer exhibited a

a Jon to Dac: 1876 to 20056: —75E to —50E  Alr Temperature

6N aH 12H 15K 18K 21N
Seoscnaol Correlotion w/ Jon ta ODec Trend
b Jan ke Dac: 1876 to 2005: —75E to —SDE  Ralotlve Humidity (te 3ICOmb onlyd

P imier e

latitude

Fig. 3 a Trend analysis of tropical air temperature as a height-longitude section averaged over the
latitude 50-75°W. r > 0.4 is significant >95% and shaded. b Trend of relative humidity as in (a)
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broad, statistically significant NW-SE oriented axis of subsidence lying across the
Caribbean. Linear trend correlation values were in the range +0.6 to +0.8 from
Cuba to Barbados, indicative of accelerated sinking motions in the period 1976-2006.
In the sub-tropical Atlantic trends were weak. Analysis of vertical motion trends at
other levels reveal that changes in subsidence occurred over a deep layer across the
Caribbean. In contrast, trends in vertical motion were reversed over northern South
America and suggest an accelerating northern Hadley circulation in the longitudes
50°-70° W.

Figure 3 displays the vertical section of air temperature correlated with a linear
trend, based on NCEP reanalysis data in the satellite era. The data represent
averages over Caribbean longitudes, extending from northern South America to
the sub-tropical Atlantic. The warming trend was greatest in the 850-700 hPa layer
around 10° and 25° N (Fig. 3a). The relative humidity analysis revealed drying trends
at 700 hPa over the equator, and at 850 hPa around 25° N (Fig. 3b). The drying trend
extended into the upper troposphere.

Figure 4 is an analysis of trends in the Hadley circulation in a vertical north—
south section extending from the Amazon across the Caribbean to the sub-tropical
Atlantic. The spatial and temporal analyses reveal meridional winds accelerated
from the south in the upper level and from the north in the lower level (Fig. 4a).
Significant trend correlations were found in the 300 and 850-700 hPa layers over
the southern Caribbean and the smoothed time series exhibit anti-phase cyclical
behavior consistent with inter-decadal surges in the Hadley circulation. In Fig. 4b
the vertical motion (omega) trend completes the picture of an accelerating northern
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Fig. 4 a Upper panels: linear trend of meridional winds as a height-longitude section averaged over
the latitude 50-75°W and time series of key areas (right). b Linear trend of vertical motion (omega)
as a section and time series for key areas (right). Blue curves refer to left hand y-axes
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Hadley circulation. A broad zone of positively trended sinking motions was found
over the Caribbean, while over the northern Amazon a narrower zone of negatively
trended rising motions is evident. The two time series look like a ‘bow-tie’ with
the South American time series headed in one direction (rising, —Pa/s), and the
Caribbean time series headed in the other (sinking, +Pa/s). The linear trend of rising
motion over the Amazon (Caribbean) has a r? fit of 0.64 (0.39), significant above the

98% confidence limit.

Fig. 5 a Aerosol and b ozone
climatology from
TOMS/NASA satellite data
averaged over the eastern
Caribbean. ¢ 850 hPa
temperature trend climatology
at Barbados
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3.2 Influence of atmospheric composition

Figure 5a illustrates the mean annual cycle of AOT over the eastern Caribbean.
Aerosol concentrations remain low or undetectable throughout most of the year, but
rise to a sharp peak in May, June and July when the Sahara desert surface is very hot
and prone to dust storms. During summer the trade winds surge across the tropical
Atlantic, bringing the Saharan air layer westward towards the Caribbean. In contrast,
tropospheric ozone (Fig. 5b) exhibits a weak annual cycle over the Caribbean that
tends to follow RH. This is attributable to the migrating character of both winds and
emissions over western Africa; 700 hPa easterly flow increases during summer, while
smoke fires increase during winter. Thus the two nearly cancel out, with transport
slightly more important than source rate. Ozone variability over the Caribbean is
greatest in March—the peak season for vegetation burning in the Sahel.

The mean annual cycle of 850 hPa temperature trends over the eastern Caribbean
(Fig. 5¢) has an amplitude of ~25% that peaks in early and late summer. This
bi-modal shape is qualitatively matched by tropospheric O; (and RH) but not by
AOT which has a singular peak in summer. Vegetation across the African Sahel has
increased over the period 1980-2004 as the region recovered from drought, so dust
plumes could be expected to decline. However tropospheric ozone over the tropical
Atlantic has increased ~8% since 1980 from burning of the African savanna that
releases smoke and GHGs such as CO (cf. http://mopitt.eos.ucar.edu/mopitt/data/
plots/mapsv3_mon.html). Such an increase in land use could be expected from a
population that has doubled from 1975 to 2000 (Openshaw 2005).

4 Discussion

Why does the trade wind inversion layer warm faster than the surface? Is it a physical
mechanism or a localized greenhouse effect related to atmospheric composition? We
hypothesize that air temperatures in the layer around 1,500 m (850 hPa) are rising
>3 times faster than SST because of an acceleration of the meridional overturning
Hadley circulation. Figure 4b shows that there is a trend toward faster sinking
motions over the Caribbean accompanied by increasing northerly (southerly) lower
(upper) flow to the south, connecting with uplift over South America. The sinking
motions induce a faster rate of warming and drying in the trade wind inversion than
at other levels, while the Amazon monsoon becomes more vigorous (Held and Soden
2006). Compression caused by sinking motion in the Hadley circulation has driven up
air temperatures over the Caribbean. The African dust and smoke plume intersects
this subsidence and helps focus its effects at the top of the atmospheric boundary
layer (~850 hPa), resulting in a 1.5°C increase in temperature since 1950.

African dust and smoke emissions of ~100 Tg/year originate ~5,000 km east of
the Caribbean, yet recent observations have found tropospheric ozone values up to
160 ppb in the east Atlantic (Hawkins et al. 2007). As the plume takes ~10 days
to reach the Caribbean, much deposition leaves smaller aerosols and trace gases
to act as radiative absorbers that enhance the greenhouse effect (Bergstrom et al.
2003; Sinha et al. 2003). The composition of the smoke, expressed as emission factors
over West African savanna is: carbon dioxide (~10°%), carbon monoxide (~10?),
particulates (~10'), and nitrogen oxides (~10°). The long-lived trace gases will not
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leave a regional footprint; ozone, carbon monoxide and particulates, on the other
hand, are relatively short-lived and may contribute to localized radiative absorption
in elevated layers, mainly of incoming shortwave radiation in ‘young’ plumes of
particulate aerosols (near Africa) and of outgoing longwave radiation in ‘old’ plumes
dominated by transformed GHGs.

To compare how various factors drive changes in air temperatures we employ the
thermodynamic equation with terms for physical forcing and atmospheric composi-
tion: 0 Tgs0/0t = (KT/p)w + 1/g C, (. A/dp). The left term is the change of 850 hPa
temperature with time and the right terms are heating from vertical motions and
radiative absorption respectively. Horizontal temperature advection is assumed to
be negligible in the tropics. Sinking motions in the 4-8 km layer over the Caribbean
have increased by ~1.5 1072 Pa s~! (Fig. 4b) yielding AT ~0.022°C/year. Thus
physical forcing accounts for about two-thirds of the trend. The internal heating rate

Caribbean area temperature change from GFDL C2.1

using AR4 A1B scenario
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Fig. 6 aProjected future trends in SST and inversion layer temperatures from the GFDL C2.1 model

run using the A1B scenario. b Comparison of past observed and future projected trends of Caribbean
rainfall, revealing consistent downward trends
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1/g C, (0A/dp) uses gravity, specific heat capacity of air and net radiative flux across
the layer (Hobbs 2000; Pilewskie et al. 2003). Layer thickness varies with season and
latitude, and based on aircraft and Calipso satellite lidar data (cf. Fig. 7b) can be
assumed to extend from 850-600 hPa. Given an elevated concentration of short-lived
greenhouse gases including tropospheric O3 and CO over the eastern Caribbean, a
fractional absorption of ~0.7% (~7 W m~2) over a volume 4 10° m? is estimated, in

a Caribbean area sensible heat flux change
using AR4 A1B scenario
18
19 4
y =-0.0012x + 17
R®=0.72 GFDL

(o]
£ 151
=
x
=)
S
2

11 4
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Pred Qh
7 12
1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
year

b

N-S vertical section Trend correlations

CALIPSO lidar section’

E" £
= =0y
A2 =

= S £ ,
0 4 % / Typical Oz values
T # — i
% N T 7 over the east Atlantic

.

:'_ /
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Fig.7 a Past observed and future projected trends of sensible heat flux (SST minus air T times wind
speed) from NCEP reanalysis and GFDL C2.1 model run using the A1B scenario. b Schematic of
Hadley cell (left) and aerosol plume (right) interactions that produce warming in the inversion layer
(middle), illustrated as a N-S vertical section, with correlation trends analyzed in left panels, and
satellite aerosol concentration in right. Note varying vertical scales
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concordance with Mfuamba (2007). With these assumptions, a greenhouse warming
AT of ~0.007°Clyear is calculated; providing about one-third of the observed Tgsg
trend in the Caribbean.

Future projected trends of temperatures may be compared with past observed
trends using the IPCC AR4 outputs (Meehl et al. 2007) from the GFDL C2.1 GCM
forced with the A1B scenario over the period 2000-2100, Fig. 6a. The elevated
layer has a projected temperature trend of 0.031°C/year, while the SST trend is
0.022°Clyear in the Caribbean region. The model forecast is consistent with the past
trend for the elevated layer (0.029°C/year from Fig. 1), but the model’s surface trend
is far greater than observed. The 72 linear trend fit decreases from 0.96 at the surface
to 0.79 in the elevated layer, unlike observations, but magnitudes are consistent.
Again, inter-decadal fluctuations of temperature are overwhelmed by the long-term
trend. Results will vary according to model and scenario used, so our choice is
perhaps fortunate. It is unclear why the model fails to correctly estimate the SST
trend and it is beyond the scope of this paper to consider the oceanic processes.

An important offshoot from our study is the increased stability imparted by a
warming elevated layer. With air temperatures rising faster than sea temperatures,
the resulting decline in surface heat flux (Fig. 7a) may limit rainfall. We investigate
this using monthly CRU gridded rainfall records averaged over the Caribbean in the
past 100 years, compared with GFDL C2.1 projected trends in Fig. 6b. Indeed rainfall
has decreased 0.18 mm/year in the period 1900-2000 and is projected to continue
decreasing at a similar rate in the next 100 years. The 2 linear trend fit is relatively
small (0.28 observed, 0.14 projected), so inter-decadal variability of rainfall exceeds
its long-term change. A reassuring feature is the continuity of rainfall fluctuations
from past to future. A further point of agreement is found between regional drying
and reduced tropical cyclone frequency as indicated by Caribbean proxy records over
the past few hundred years (Nyberg et al. 2007).

5 Summary

The northern Hadley circulation brings subsiding air over the Caribbean in con-
junction with rising motion over the Amazon basin. Absorbing aerosols at the top
of the boundary layer (~850 hPa) intersect this subsidence and helps focus its
effects contributing to rapid warming of an elevated layer over the Caribbean. The
African smoke and dust plumes that drift westward across the Atlantic enhance
the greenhouse effect just above the marine boundary layer (1-3 km) following
deposition of larger reflective particles. It is predominantly in eastern Caribbean
longitudes that the smaller aerosols and short-lived trace gases induce radiative
absorption. Even if trends in the Hadley circulation and the aerosol-GHG plumes
are relatively weak, the elevated warming occurs because of their coincidence at the
top of the boundary layer. The ocean, with its heat capacity and sluggish currents,
is expected to lag behind the atmosphere in its response to recent changes in the
earth’s energy budget, and so a decline in sea-to-air heat fluxes is anticipated. A
strengthened trade wind inversion and stabilized lower atmosphere will tend to
counteract the more gradual warming of Caribbean SST, thereby suppressing rainfall
and tropical cyclones, and contribute to a rather unique and localized response to
global warming.
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