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Abstract

Remote influences of El Nino-Southern Oscillation (ENSO) on tropical Atlantic sea surface tempera-
ture (SST) are examined using reanalysis and in-situ observational datasets. During both the warm and
cold events of ENSO, latent heat flux anomalies are the major mechanism for SST anomalies over the
Caribbean Sea. Results from a linear decomposition of the latent heat flux anomalies indicate that the
anomalous air-sea difference in specific humidity ðDq 0Þ is the dominant term in January, one month after
the ENSO’s mature phase. Since anomalies of SST and saturation specific humidity at the sea surface
are still small in January, Dq 0 is due mostly to changes in specific humidity in the lower atmosphere.
Changes in surface air humidity and temperature, and their relationship to temperature variability in
the upper troposphere during ENSO warm events are discussed.

1. Introduction

Sea surface temperature anomalies (SSTAs)
in the northern tropical Atlantic (NTA) play an
important role in pan-Atlantic climate vari-
abilities because SSTA distribution in this re-
gion changes the meridional location of the At-
lantic inter-tropical convergence zone (e.g., the
review of Xie and Carton 2004). On interannual
and decadal timescales, several mechanisms
are involved in the tropical Atlantic SST vari-
ability: Atlantic Niño (Zebiak 1993; Sutton et al.
2000; Okumura and Xie 2004) and pan-Atlantic
decadal oscillation (Xie and Tanimoto 1998;

Rajagopalan et al. 1998; Tanimoto and Xie
1999; Tourre et al. 1999; Okumura et al. 2001).
In addition to these mechanisms seen in the
tropical Atlantic, remote influences of El Niño-
Southern Oscillation (ENSO) are shown by
previous observational studies. While ENSO
warm (cold) events tend to be mature in boreal
winters, positive (negative) SSTAs in the NTA
region are formed in the boreal spring-summer
season, a few months later, after the mature
phase of the events in the tropical Pacific (Cur-
tis and Hastenrath 1995; Klein et al. 1999). The
ENSO index explains 20–30% of the total SST
variance in the boreal spring-summer season
over the NTA region (Enfield and Mayer 1997;
Liu et al. 2004).

Observational studies showed that these bo-
real spring SSTAs in the NTA region are
mainly formed by the preceding surface latent
heat flux variabilities as a remote response to
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ENSO (Curtis and Hastenrath 1995; Klein et al.
1999). During the mature phase of the ENSO
warm (cold) events, the sea level pressure
anomalies tend to be positive (negative) over
the equatorial Atlantic, and negative (positive)
over the subtropical North Atlantic (Giannini
et al. 2000; Wang 2002), which reduce (en-
hance) the meridional pressure gradient and
weaken (strengthen) the climatological north-
easterly trades. These weakened (strength-
ened) northeasterly trades in boreal winter re-
duce (enhance) latent heat release from the
ocean surface and lead to warm (cold) SSTAs
in the boreal spring. These anomalous surface
winds and associated latent heat release over
the NTA region are reproduced by the remote
response to tropical Pacific SST variabilities
in the atmospheric general circulation model
(AGCM) experiments, coupled with the slab
ocean mixed layer model (Lau and Nath 2001;
Alexander and Scott 2002). Huang et al. (2002),
using the locally coupled atmosphere-ocean
GCM only in the Atlantic sector, suggested that
initial changes in the boreal winter surface
wind in the NTA region during the mature
phase of the ENSO events maintain SSTAs via
wind-evaporation-SST feedback (Xie and Phi-
lander 1994).

In contrast, Saravanan and Chang (2000)
showed that not only anomalous surface wind
but also anomalous air-sea temperature differ-
ences are crucial in determining the surface
heat flux anomalies in the NTA region during
the mature phase of the ENSO events. They
conducted two AGCM experiments: one forced
by the prescribed SSTAs in the entire tropical
ocean, and the other by those only in the tropi-
cal Atlantic. From difference fields of these two
experiments, they estimated each of the con-
tributions from the anomalous surface wind
speed ðW 0Þ and the anomalous air-sea temper-
ature difference ðDT 0Þ to the surface turbulent
heat flux anomalies (F 0

est; sum of latent and
sensible heat flux anomalies) by linearizing the
aerodynamic bulk formula as follows:

F 0
est ¼ cW 0DT þ cWDT 0; ð1Þ

where c is a constant coefficient evaluated from
the climatological means of the surface turbu-
lent heat flux, wind speed ðWÞ, and air-sea
temperature difference ðDTÞ. In their model,
regressed anomalies of the first and second

terms on the right-hand side onto the Niño3
index showed comparable contributions to sur-
face turbulent heat flux anomalies in the NTA
region after the mature phase of the ENSO
events.

Chiang and Sobel (2002) proposed a mecha-
nism of the tropical tropospheric response to
the ENSO events (hereafter TT-mechanism)
applying the strict quasi-equilibrium (SQE)
concept (Emanuel et al. 1994). Under the SQE,
the equivalent potential temperature in the
boundary layer is related to the thermal struc-
ture in the free atmosphere so that the con-
vective available potential energy (CAPE) is
conserved over the deep convective region. In
fact, Brown and Bretherton (1997) indicated
that the tropospheric temperature is positively
correlated with the boundary layer equivalent
potential temperature over active convecting
regions of the tropical oceans on a month and
longer timescales. Since tropical atmosphere
can not maintain zonal gradients in tempera-
ture and pressure under the weak Coriolis
force, the large-scale dynamics induce zonally
uniform temperature anomalies over most of
the tropical belt (Charney 1963; Wallace 1992;
Sobel et al. 2002). Therefore, tropospheric
warming associated with the ENSO warm
events is found over most of tropical oceans
(Yulaeva and Wallace 1994; Sobel et al. 2002;
Chiang and Sobel 2002), thereby increasing
equivalent potential temperature in the bound-
ary layer. These increases of temperature and
humidity affect underlying SSTAs via changes
in turbulent heat fluxes. Chiang and Sobel
(2002) suggest that the TT-mechanism operates
over the NTA region.

Over the NTA region, turbulent heat flux
anomalies are mainly contributed from latent
heat flux anomalies rather than sensible heat
flux anomalies (Curtis and Hastenrath 1995;
Alexander and Scott 2002). Therefore, the di-
rect estimation by air-sea differences in specific
humidity ðDqÞ, instead of temperature (Eq. (1)),
provides a better estimation on the linearized
components of turbulent heat flux anomalies.
This is represented as

F 0
est ¼ cW 0Dq þ cWDq 0: ð2Þ

In this study, we examined the temporal se-
quence of components in Eq. (2) in the NTA
region after the mature phase of the ENSO
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events, using monthly mean datasets, both
from assimilated reanalysis data and in-situ
marine meteorological observations. In Section
3, we will show that the second term on the
right-hand side of Eq. (2) is much more signifi-
cant than the first term in a particular month
when SSTAs over the Caribbean Sea are still
incoherent. In the subsequent sections, we will
see that the coherent structure of the anoma-
lous air-sea difference in specific humidity
should be induced by changes in the lower at-
mosphere.

Due to the zonal asymmetry in mean SST
and its effect on the deep convection, a response
of anomalous diabatic heating by ENSO and
associated changes in the Walker circulation
are not always symmetric between the ENSO
warm and cold events. In fact, spatial patterns
of rainfall anomalies over the tropical Pacific do
not represent symmetric responses to ENSO’s
extreme phases (Hoerling et al. 1997, 2001;
Deweaver and Nigam 2002). Hence, we will
treat the warm and cold phases of the ENSO
events separately.

The rest of this paper is organized as follows.
Section 2 describes the datasets and defines the
ENSO warm and cold events from the Niño3
index. In Section 3, we calculate each of the
contributions of wind speed anomalies and
anomalous air-sea differences in specific hu-
midity to the total amount of the latent heat
flux anomalies. In Section 4, we consider the
asymmetric responses of the linearized compo-
nents of the latent heat flux anomaly to the
ENSO events, and discuss the formation of
these anomalous air-sea differences in specific
humidity based on TT-mechanism during the
ENSO warm events. The results are summa-
rized in Section 5.

2. Datasets

To capture month-to-month variations in the
troposphere over the tropical Atlantic ocean
after the mature phase of the ENSO events, the
monthly latent heat flux from the ocean surface
(upward positive), surface net heat flux, pre-
cipitation rate, and specific humidity at 2-m
height are taken from the National Centers
for Environmental Prediction-National Center
for Atmospheric Research (NCEP-NCAR) re-
analysis (Kalnay et al. 1996) approximately on
a 1:875� � 1:875� Gaussian grid. The surface

net heat flux consists of the latent, sensible,
shortwave, and longwave heat fluxes taken
from this dataset. Monthly surface fields of
wind velocity, its speed, and pressure are ob-
tained from the NCEP-NCAR reanalysis data
on a 2:5� � 2:5� grid. Monthly horizontal wind
and specific humidity fields at eight pressure
levels of this dataset are also used. The month-
ly SST data are obtained from the global sea ice
and SST (GISST) on a 1� � 1� grid (Folland and
Parker 1995). From the linearly interpolated
SST and surface pressure, a monthly satura-
tion specific humidity at the ocean surface is
calculated on a 2:5� � 2:5� grid. We calculate
air-sea differences in specific humidity on a
2:5� � 2:5� grid between the ocean surface and
2-m height using spherical harmonic interpola-
tion.

The surface latent heat fluxes of the re-
analysis data are less reliable than other ele-
ments in the free atmosphere due to insuffi-
cient treatments of the planetary boundary
layer. Therefore, we employ the 2� � 2� month-
ly dataset of surface latent heat fluxes based
on individual marine meteorological reports
archived in the Comprehensive Ocean-
Atmosphere Data Set (COADS; Woodruff et al.
1987). Although this non-assimilated data may
suffer sampling errors in the region of few ma-
rine reports, ship tracks to the Panama Canal
provide a sufficient number of observations in
the Caribbean Sea. However, this dataset con-
tains some missing values over the southern
tropical Atlantic and the central equatorial
Atlantic since satellite observations and spa-
tial interpolation were not used. Details of
the calculation procedure are described in
Tanimoto and Xie (2002) and Tanimoto et al.
(2003). We calculate the monthly climatological
means based on a 52-year period (1948–1999)
for NCEP-NCAR reanalysis and GISST data-
sets, and on a 46-year period (1950–1995) for
COADS. The monthly anomalies are defined
as departures from the climatological mean
values.

In Section 4, we will calculate a moisture
budget to examine the formation of the air-sea
difference in specific humidity. In reanalysis
datasets, however, the moisture budget is not
always conserved due to four-dimensional data
assimilation (Trenberth and Guillemot 1995;
Mo and Higgins 1996; Trenberth and Guillemot
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1998). For this reason, we will use two datasets
to conduct an accurate estimation of the mois-
ture budget. One is the NCEP-Department of
Energy Reanalysis 2 (NCEP2; Kanamitsu et al.
2002) dataset that is a modified version of
NCEP-NCAR reanalysis. The other is the pre-
cipitation obtained from the Climate Prediction
Center’s Merged Analysis of Precipitation
(CMAP; Xie and Arkin 1997) dataset on a
2:5� � 2:5� grid. Both NCEP2 and CMAP data-
sets are available from January 1979 to De-
cember 1999. A monthly moisture flux is calcu-
lated from monthly variables of horizontal
winds and specific humidity on pressure levels
in the NCEP2 dataset. A transient component
of monthly moisture flux ðq 0V 0Þ calculated from
4 times daily of those variables was negligible
over the Caribbean Sea.

To represent the magnitude of the ENSO
warm and cold events in the eastern tropical
Pacific, we use time series of SSTAs in the
Niño3 region (5�S–5�N, 90�–150�W) based on
GISST. This time series averaged from Novem-
ber through January in the following year is
defined as the Niño3 index (Fig. 1). In the
present study, we refer these three months as
the mature phase of the ENSO events. We ex-
tract eight higher and lower events based on
this index. The eight warm and cold events are
listed in Table 1. When we use the Niño3 index
based on Reynolds Reconstructed SST (Smith
et al. 1996) instead of GISST, the 1986/87 and
1987/88 events (the 1964/65 and 1967/68

events) are selected as the 9th and 8th warmest
events (the 8th and 9th cold events), respec-
tively. Including the 1986/87 warm event and
the 1964/65 cold event as the additional events
to our composite does not affect our results of
the analyses.

3. The formation of SSTAs in the NTA
region

To represent the temporal evolution of the
ENSO-related SSTAs in the NTA region, three
monthly composite maps from December to
February during the ENSO warm events are
made (Figs. 2a, 2b, and 2c). In December, no
coherent structure of SSTAs appears in this re-
gion, while the tropical Pacific SSTAs are al-
ready mature (Fig. 2a). In the following Janu-
ary, when matured SSTAs in the tropical
Pacific gradually decrease, positive SSTA re-
gions higher than 0.2�C emerge in the south-
western parts of the Caribbean Sea and equa-
torial eastern Atlantic (Fig. 2b). Furthermore,
in February, the former positive SSTA region
expands to the entire Caribbean Sea, and the
latter extends its area to 20�N along the west
coast of Africa (Fig. 2c). These results indicate
that SSTAs in the NTA region during the
ENSO warm events begin to be formed in the
January–February period. These SSTAs over
the Caribbean Sea reach a local maximum in
boreal summer, as shown later (Fig. 4d). In ad-
dition to these positive SSTAs, a significant
negative SSTA region is observed in the Gulf of
Mexico and off the east coast of North America
during February (Fig. 2c).

Figures 2d–f and 2g–i show the same com-
posite maps of SSTA tendencies and surface
latent heat flux anomalies, respectively. SSTA

Fig. 1. Niño3 index (unit: �C) averaged
from November to January in the fol-
lowing year. White (black) bars denote
the eight ENSO warm (cold) events.

Table 1. Years of ENSO warm and cold
events.

Warm events Cold events

1957/58 1949/50
1965/66 1955/56
1972/73 1967/68
1982/83 1970/71
1987/88 1973/74
1991/92 1975/76
1994/95 1984/85
1997/98 1988/89
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tendency in a given month is defined as the
difference between the SSTA in the subsequent
month and that in the previous month. In De-
cember, this tendency (Fig. 2d) is incoherent
and inconsistent with the latent heat flux
anomalies (Fig. 2g). In the following January, it
becomes coherent in three portions of the NTA
region: the Caribbean Sea, off the west coast of
Africa, and the extratropical region over the
Gulf of Mexico and off the east coast of North
America (Fig. 2e). Among these regions, the co-
herent structures of positive SSTA tendencies
in the Caribbean Sea (Figs. 2e and 2f ) collocate

with the zonal elongated region of the anoma-
lous latent heat flux of �15 W m�2 appearing
in the January–February period (Figs. 2h and
2i), while sensible heat flux anomaly is less
than �5 W m�2 in this region (not shown). As
shown in the previous studies introduced in
Section 1, these latent heat flux anomalies,
which explain most of the turbulent heat flux
anomalies, contribute in forming positive
SSTAs over the NTA region in this period.

Given that SSTA tendencies of 0.2�C/2-
month are only due to surface latent heat flux
anomalies of �15 W m�2 in the Caribbean re-

Fig. 2. Monthly composite maps of SSTAs (left panels), SSTA tendencies (center panels), latent heat
flux anomalies (contours in right panels), and surface wind anomalies (arrows in right panels) in
December (top), January (middle), and February (bottom) during the ENSO warm events. Contour
intervals are 0.2�C in the left panels, 0.1�C/2-month in the center panels, and 7.5 W m�2 (positive
anomalies indicate heat loss from the ocean) in the right panels. Zero contours are omitted. The
reference vector at the upper right corner indicates 2 m s�1. An SSTA tendency in a given month is
defined by the difference between the SSTA in the subsequent month and that in the previous one.
These variables are based on NCEP-NCAR reanalysis and GISST.
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gion, we obtain an equivalent mixed layer
depth of 100-m, comparable to an observed iso-
thermal layer in the northern Caribbean Sea in
January (Kara et al. 2003)1. This means that
surface heat flux anomaly mainly contributes to
the SSTA formation on that region. SSTA ten-
dencies off the west coast of Africa in January,
on the other hand, are about 0.5�C/2-month,
while negative latent heat flux anomalies are
less than 7.5 W m�2 around the same region. In
this case, an equivalent mixed layer corre-
sponds to 20-m depth. The observed isothermal
layer off the west coast of Africa is deeper than
this equivalent mixed layer depth, implying
that SSTA in this region is controlled by coastal
upwelling induced by local alongshore winds
(Carton and Zhou 1997). In the Gulf of Mexico
and off the east coast of North America during
January, the local maximum in SSTA tenden-
cies of �1.0�C/2-month and positive latent heat
flux anomalies of 15 W m�2 correspond to the
equivalent mixed layer depth of 20-m. This un-
derestimation of equivalent mixed layer depth
suggests that the other components of net sur-
face heat flux anomalies, or ocean dynamic
processes, contribute to the negative SSTA for-
mation in the Gulf of Mexico and the east coast
of North America. Alexander and Scott (2002)
suggested that the sensible heat flux anoma-
lies, in addition to the latent heat flux anoma-
lies, are important in cooling ocean along the
coast of North America.

Over the negative latent heat flux anomalies
in the Caribbean region, a coherent pattern of
anomalous surface southerly and southwesterly
winds in January are found (Fig. 2h). Given
that these surface winds weaken by 0.5 m s�1

in northeasterly climatological trade winds, the
contribution of wind speed anomalies to latent
heat flux anomalies is about 9.3 W m�2 under
the climatological air-sea difference in specific
humidity. However, negative latent heat flux
anomalies of �15 W m�2 over the Caribbean
region imply that changes in the air-sea differ-
ence in specific humidity are also involved in
latent heat flux anomalies. Each contribution

from changes in wind speed and air-sea differ-
ence in specific humidity to the latent heat flux
anomaly will be estimated later.

During the ENSO cold events, coherent
SSTAs over the Caribbean region appear in
December, one month earlier than the warm
events, extending its area northeastward with
latitude (Fig. 3a). These negative SSTAs over
the Caribbean region tend to be local maxima
in the following January (Fig. 3b) and further
extends its area to the west coast of Africa in
the subsequent February (Fig. 3c). Despite dif-
ferences in initial months in the SSTA forma-
tion between the ENSO warm and cold events,
the spatial structures of SSTAs over the Carib-
bean region and off the west coast of Africa in
February show similar patterns with opposite
polarity of the ENSO warm events (Figs. 2c and
3c). In the Gulf of Mexico and off the east coast
of North America, however, SSTAs are inco-
herent from December through to the following
February during the ENSO cold events.

Monthly composite maps of SSTA tendencies
and latent heat flux anomalies during the
ENSO cold events are shown in Figs. 3d–i. As
in the warm events, SSTA tendencies during
the cold events are mostly explained by latent
heat flux anomalies over the Caribbean Sea in
the December–January period, while coherent
SSTA tendencies in the other regions require
other SSTA formation processes (Figs. 3d, 3e,
3g, and 3h). The anomalous surface winds dur-
ing the cold events are insufficient in explain-
ing the latent heat flux anomalies over the Ca-
ribbean region, indicating anomalous air-sea
differences in specific humidity involved in la-
tent heat flux anomalies.

The latent heat flux anomaly can be decom-
posed into three linearized components as in
Tanimoto et al. (2003):

F 0
lh ¼ rceLefW 0Dq þ WDq 0 þ ðW 0Dq 0 �W 0Dq 0Þg

ð3Þ

where Flh is the latent heat flux, W is the scalar
wind speed, Dq is the air-sea difference in spe-
cific humidity, r is the atmospheric density, ce

is the bulk coefficient, Le is the latent heat of
vaporization for water, and the overbar and
prime indicate the time mean and deviation,
respectively. The bulk coefficients are assumed
to be constant in NCEP-NCAR reanalysis and
to be dependent on scalar wind speed and static

1 Kara et al. (2003) provided monthly climatologies
of isothermal layer depth that is defined as the
depth where water temperature has changed by
an absolute temperature difference of 0.8�C from
the surface layer.
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stability in COADS. However, when we lin-
earize the surface heat flux anomalies, we ig-
nore the dependence of the coefficients on those
variables. On the right-hand side of (3), the first
two terms represent contributions of the wind
speed anomaly ðW 0Þ and the anomalous air-sea
difference in specific humidity ðDq 0Þ to the total
amount of latent heat flux anomalies, respec-
tively. As we will show later, the last term be-
comes negligible.

Figures 4a–c and 4e–g show the time evolu-
tions of individual contributions ðW 0Dq;WDq 0Þ
to latent heat flux anomalies during the ENSO
warm and cold events. Note that the vertical
axes of heat flux anomalies are reversed for
easier comparison with SSTAs. As shown in
Figs. 2 and 3, SSTAs over the Caribbean Sea
are formed in February, and show a local max-
imum in boreal summer during both phases of
ENSO (solid lines in Figs. 4d and 4h). A corre-

lation analysis shows that the Niño3 index is
positively correlated with monthly SSTAs in
the Caribbean Sea from February to July.
These positive correlations indicate that the
ENSO variability explains 20–30% of the total
variance in each of the months, consistent with
previous results (Enfield and Mayer 1997; Liu
et al. 2004). During both phases of these
events, the total amount of latent heat flux
anomalies averaged over the Caribbean Sea
(dashed lines in Figs. 4c and 4g) is well repre-
sented by the sum of W 0Dq and WDq 0 compo-
nents. These latent heat flux anomalies con-
tribute to most of the net surface heating
anomaly that is a 90-degree out of phase with
the SSTAs from boreal winter through summer
(Figs. 4d and 4h). For the latent heat flux
anomalies during the warm events, the contri-
bution of Dq 0 in January, which is three times
larger than that of W 0, accounts for 64% of the

Fig. 3. Same as in Fig. 2, but for ENSO cold events.
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Fig. 4. Composites of (a,e) contributions from W 0, (b,f ) contributions of Dq 0, (c,g) the sum of these
contributions (bars) to the total amount of latent heat flux anomalies (dashed lines), and (d,h) the
net heat flux anomalies (bars) averaged over the Caribbean Sea (the rectangular region: 10–20�N
and 80–60�W) during the ENSO warm (left panels) and cold (right panels) events based on NCEP-
NCAR reanalysis and GISST. The total amount of latent heat flux anomalies (dashed lines) and
SSTA (solid line; right axis) are superimposed on (d) and (h). White (black) bars denote negative
(positive) anomalies. Units in left (right) axis are W m�2 (�C).
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total latent heat flux anomaly of 18 W m�2

(Figs. 4a–c). These two linearized components
tend to be comparable from February through
to May, and counteracting each other from
June through August (Figs. 4a and 4b). This
counteracting effect induces negative SST ten-
dency during the boreal summer. During the
cold events, the contributions of Dq 0 are impor-
tant in representing local maxima in latent
heat flux anomalies in the December–January
period (Fig. 4f ), while contributions of W 0 are
considerably larger from December through to
the following April (Fig. 4e). From May through
July, the contributions of W 0 are counteracting
those of Dq 0. These results indicate that Dq 0 in
January specifically plays an important role in
forming latent heat flux anomalies over the
Caribbean Sea during both phases of the ENSO
events. Note that the contribution of Dq 0 is well
captured during the ENSO warm events rather
than the cold events. This asymmetry between
the warm and cold events will be examined in
the next section.

January composite maps of the linearized
components of latent heat flux anomalies dur-
ing the ENSO warm events were constructed in
Figs. 5a and 5b. The sum of the two linearized
components (Fig. 5c) shows a zonally elongated
pattern of negative (positive) anomalies ex-
tended from the Caribbean Sea off to the west
coast of Africa (over the Gulf of Mexico and off
the east coast of North America). These co-
herent anomalies are quantitatively and qual-
itatively consistent with the anomalous pattern
of total latent heat flux anomalies (Fig. 2h). In
the Caribbean Sea, the contribution of Dq 0 is
20 W m�2 near the center of action, while the
contribution of W 0 is only 5 W m�2 in the same
region. These results show that Dq 0 is the major
contributor to latent heat flux anomalies over
the Caribbean Sea in a particular month after
the mature phase of the ENSO warm events.

Based on the in-situ observational data ob-
tained from COADS, the contributions of Dq 0

(Fig. 5e) are larger than those of W 0 (Fig. 5d) in
the Caribbean Sea. The sum of these linearized
components explains the most variance of the
latent heat flux anomalies over the NTA region
(not shown), although there are many noisy
values as well as some missing values due to
insufficient measurements in the central equa-
torial Atlantic.

During the ENSO cold events, January com-
posite maps of individual contributions to la-
tent heat flux anomalies based on both datasets
show robust structures as in the warm events
(Fig. 6). These composite maps show that about
half of the latent heat flux anomalies over the
Caribbean Sea and the Gulf of Mexico can be
explained by Dq 0.

For the formation of SSTAs over the NTA re-
gion associated with the ENSO events, previ-
ous studies indicated the importance of W 0 to
induce changes in latent heat flux (e.g., Curtis
and Hastenrath 1995; Enfield and Mayer 1997;
Lau and Nath 2001). However, our observa-
tional results showed that the contributions of
Dq 0 are necessary in forming substantial latent
heat flux anomalies. These results are consis-
tent with the estimation from the anomalous
air-sea difference in ‘‘temperature’’ in the
AGCM experiments by Saravanan and Chang
(2000).

4. Discussion

a. Asymmetric latent heat flux anomalies to
the ENSO activity

To see whether the surface meteorological
variables in the Caribbean Sea linearly respond
to the ENSO events, we made January scatter
plots of W 0 and Dq 0 onto the Niño3 index (Figs.
7a and 7b). For the total number (51 years) of
scatters, Dq 0 is correlated with the index (cor-
relation coefficient, r ¼ �0:49), while W 0 is less
correlated ðr ¼ �0:24Þ. The regressed Dq 0 and
W 0 onto the Niño3 index are �0.16 g kg�1 and
�0.17 m s�1 over the Caribbean Sea, inducing
�5.6 W m�2 and �3.0 W m�2 of latent heat flux
anomalies, respectively. As shown with the
composite analysis in Section 3, correlation
analysis also shows that Dq 0 rather than W 0

contributes to form latent heat flux anomalies
over the Caribbean Sea.

When we examine the correlation of Dq 0 dur-
ing positive and negative values of the Niño3
index separately, we find the asymmetric re-
sponse of Dq 0 over the Caribbean Sea to the
ENSO events (Fig. 7b). During years with the
positive values of the Niño3 index (23 years), 15
scatters of Dq 0 (65% of all positive index years)
are in the lower-right quadrant, and tend to be
linear with the index. Similarly, six closed
scatters among eight warm events are plotted
in the lower-right quadrant. During years with
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Fig. 5. January composite maps of (a,d) contributions from wind speed anomaly ðW 0Þ, (b,e) con-
tributions of anomalous air-sea difference in specific humidity ðDq 0Þ, and (c,f ) the sum of these
contributions during the ENSO warm events. Left (right) panels are derived from NCEP-NCAR
reanalysis and GISST datasets (COADS). Contour intervals are 5 W m�2 (upper and middle
panels) and 7.5 W m�2 (bottom panels). Zero contours are omitted.
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the negative values (28 years), on the other
hand, 15 years (56% of all negative index years)
are plotted over the upper-left quadrant. How-
ever, since only two closed scatters among the
eight cold events are plotted in this quadrant,

the linear relation of scatters onto the index is
not so apparent. As a result, Dq 0 is strongly
correlated with the positive Niño3 index ðr ¼
�0:66Þ rather than the negative ðr ¼ �0:30Þ.
The correlation coefficients of W 0 are less sig-

Fig. 6. Same as in Fig. 5, but for ENSO cold events.
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nificant regardless of the sign of the index, be-
ing �0.18 and �0.31 during positive and nega-
tive Niño3 index, respectively (Fig. 7a).

In January during the positive Niño3 index,
Dq 0 over the Caribbean Sea is not correlated
with SSTA (r ¼ 0:14, not shown), but strongly
correlated with a specific humidity anomaly at
2-m height ðq 0

aÞ (r ¼ �0:67, not shown). Scatter
plots of q 0

a onto the Niño3 index (Fig. 7c) show
strong correlation ðr ¼ 0:71Þ regardless of the
sign of the index. Specifically, during the posi-
tive Niño3 index, 21 scatters among 23 years
are in the upper-right quadrant, and tend to be
much more linear with the index. By contrast,
scatters during the negative Niño3 index are
both in the upper- and lower-left quadrants,
and do not show the linear relation with the
index. As a result, a correlation coefficient of q 0

a

during the positive index is much significant
ðr ¼ 0:79Þ. These asymmetric responses be-
tween the positive and the negative Niño3 in-
dices may reflect asymmetry in the Niño3
SSTA; the dominant ENSO events exceeding
the Niño3 SSTA of 2.0�C exist during the warm
events but not during the cold events (Figs. 1
and 7). Since the changes in q 0

a are most pro-
nounced during the positive Niño3 index, we
will examine how q 0

a is formed over the Carib-
bean region during the warm events.

b. Changes in surface air humidity and
temperature and their relationship to
temperature variability in the upper
troposphere during ENSO warm events

To see the horizontal structures of q 0
a and

Dq 0, we construct composite maps of these
variables in January during the ENSO warm
events (Fig. 8). A tongue-like structure of posi-
tive q 0

a and the same structure but with oppo-
site polarity of Dq 0 extend northeastward from
the Caribbean Sea, indicating that q 0

a explains
most of Dq 0 on that region. By contrast, these
two variables show the same polarity over the
equatorial Pacific, because positive q 0

a is in-
duced by warm SSTAs (Kleeman et al. 2001).
These different characteristics between the At-
lantic and Pacific oceans imply that the positive
q 0

a over the Caribbean region, under small
SSTAs (Fig. 2b), should be formed by atmo-
spheric processes induced by the ENSO forcing.

Figure 9 shows the January composite map
of temperature anomaly at 400 hPa during
the ENSO warm events. Associated with the
tongue-like structure of positive q 0

a over the
Caribbean region (Fig. 8a), positive tempera-
ture anomalies at 400 hPa also appear over
this region extending from the eastern tropical
Pacific (Fig. 9). Tropospheric mean tempera-
ture anomalies estimated from the microwave

Fig. 7. January scatter plots of (a) the wind speed anomaly (m s�1), (b) the anomalous air-sea dif-
ference in specific humidity (g kg�1), and (c) the specific humidity anomaly at 2-m (g kg�1) over the
Caribbean Sea onto the Niño3 index (x-axis; �C). Solid circles indicate the eight warm and cold
events. Values at the center above the panels indicate the correlation coefficients calculated from
all scatter plots. Values at the left (right) corner above the panels indicate the correlation co-
efficients calculated from scatter plots only during negative (positive) phase of the Niño3 index. A
correlation coefficient of 0.44 is statistically significant at 95% level under 20 degrees of freedom.
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sounding unit also show the same structure
over the tropics (Yulaeva and Wallace 1994;
Chiang and Sobel 2002). Over the Caribbean
Sea, temperature anomalies at 400 hPa show
significant positive correlations with q 0

a and
surface air temperature anomalies in January
(r ¼ 0:74 and 0.75, respectively). These results
imply that the temperature anomaly in the free
atmosphere is closely related to the boundary
layer equivalent potential temperature anom-
aly, which is consistent with the SQE concept
(Emanuel et al. 1994; Brown and Bretherton
1997) that requires conservation of the CAPE
in the troposphere.

Figure 10 shows the time evolutions of sur-
face air temperature anomaly and SSTA (thick
solid and dashed lines, respectively) over the
Caribbean Sea during the ENSO warm events.
The air temperature anomalies lead the SSTAs
until May, except for February in COADS, and
show largest difference from SSTAs in January.
The q 0

a also exhibits similar behavior to the
surface air temperature anomaly (Fig. 4b), be-
cause a surface relative humidity generally re-
mains constant in the tropics. Associated with
these largest DT 0 and Dq 0, air temperature
anomalies at 400 hPa (thin solid line in Fig. 10)
also reach a maximum in January, implying

Fig. 8. January composite maps of (a) q 0
a and (b) Dq 0 during the ENSO warm events. Contour inter-

vals are 0.2 g kg�1. Zero contours are omitted.

Fig. 9. January composite map of temperature anomaly at 400 hPa based on NCEP-NCAR re-
analysis during the ENSO warm events. Contour intervals are 0.5�C. Zero contours are omitted.
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that temperature warming in the free atmo-
sphere is closely related to the surface temper-
ature and humidity anomalies. These changes
in Dq 0 of 0.3 g kg�1 and DT 0 of 0.3�C induce la-
tent heat flux anomaly of 11 W m�2, and sensi-
ble heat flux anomaly of 4 W m�2, respectively,
under the January climatological wind speed
over the Caribbean Sea.

c. Moisture balance over the Caribbean Sea
Associated with the humidity variation in the

boundary layer, we expect changes in the hy-
drological processes. To see the changes, we di-
agnose a vertical integrated moisture budget
equation as follows:

E 0
est ¼

1

g

ðPs

300

‘ � ðqVÞ0 dp þ P 0; ð4Þ

where Ps is the pressure surface, V is the hori-
zontal component of the velocity vector, P is the
precipitation, and E is the evaporation from the
ocean surface. As a result, Eq. (4) indicates that
a change in evaporation is diagnostically deter-
mined by changes in atmospheric hydrological
processes: the moisture flux anomaly diver-
gence and the precipitation anomaly. This di-
agnostic equation does not necessary mean that
the terms on the right-hand side are always in-
dependent of each other.

When we use the precipitation anomaly of
CMAP ðP 0

CMAPÞ and the moisture flux anomaly
divergence of NCEP2 ð‘ � ðqVÞ0Þ, E 0

est is in good
agreement with the evaporation of NCEP2 ðE 0Þ
in January during the ENSO warm events (Fig.
11a). Due to the small precipitation anomaly
during that time, the negative anomaly of the
moisture flux divergence nearly balances the
suppressed evaporation, which is consistent
with the positive q 0

a over the Caribbean region
(Fig. 8a). Using the precipitation based on
NCEP2 instead of CMAP, this anomalous
moisture flux convergence still contributes to
the suppressed surface evaporation (Fig. 11b),
and can be mainly explained by the contribu-
tion of anomalous wind convergence ð�‘ � ðqVÞ0
A�q‘ � V 0Þ, as described below. Over the Ca-
ribbean region, the anomalous moisture trans-
port is represented by the product of anomalous
wind and climatological specific humidity
ð‘ � ðqVÞ0A‘ � ðqV 0ÞÞ because the ratio of the
anomaly to the climatology in winds is greater
than that in specific humidity (V 0/V@ 10�1

and q 0/q@ 10�2). In addition, the anomalous
wind advection is relatively small (i.e., ‘ � ðqV 0Þ
Aq‘ � V 0) because the climatological specific
humidity is almost uniform around the Carib-
bean Sea. During the ENSO warm events, sur-
face northwesterly from the Gulf of Mexico and

Fig. 10. Composites of air temperature anomaly at 2-m (thick solid line; �C) and SSTA (dashed line;
�C) over the Caribbean Sea derived from (a) NCEP-NCAR reanalysis and GISST and (b) COADS
during the ENSO warm events. Thin solid line plotted with each panels is the air temperature
anomalies at 400 hPa in NCEP-NCAR reanalysis divided by 2.
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southerly from South America that may be in-
duced by the ENSO forcing tend to converge
over the Caribbean region (Fig. 2h). These re-
sults suggest that the suppressed surface evap-
oration balances the anomalous moisture flux
convergence induced by surface wind anomaly
convergence.

5. Summary

We showed, during the ENSO events, that
latent heat flux anomalies in January are the
major contributors in forming SSTAs over the
Caribbean Sea (Figs. 2 and 3). Over this region,
the calculation of linearized components of la-
tent heat flux anomalies indicated that an
anomalous air-sea difference in specific humid-
ity ðDq 0Þ, rather than a wind speed anomaly
ðW 0Þ, plays an important role in generating
substantial latent heat flux anomalies after the
mature phases of the ENSO events. Specifi-
cally, the contribution of Dq 0 during the ENSO
warm events accounts for 64% of total latent
heat flux anomaly in January over the Carib-
bean region (Fig. 4).

As mentioned in Section 1, many observa-
tional and modeling studies have indicated that
W 0 is necessary to the substantial latent heat
flux anomalies for forming SSTAs over the NTA
regions during the ENSO events. On the other
hand, model experiments conducted by Sar-
avanan and Chang (2000) suggested the rela-
tive importance of DT 0 in generating latent

heat flux anomalies. Our composite and corre-
lation analyses for the observational datasets
indicated that, in addition to the W 0, the Dq 0

plays an important role in generating latent
heat flux anomalies over the Caribbean region
particularly during the ENSO warm events.

The correlation analysis showed that the Dq 0

over the Caribbean Sea, compared to the W 0, is
significantly correlated with the Niño3 index
(Fig. 7). Specifically, the scatter plots of Dq 0

showed the strong negative correlation with the
positive Niño3 index (Fig. 7b). The January
composite maps during the ENSO warm events
indicated that the negative Dq 0 over the Carib-
bean Sea is collocated with the positive q 0

a (Fig.
8). Since SSTA over this region is small (Fig.
2b), this positive q 0

a should be formed by atmo-
spheric processes. Associated with this positive
q 0

a over the Caribbean region, positive temper-
ature anomalies at 400 hPa appear over this
region extending from eastern tropical Pacific
(Fig. 9), which is consistent with the TT-
mechanism (Chiang and Sobel 2002). Our diag-
nosis of a moisture budget equation indicated
that the suppressed evaporation nearly bal-
ances the anomalous moisture flux convergence
(Fig. 11a).
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