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Abstract The Atlantic Warm Pool (AWP) region, which

is comprised of the Gulf of Mexico, Caribbean Sea and

parts of the northwestern tropical Atlantic Ocean, is one of

the most poorly observed parts of the global oceans. This

study compares three ocean reanalyses, namely the Global

Ocean Data Assimilation System of National Centers for

Environmental Prediction (NCEP), the Climate Forecast

System Reanalysis (CFSR) of NCEP, and the Simple

Ocean Data Assimilation (SODA) for its AWP variation.

The surface temperature in these ocean reanalyses is also

compared with that from the Extended Range SST version

3 and Optimally Interpolated SST version 2 SST analyses.

In addition we also compare three atmospheric reanalyses:

NCEP-NCAR (R1), NCEP-DOE (R2), and CFSR for the

associated atmospheric variability with the AWP. The

comparison shows that there are important differences in

the climatology of the AWP and its interannual variations.

There are considerable differences in the subsurface ocean

manifestation of the AWP with SODA (CFSR) showing the

least (largest) modulation of the subsurface ocean tem-

peratures. The remote teleconnections with the tropical

Indian Ocean are also different across the reanalyses.

However, all three oceanic reanalyses consistently show

the absence of any teleconnection with the eastern equa-

torial Pacific Ocean. The influence of the AWP on the

tropospheric temperature anomalies last for up to a one

season lead and it is found to be relatively weak in R1

reanalyses. A simplified SST anomaly equation initially

derived for diagnosing El Niño Southern Oscillation vari-

ability is adapted for the AWP variations in this study. The

analysis of this equation reveals that the main contribution

of the SST variation in the AWP region is from the vari-

ability of the net heat flux. All three reanalyses consistently

show that the role of the ocean advective terms, including

that associated with upwelling in the AWP region, is

comparatively much smaller. The covariance of the SST

tendency in the AWP with the net heat flux is large, with

significant contributions from the variations of the surface

shortwave and longwave fluxes.

Keywords Atlantic Warm Pool � ENSO �
Tropospheric temperature

1 Introduction

The Atlantic Warm Pool (AWP), as the name suggests, is

the Atlantic component of the Western Hemisphere Warm

Pool (WHWP; Wang and Enfield 2001). The WHWP

extends over parts of the tropical eastern North Pacific

(ENP) and into the AWP region. The area of the ENP is

comparably much smaller than the AWP and, thereby, the

WHWP as a whole is more influenced by the AWP (Wang

et al. 2008). The AWP is a region of warm SST (C28.5 �C)

that climatologically is known to extend over the Gulf of

Mexico, the Caribbean Sea and the western part of the

tropical Atlantic Ocean. The AWP has a very robust sea-

sonal cycle, with the areal extent of the 28.5 �C isotherm
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peaking in August–September–October (ASO) season

(Wang and Enfield 2003). It has been shown from obser-

vational studies that the AWP undergoes frequency mod-

ulation on several time scales including intraseasonal

(30–50 days; Maloney and Hartmann 2000; Higgins and

Shi 2001), seasonal (Wang and Enfield 2003), interannual

(Wang and Enfield 2001; Wang et al. 2006; Misra 2009)

and decadal (Wang et al. 2008). The variability of the AWP

in each of these time scales is also related to tropical

cyclone activity in the Atlantic Ocean. For example, Wang

and Lee (2007) suggest that the AWP serves as a conduit

for the observed relationship between the Atlantic Multi-

decadal Oscillation (AMO) and the Atlantic hurricane

activity. It is seen that the warm (cool) phases of the AMO

are characterized by large (small) AWPs. Since the AWP

resides in the genesis region of most Atlantic tropical

cyclones, the influence of the AMO on Atlantic tropical

cyclone activity may operate through the mechanism of the

AWP-induced atmospheric changes. Similarly, such tele-

connections of cyclone activity in the Atlantic with the

AWP are established at other time scales (Wang et al.

2006). This teleconnection of the AWP with tropical

cyclone activity significantly relates to the bloom of

Gambierdiscus toxicus, a parasitic microalgal species that

harps on disturbances and dislocation of algae in the coral

reef areas (Tester et al. 2010).

On interannual time scales, the large AWPs that appear

in certain years can be almost 3 times larger than small

AWP occurrences (Wang et al. 2006). These anomalous

AWP events affect rainfall over the Caribbean, Central

America, and eastern South America. Furthermore, such

large (small) AWP events are associated with a decrease

(increase) in sea level pressure and an increase (decrease)

in atmospheric convection and cloudiness, which corre-

sponds to weak (strong) tropospheric vertical wind shear

and a deep (shallow) warm upper ocean, thus, increasing

(decreasing) Atlantic hurricane activity. Despite the large

interannual variations of the AWP events, they seem to be

largely disconnected from the interannual variations asso-

ciated with El Niño Southern Oscillation (ENSO) in the

equatorial Pacific Ocean (Wang and Enfield 2003). This is

likely a result of ASO season being the seasonal peak of

AWP when the influence of ENSO on the tropical Atlantic

is the weakest. Enfield and Mayer (1997) showed that

ENSO has a significant influence on the north tropical

Atlantic SST in the boreal spring season. Wang and Enfield

(2003) show that nearly two thirds of the overall AWP

anomalies in the ASO season in the last few decades have

occurred independent of the ENSO variability in the trop-

ical Pacific.

Intriguingly, the AWP is one of the most poorly

observed regions of the global oceans (Misra et al. 2010).

Misra et al. (2010) show that the density of in situ ocean

observations over the AWP region is comparable to the

poorly observed polar oceans. In this context, this paper

provides a perspective on the depiction of the AWP in three

ocean reanalyses products, two atmospheric reanalyses,

and two SST analyses. These datasets are described in the

following section. A comparison of the AWP diagnostics

between all these reanalyses are described in the results

section, Sect. 3, followed by concluding remarks in Sect. 4.

2 Description of data

The ocean reanalyses used in this study are the National

Centers for Environmental Prediction (NCEP) Global

Ocean Data Assimilation (GODAS; Behringer and Xue

2004), NCEP Climate Forecast System Reanalyses (CFSR;

Saha et al. 2010) and the Simple Ocean Data Assimilation,

version 2.1.6 (SODA; Carton and Giese 2008). For atmo-

spheric reanalyses we use the NCEP-National Center for

Atmospheric Research (NCAR; R1; Kalnay et al. 1996),

NCEP-Department of Energy (DOE) reanalyses (R2;

Kanamitsu et al. 2002) and the NCEP CFSR. For the SST

analyses we have used the Extended Reynolds SST version

3 (ERSSTv3; Smith et al. 2008) and Optimally Interpolated

SST version 2 (OISSTv2; Reynolds et al. 2002). Each of

these datasets is briefly discussed in the following sub-

sections. We have compared all of these products for a

common period of 1980–2006 with the exception that

OISSTv2 is available from 1982. We have also removed

the linear trend from all variables analyzed in this paper.

2.1 NCEP GODAS

The NCEP GODAS was developed using the three-

dimensional variational scheme for data assimilation with

the Geophysical Fluid Dynamics Modular Ocean Model

version 3 (MOM3) as the data assimilation model. MOM3

in this assimilation was forced with NCEP-DOE (also

called reanalysis 2; Kanamitsu et al. 2002) atmospheric

fluxes. NCEP GODAS assimilates both surface and sub-

surface temperature observations. It utilizes NCEP’s in situ

SST observations and blended satellite analysis (Reynolds

et al. 2002). The surface salinity is relaxed to annual salinity

climatology (Conkright et al. 1999). The subsurface ocean

temperature includes those from XBTs, profiling floats and

TAO moorings. It also assimilates synthetic salinity profiles

from local temperature and salinity profiles derived from

Levitus climatology. GODAS is available on a quasi-global

domain that extends from 75�S to 65�N. The ocean model

has a 1� longitudinal resolution and 1� latitudinal resolution,

which is then enhanced to 1� longitudinal resolution and

1/3� latitudinal resolution within 10� of the equator. This

data is available from 1979 to the present.
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2.2 NCEP CFSR

This is a very recently released coupled ocean–land–

atmosphere reanalyses for a 31-year period from 1979 to

2009, which will be extended as an operational real time

product (Saha et al. 2010). NCEP CFSR is substantially

different from the previous NCEP-NCAR reanalysis

(Kalnay et al. 1996) in that it uses the 6 h forecast field

from an updated version of the coupled ocean–atmo-

sphere–land model for the generation of the first guess field

for the assimilation cycle of the individual components of

the physical climate system (viz., ocean, land, and atmo-

sphere), assimilates satellite radiances by Grid point Sta-

tistical Interpolation (GSI) scheme (Kleist et al. 2009)

throughout the 31 year period and uses prescribed CO2

concentrations as a function of time. Furthermore com-

pared to the coarse horizontal and vertical resolution of

T62L28 of the atmospheric analyses of NCEP-NCAR,

NCEP CFSR is available at T382L64, and also includes

ocean analyses at a latitudinal spacing of 0.25� at the

equator, extending to a global 0.5� beyond the tropics, with

40 levels to a depth of 4,737 m. NCEP CFSR also includes

land surface analyses with four soil levels and a global sea

ice analyses with three layers. In CFSR the SST is nudged

towards OISSTv2.

2.3 SODA

The ocean model in the SODA is based on the Los Alamos

implementation of the Parallel Ocean Program version 2.1

(POP2.1; Smith et al. 1992). The model is constrained by

temperature and salinity observations using a sequential

assimilation algorithm following Carton et al. (2000a, b),

Carton and Giese (2008), and Zheng and Giese (2009). The

ocean model has 40 levels in the vertical, with 10 m res-

olution at the surface, and it has a grid spacing of 0.4�
(longitude) 9 0.25� (latitude). In addition, the Arctic

Ocean is fully resolved since the pole is displaced (Carton

et al. 2000a, b; Carton and Giese 2008; Zheng and Giese

2009).

The ocean model is forced with ERA-40 wind stresses

for the period 1958–2001; for the period 2002–2008 it is

forced by ERA-interim winds. Bulk formulae are used to

calculate surface heat fluxes (Smith et al. 1992) for which

the atmospheric variables are taken from NCEP-NCAR

(Kalnay et al. 1996). The NCEP–NCAR reanalysis infor-

mation is used for the bulk formulas instead of the ERA-40

variables to give continuity of surface forcing during

periods for which the ERA-40 winds are not available
Fig. 1 Climatological monthly mean area of the AWP from ocean

reanalyses and SST analyses

Table 1 The climatological area of the AWP for September from the

three reanalyses and SST analysis products at their native and inter-

polated to common (GODAS) grid resolution

Grid GODAS CFSR SODA ERSST OISST

Native 6.713 5.922 7.065 7.788 7.702

Interpolated 6.713 5.403 6.608 6.723 6.640

Fig. 2 The climatological area of the AWP during ASO season

Fig. 3 The interannual variability (as shown by standard deviation)

of the area enclosed by various isotherms in August–September–

October (ASO) season from top) the three ocean reanalyses, and

bottom) the two SST analyses. Isotherms exceeding 29.0 �C are not

included to keep the sample size uniform as there were years when the

SST never reached over 29 �C in the region
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(Zheng et al. 2010). The model output, temperature,

salinity, and velocity are mapped onto a uniform 0.5� 9

0.5� grid, with 40 vertical levels (Zheng and Giese 2009).

2.4 NCEP-NCAR (R1)

Upper-air and land surface data from R1 are included in

this study. The data are available on a 2.5� 9 2.5� grid

(144 9 73) from 1948 to the present. The NCEP global

spectral model (Kalnay et al. 1996) is the atmosphere

model in R1. The model has a horizontal grid spacing of

T62, roughly 210 km, and 28 vertical ‘‘sigma’’ levels. The

analysis scheme used is the spectral statistical interpolation

(SSI), a three-dimensional variable (3DVAR) scheme that

is cast in spectral space (Parrish and Derber 1992; Derber

et al. 1991). The reanalysis model uses a diagnostic cloud

scheme from Campana et al. (1994) that has led to model

output of outgoing longwave radiation that better matches

the radiation in observations (Kalnay et al. 1996). In

addition, the reanalysis model uses a two-layer land surface

model (LSM) that was developed at Oregon State Uni-

versity by Pan and Mahrt (1987).

2.5 NCEP-DOE (R2)

This study also analyzes upper-air data from R2, which are

available on a 2.5� 9 2.5� grid (144 9 73) from 1979 to

the present. The atmosphere model in R2 is the NCEP

global spectral model (Kanamitsu et al. 2002). R2 is con-

sidered to be an updated version of R1 because human

processing errors were eliminated, parameterizations of

physical processes were updated, and upgrades and

improvements were made to the forecast model and diag-

nostic package (Kanamitsu et al. 2002).

Among the improvements most pertinent to this study is

smoother orography, which led to better estimations of

sensible and latent heat fluxes in R2. Additionally, a new

shortwave radiation scheme by Chou (1992) and Chou and

Lee (1996) was used, which reduced the excessive inso-

lation at the surface that was found in R1. Furthermore,

Fig. 4 The correlation of ASO averaged AWP area with a preceding

February–March–April (FMA), b preceding May–June–July (MJJ),

and c contemporaneous ASO global SSTA from GODAS. d, e, and

f Similar to a, b, and c but from SODA. g, h, and i Similar to a, b, and

c but from CFSR. Only statistically significant values at 95 %

confidence interval according to t test are shown

V. Misra et al.

123



minor tuning to the convective parameterization,

enhancement of the longwave radiation cloud-top cooling,

and updating the parameterization of stratus clouds helped

in improving the simulation of the shortwave fluxes in the

reanalysis. The radiation fluxes at the surface in R2 were

also improved relative to R1 with corrections made to the

desert albedo (Breigleb et al. 1996).

3 Results

3.1 Seasonal variation of the AWP

Figure 1 shows the seasonal cycle of the area of the AWP in

the three reanalyses and two SST analyses. Although all of

them show a seasonal peak in the area of the AWP in Sep-

tember, there is a significant underestimation of the area in

September by the ocean reanalyses relative to the two SST

analyses. In Table 1 (and Fig. 1) it is apparent that SODA

and GODAS display nearly the same climatological area of

the AWP in September but are underestimating relative to

ERSST and OISST by nearly 1 9 106 km2 whereas, CFSR

seems to underestimate the area of the AWP in September

by nearly 2 9 106 km2 (Table 1). It should, however, be

mentioned that these areas were calculated on the native

grids of the respective reanalyses and SST analyses, which

vary considerably and could potentially lead to some of

these observed differences between the data products.

Therefore, we recomputed the September climatological

area of the AWP for all the data products used in this study

by linearly interpolating to the resolution of the GODAS

grid (which was chosen arbitrarily). Table 1 again shows

that qualitatively the results seem consistent from our pre-

vious analysis on the native grids, with similar underesti-

mation of the area of the AWP by the reanalyses relative to

the SST analyses. Given that we will be focusing on the

ASO season (the seasonal peak of the AWP) in the rest of the

paper, we recomputed the climatological area of the AWP

for the ASO season in Fig. 2. This figure continues to show

that CFSR displays the smallest climatological area of the

AWP followed by GODAS and then SODA relative to the

two SST analyses, which are nearly alike.

The choice of the 28.5 �C isotherm as the critical isotherm

to define the AWP by Wang and Enfield (2001) seems to also

coincide with the fact that the area enclosed by it in the ASO

season in the Atlantic Ocean displays the most interannual

variability than any other isotherm (Fig. 3). This is apparent

in all three oceanic reanalyses and the two SST analyses

products. It may be noted that higher isotherms beyond the

29 �C isotherm were not included as the sample size reduces

considerably, with a number of years not being able to reach

29 �C in the region during the ASO season.

3.2 Surface evolution of the AWP

Figure 4 shows the lagged (AWP lagging) correlations of

the AWP with global SST in the three oceanic reanalyses

while Fig. 5 shows the same relationship in the two SST

Fig. 5 The correlation of ASO averaged AWP area with a preceding

February–March–April (FMA), b preceding May–June–July (MJJ),

and c contemporaneous ASO global SSTA from ERSSTv3. d, e, and

f similar to a, b, and c but from OISSTv2. Only statistically

significant values at 95 % confidence interval according to t test are

shown

The rendition of the Atlantic Warm Pool

123



analyses. A striking similarity across all three oceanic

reanalyses (Fig. 4) that is consistent with the SST analyses

(Fig. 5) is the pre-conditioning role of the tropical and

subtropical Atlantic SST anomalies almost two seasons in

advance. Another apparent resemblance across the reanal-

yses (Fig. 4) and SST analyses (Fig. 5) is the relative

independence of the AWP interannual variations from the

tropical Pacific variations. However, there are some sig-

nificant differences in the association of the AWP evolu-

tion with the tropical Indian Ocean variability. The AWP in

CFSR (GODAS) shows the weakest (strongest) association

with the tropical Indian Ocean (Fig. 4). Both the SST

analyses (Fig. 5), however, show consistently a strong

positive correlation at two, one and zero season lags over

the tropical Indian and western Pacific Ocean. Penland and

Matrsova (2008) in their observational study allude to this

teleconnection between the tropical Atlantic and the

western Indian Ocean to the propagation of Rossby waves

arising from convection in the latter region.

3.3 Subsurface evolution of the AWP

The subsurface evolution of the surface manifestation of

the AWP is shown in Fig. 6. Here we show the lagged

correlations at two, one, and zero season lags of the depth

of the 26 �C isotherm with the area of the AWP. The local

intrinsic to tropical Atlantic subsurface manifestation of the

AWP variations is apparent from about one season lag in

all three reanalyses (Fig. 6b, e, h). However, SODA

(CFSR) shows the weakest (strongest) link of AWP with

the 26 �C depth anomalies. The intriguing feature with

GODAS is that the AWP correlation with the depth of the

26 �C isotherm diminishes in magnitude and spatial extent

from one season to zero lag. It may be noted that as we go

Fig. 6 The correlations of ASO averaged AWP area with the depth

of the 26 �C isotherm a at two season lag (with AWP area lagging

i.e., with preceding FMA 26 �C depth anomalies), b at one season lag

(i.e., with preceding MJJ 26 �C depth anomalies), and c at zero lag

(i.e., with contemporaneous ASO 26 �C depth anomalies) from

GODAS. d, e, and f similar to a, b, and c but from SODA. g, h, and

i similar to a, b, and c but from CFSR. Only statistically significant

correlations at 95 % confidence interval according to t test are shown

V. Misra et al.
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to depths of cooler isotherms (e.g. 20 �C isotherm) the

correlations become insignificant (not shown). The positive

correlations at one and zero season lags in Fig. 6 appear in

a smaller region than in the corresponding lags in SST

(Fig. 4), which suggests that overlying atmospheric influ-

ence alongside subsurface oceanic influence are both pos-

sibly playing critical roles in the variability of the AWP.

3.4 Demise of the AWP

The correlation of the variations of area of AWP with the

following season SST (November–December–January

[NDJ]) is largely confined to the tropical Atlantic in

GODAS (Fig. 7a) and SODA (Fig. 7b) with the exception

of CFSR (Fig. 7c) that shows strong positive correlations

in tropical western Pacific Ocean as displayed by the SST

analyses (Fig. 8). However, CFSR clearly does not repre-

sent the teleconnection of the mean ASO AWP variability

with the tropical Indian Ocean in the subsequent NDJ

season unlike in the SST analyses. The withdrawal of

correlations in the Gulf of Mexico and western subtropical

Atlantic Ocean from ASO (Figs. 4c, f, i, 5c, f) to NDJ

(Figs. 7a–c, 8a, c) is also quite apparent and consistent in

the reanalyses and SST analyses. At two season lags from

ASO (i.e., February–March–April [FMA] season) the three

reanalyses display further shrinking of the area with sig-

nificant correlations in the tropical Atlantic (Fig. 7d–f),

which is quite contrary to the corresponding figures from

the two SST analyses (Fig. 8b, d). In other words, the

memory of the surface ocean to AWP variations is rela-

tively short in the three oceanic reanalyses compared to the

two SST analyses.

Likewise the demise of the AWP in the subsurface ocean

is more abrupt than its evolution (Fig. 9). In the case of

GODAS, in just one season lead (Fig. 9a) the correlations of

AWP variations with the depth of the 26 �C isotherm dis-

appears completely from some positive correlations at zero

lag (Fig. 6c) and one season lag (Fig. 6b). It is not sur-

prising that SODA, which already displayed a weak rela-

tionship of the AWP variability with the subsurface ocean

temperatures, (Fig. 6d–f) does not show any significant

correlations at one (Fig. 9b) and two (Fig. 9e) season leads.

In Fig. 9c, CFSR shows a diminishing relationship between

the AWP variability and the depth of the 26 �C isotherm,

which becomes nearly insignificant by two season lead

(Fig. 9f).

3.5 Atmospheric response to the AWP

The tropical tropospheric temperature warming during

warm ENSO episodes highlighted in many studies (Yula-

eva and Wallace 1994; Horel and Wallace 1981; Chiang

and Sobel 2002) is one of the many noticeable atmospheric

responses to warming in the eastern equatorial Pacific

Ocean. Sobel et al. (2002) showed that the Niño3 SST

anomalies lead the tropospheric temperature anomalies

Fig. 7 The correlation of ASO averaged AWP area with succeeding

November–December–January (NDJ) global SSTA from a GODAS,

b SODA, and c CFSR. Similarly, correlation of ASO averaged AWP

area with succeeding February–March–April (FMA) global SSTA

from d GODAS, e SODA, and f CFSR. Only statistically significant

values at 95 % confidence interval according to t test are shown
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(computed as a pressure weighted average between 850

and 200 hPa) by as much as 8–10 months. In a similar

vein, Lee et al. (2008) using idealized modeling studies

showed that convection from AWP variations also gener-

ates a Gill type atmospheric response. In Fig. 10 we show

the correlations of the tropospheric temperature anomalies

with AWP variations at zero and one season lead (fol-

lowing NDJ season). At zero season lag, GODAS-R2

(Fig. 10a) and CFSR (Fig. 10c) display similar correlation

patterns with widespread correlations from the AWP region

to the east up to the tropical western Pacific Ocean. There

is a clear absence of the influence of the AWP variations

over the eastern tropical Pacific in all three atmospheric

reanalysis. SODA-R1 displays the weakest atmospheric

response with near absence of significant positive correla-

tions over the tropical Indian Ocean. By one season lag

(following NDJ season) all three reanalyses lose the spatial

coherency of the correlations with the positive correlations

appearing sporadically scattered in the global tropics

(Fig. 10d–f). However, at a one season lag there are subtle

differences between the reanalyses, with CFSR uniquely

extending the correlation with the tropospheric temperature

anomalies in the southern Indian and Atlantic Oceans and

persisting with the correlations in the tropical eastern

Atlantic Ocean (Fig. 10f).

3.6 Analysis of the SST in the AWP region

In this sub-section we examine the approximate SST

anomaly equation (Eq. 1) given below, following Kang

et al. (2001) and Misra (2008).

oT 0

ot
¼ �uM

oT 0

ox
� vM

oT 0

oy
� u0

oT

ox
� v0

oT

ox
� wM

oT 0

oz

� ½w� wM�
oT

oz
� H0 ð1Þ

where T0 is the SSTA, uM and vM are climatological zonal

and meridional currents, wM is the climatological vertical

Fig. 8 The correlation of ASO averaged AWP area with a succeeding

November–December–January (NDJ) and b succeeding February–

March–April (FMA) global SSTA from ERSSTv3. Similarly the

correlation of ASO averaged AWP area with a succeeding

November–December–January (NDJ) and b succeeding February–

March–April (FMA) global SSTA from OISSTv2. Only statistically

significant values at 95 % confidence interval according to t test are

shown
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velocity, and H0 is the residual term of the atmospheric

fluxes and dissipation. We have adapted here the SST

anomaly equation originally developed to diagnose the

ENSO variability for examination of the AWP variations.

As suggested in the previous studies, the aim here is not to

compute the SST budget but to understand the relative

importance of the various terms in the SST anomaly

equation. Towards this end we compute a ‘‘standardized

Fig. 9 Same as Fig. 7 but showing correlations of ASO averaged AWP area with 26 �C depth anomalies

Fig. 10 The correlations of the mean ASO AWP with tropospheric

temperature anomalies at a zero season lag (ASO season), d one

season lead (tropospheric temperature anomalies from following NDJ

season) obtained using GODAS SST and R2 tropospheric

temperature. b, e Similar to a and d but using SST from SODA

and tropospheric temperature from R1. c, f Similar to a and d but

using SST and tropospheric temperature from CFSR

The rendition of the Atlantic Warm Pool
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covariance’’ (SCOV), which is the covariance of each of

the terms on the right hand side of Eq. 1 with the time

tendency of the SST averaged over the AWP region, that is

divided by the standard deviation of the time tendency of

the SST averaged over the AWP region. To compute

SCOV, following Kang et al. (2001) we have averaged the

terms on the right hand side of Eq. 1 from the surface to

50 m depth to represent the variations of the mixed layer of

the ocean. Mathematically,

SCOV ¼
PN

i¼1 ðxi � �xÞðyi � �yÞ
rx

ð2Þ

where xi is the time tendency of the SSTA averaged over

the AWP region and y is the individual forcing term on the

right hand side of Eq. 1, and rx represents the standard

deviation of the time tendency of the SST averaged over

the AWP region. In this way SCOV will signify the actual

magnitude of y that is related to the time series of the

tendency of the SST anomalies over the AWP. Figure 11

shows the SCOV with the advective (or dynamic) terms of

Eq. 1 from GODAS. Figure 11a–d are related to the

advection of the anomalous and total temperature by the

mean and anomalous horizontal currents. The standardized

covariances are relatively noisy in these panels and identify

very closely with some of the well-known surface currents

in the region (e.g., Caribbean, Yucatan, Gulf stream,

Florida, North Brazil, and North equatorial currents). The

vertical advection by the mean upwelling of the anomalous

Fig. 11 The standardized covariance (see text for definition) of the

SST tendency averaged over the AWP area in ASO season with

contemporaneous values of the dynamic terms in the SST tendency

equation a �um
oT 0

ox , b �u0 oT
ox, c �vm

oT 0

oy , d �v0 oT
oy, e �wm

oT 0

oz , and

f �w0 oT
oz from GODAS. The units are in �C month-1

V. Misra et al.

123



temperature has a coherent pattern in the subtropical

Atlantic, remote to the AWP region (Fig. 11e). The

advection of the anomalous upwelling of the total tem-

perature is relatively weak (Fig. 11f). In summary, the

impact of the dynamic terms on the evolution of the AWP

is relatively weak but possibly subtle. Clement et al. (2005)

indicate that ocean dynamics play an essential role in the

maintenance of the warm pools. The other two reanalyses

showed similar magnitude and patterns of SCOV for the

dynamic terms (not shown).

In Fig. 12a we show the SCOV with the net heat flux

from GODAS-R2 reanalysis. In computing this term, we

took the net heat flux to be positive when it was upward

from ocean to the atmosphere. So a negative SCOV in the

AWP region in Fig. 12a would suggest that a reduction in

the tendency of the SSTA is associated with a net increase

in the heat flux coming out of the ocean. It may be noted

that this SCOV is relatively far more spatially coherent in

the AWP region and has a much larger magnitude than any

of the dynamic terms shown in Fig. 11. In examining

through the components of the net heat flux, the contri-

bution of the latent heat flux (LHF; Fig. 12b), sensible heat

flux (SHF; Fig. 12c), shortwave flux (SWF; Fig. 12d), and

long wave flux (LWF; Fig. 12e) to the time tendency of the

Fig. 12 Same as Fig. 11 but standardized covariance of the SST

tendency averaged over the AWP area in the ASO season with a net

heat flux, b latent heat flux, c sensible heat flux, d net long wave flux,

and e net shortwave flux at surface from GODAS. The fluxes are

obtained from the forcing fields of GODAS, which is the NCEP-DOE

reanalysis (R2)

The rendition of the Atlantic Warm Pool

123



SST anomalies, it is seen that LHF has the weakest influ-

ence and SHF forcing tends to damp the influence of the

radiative fluxes. However, it is apparent that the influence

of the net heat flux on the tendency of the SST anomalies in

GODAS is dominated by the variations of the LWF and

SWF in R2 reanalysis in the AWP region. Similarly,

SODA-R1 (Fig. 13) and CFSR (Fig. 14) indicate that the

tendency of SSTA in the AWP region is dominated by

variations of the net heat flux (Figs. 13a, 14a), which in

turn are dictated largely by the variations of SWF

(Figs. 13d, 14d) and LWF (Figs. 13e, 14e). It may, how-

ever, be noted that Wang et al. (2010) indicate that CFSR

overestimates the downward solar radiation flux over the

tropical western hemisphere warm pool associated with a

positive SST bias.

We also examined the correlation of the time tendency of

the SSTA averaged over the climatological AWP with

rainfall (Fig. 15) and total cloud cover (Fig. 16). Despite

the issue of fidelity of rainfall and total cloud cover in the

reanalyses, both Figs. 15 and 16 show a consistency in the

correlations with the tendency of SSTA in the AWP

(especially over the Gulf of Mexico and western Caribbean

Sea) increasing with reduced rainfall and total cloud cover.

This is also consistent with the fact that both increased

Fig. 13 Same as Fig. 11 but standardized covariance of the SST

tendency averaged over the climatological AWP area for ASO with

a net heat flux, b latent heat flux, c sensible heat flux, d net long wave

flux, and e net shortwave flux at surface from SODA. The fluxes are

obtained from the forcing fields of SODA, which is the NCEP-NCAR

reanalysis (R1)
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downwelling shortwave flux and reduced upwelling long

wave flux, which are usually associated with reduced cloud

cover and rainfall are dominating influences on the changes

in SST over the AWP region. Furthermore Fig. 17 shows

that in this region of the AWP (i.e., Gulf of Mexico and

western Caribbean Sea) the mean sea level pressure

anomaly rises [more appreciably in R2 (Fig. 17a) and CFSR

(Fig. 17c) compared to R1 (Fig. 17b)] with the increase in

SST tendency over AWP. However, Fig. 17 also shows that

the Bermuda high weakens in the subtropical latitudes and

mean sea level pressure anomaly rises in the northern lati-

tudes with the rise in SST tendency over AWP.

4 Summary and conclusions

The AWP is increasingly being recognized as one of the

main drivers of boreal summer and fall seasonal climate

variations in the western hemisphere. However, the AWP

is one of the most poorly observed oceanic regions of

our planet, which is unlike the observational network

instituted to monitor ENSO variations in the tropical

Pacific Ocean. In light of this fact, our study is an attempt

to compare a modest number of reanalyses products for

their rendition of the AWP. Although a broad and coarse

conclusion could be made that AWP is relatively similar

Fig. 14 Same as Fig. 11 but standardized covariance of the SST

tendency averaged over the climatological AWP area for ASO season

with a net heat flux, b latent heat flux, c sensible heat flux, d net long

wave flux, and e net shortwave flux at surface from GODAS. The

fluxes are obtained from the forcing fields of CFSR, which is CFSR

atmosphere itself
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across the reanalyses, it belies the subtle but important

differences and limitations of the datasets. The compari-

sons of the datasets show:

1. There is a significant difference in the climatological

area of the AWP across the three oceanic reanalyses.

They systematically underestimate the area at the

seasonal peak of AWP relative to the two SST analyses.

The seasonal cycle of the AWP is, however, consistent

in all three oceanic reanalyses and the two SST analyses.

2. The interannual variations of the SST in the AWP

region show considerable differences with GODAS

showing the least variability of the three oceanic

reanalyses. However, all three oceanic reanalyses

underestimate the interannual variability with respect

to the two SST analyses.

3. The remote surface manifestation of the AWP, as

expressed by the lag-lead relationship with SST, show

considerable discrepancy across the three reanalyses,

with the remote teleconnection over the Indian Ocean

and western Pacific Ocean being inconsistently

depicted across the reanalyses. The demise of the

AWP in the subsequent NDJ season shows inconsistent

modulation of the tropical Atlantic SST anomalies

across the three reanalyses as well.

Fig. 15 Correlation of the SST tendency averaged over the clima-

tological AWP area in the ASO season with corresponding rainfall.

a SST tendency is computed from GODAS and rainfall is from R2,

b SST tendency is computed from SODA and rainfall is from R1,

c SST tendency and rainfall are from CFSR

Fig. 16 Same as Fig. 15 but the correlation is between SST tendency

averaged over the climatological AWP area in ASO season with cloud

cover
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4. The subsurface evolution and subsequent demise of the

AWP is even more contentious. For example, SODA

shows very weak relationship with local upper ocean

heat content compared to CFSR. The demise of the

AWP, especially in terms of upper heat content

anomalies (depth anomalies of the 26 �C isotherm),

is relatively more abrupt in SODA. In CFSR, the

demise is depicted more gradually.

5. The response of the tropospheric temperature anoma-

lies to the AWP also shows subtle differences with the

most widespread response in the global tropics

displayed by CFSR, whereas, the anomalies of the tro-

pospheric temperature anomalies are least widespread

in R1. However, all three atmospheric reanalyses (R1,

R2, and CFSR) do not show any response of the

tropospheric temperature anomalies over the tropical

eastern Pacific and do show a significant weakening of

the tropospheric temperature anomalies by the sub-

sequent NDJ season.

6. Our analysis shows that the variability of the AWP is

dominated by the variability of the net heat flux. While

the oceanic advective terms are relatively small, we

recognize that they are quite likely playing an impor-

tant role in the maintenance of the warm pool (Clement

et al. 2005). We further show in this study that the

variability of the radiative flux terms dominate the net

heat flux term with the variations of the latent heat flux

being comparatively the smallest. The co-variability of

rainfall, total cloud cover and mean sea level pressure

with the SST tendency in the AWP region further

reaffirm the important role of cloud-radiative feedbacks

in regulating the SST in the AWP region.
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