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ABSTRACT

The authors demonstrate through atmospheric general circulation model (the Community Climate Model
version 3.10) simulations of the 1997/98 El Niño that the observed “remote” (i.e., outside the Pacific)
tropical land and ocean surface warming appearing a few months after the peak of the El Niño event is
causally linked to the Tropics-wide warming of the troposphere resulting from increased atmospheric
heating in the Pacific, with the latter acting as a conduit for the former. Unlike surface temperature, the
surface flux behavior in the remote Tropics in response to El Niño is complex, with sizable spatial variation
and compensation between individual flux components; this complexity suggests a more fundamental
control (i.e., tropospheric temperature) for the remote tropical surface warming. Over the remote oceans,
latent heat flux acting through boundary layer humidity variations is the important regulator linking the
surface warming in the model simulations to the tropospheric warming over the remote tropical oceans.
Idealized 1997/98 El Niño simulations using an intermediate tropical circulation model (the Quasi-
Equilibrium Tropical Circulation Model) in which individual surface fluxes are directly manipulated con-
firms this result. The findings over the remote ocean are consistent with the “tropospheric temperature
mechanism” previously proposed for the tropical ENSO teleconnection, with equatorial planetary waves
propagating tropospheric temperature anomalies from the eastern Pacific to the remote Tropics and moist
convective processes mediating the troposphere-to-remote-surface connection. The latter effectively re-
quires the boundary layer moist static energy to vary in concert with the free tropospheric moist static
energy. Over the remote land regions, idealized model simulations suggest that sensible heat flux regulates
the warming response to El Niño, though the underlying mechanism has not yet been fully determined.

1. Introduction

The gross warming of tropical surface ocean and land
temperatures outside the tropical Pacific (hereafter re-
ferred to as the remote Tropics) to El Niño is a well-
known and robust response (e.g., Yulaeva and Wallace
1994; Klein et al. 1999). As an example, we show ocean
(Fig. 1a) and land (Fig. 1b) surface temperature anoma-
lies during March–May 1998, one season after the bo-
real winter peak of the strong El Niño event of 1997/98.
A gross Tropics-wide warming of around 1 K is evident
over most of the remote region. This warming is neither
uniform nor entirely ubiquitous over the remote Trop-
ics: in particular, sea surface temperatures (SSTs) di-
rectly west of Angola tend to cool slightly during El
Niño (as noted by Enfield and Mayer 1997; cooling in
this region is also apparent in Fig. 1). However, the

gross sense is one of warmer remote tropical surface
temperatures after an El Niño event.

What causes this gross warming? Previous studies
have focused on teleconnections mediated by the atmo-
sphere [the “atmospheric bridge” concept of Lau and
Nath (1996)], although the detailed mechanisms under-
lying this communication are not well understood. Pre-
vious observational studies of the El Niño impact over
the remote tropical oceans [e.g., Curtis and Hastenrath
(1995) and Enfield and Mayer (1997) for the tropical
Atlantic; Yu and Rienecker (1999) and Alexander et al.
(2003) for the Indian Ocean] support the atmospheric
bridge concept by arguing that atmospheric circulation
changes acting on surface fluxes (in particular, wind
speed effects on latent heat flux and radiative effects
arising from changes in cloudiness) or through ocean
dynamical processes (in particular, Ekman transports
and mixing and large-scale dynamical processes near
the equator) are largely responsible for the SST anoma-
lies. Klein et al. (1999) solidified these atmospheric
bridge arguments by showing that SST variations over
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the tropical Atlantic, Indian, and southeast Asian
Oceans during El Niño are consistent with inferred
variations in the surface flux. A theme that emerges
from these studies is the region-specific nature in the
causes of surface temperature change and their charac-
teristic evolutions over the ENSO cycle. In particular,
latent heat flux changes associated with variations in
the northern trade wind intensity during the boreal win-
ter appear to be of primary importance for the warming

in the tropical North Atlantic (e.g., Curtis and Has-
tenrath 1995; Enfield and Mayer 1997; Klein et al.
1999), whereas the causes of Indian Ocean SST vari-
ability appear mixed, with shortwave radiation (e.g.,
Klein et al. 1999), wind speed (e.g., Shinoda et al. 2004),
and ocean dynamics (e.g., Murtugudde and Busalacchi
1999; Yu and Rienecker 1999) all appearing to play a
significant role. The regional variations are likely asso-
ciated with processes that determine the mean climate

FIG. 1. Mar–May 1998 anomalies of (a) SST, (b) land surface temperature, and (c) air temperature at 400 mb. The SST
and air temperature are from the NCEP–NCAR reanalysis (Kalnay et al. 1996), and land surface temperature is from the
Climate Research Unit at the University of East Anglia (Jones et al. 2001). For the SST and air temperature, anomalies
less than zero are masked out; for land surface temperature, areas with no color indicate no data.
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state and seasonal cycle as well as the internal variabil-
ity of the climate.

We take a different tack in this study by focusing on
the similarity in response to El Niño over the remote
Tropics: that is, why do (almost) all remote tropical
regions, both land and ocean, warm to El Niño? Re-
gion-specific explanations tend to be unsatisfactory
since, in the spirit of Okham’s razor, there likely exists
a more general explanation for the gross warming effect
of El Niño over all remote tropical regions. The argu-
ment against a general explanation is that surface flux
budgets are known to vary substantially from region to
region (as demonstrated in the above cited studies),
with different components contributing to the warming
in different regions. A problem that we foresee with
this argument (as elaborated in section 2) is that the
individual flux components are large terms compared
to the net flux that often compensate each other, leav-
ing a small residual as the net surface flux anomaly.
Because of this compensation, it may not be sufficient
to examine subsets of the individual flux components to
infer the causes of SST variations. This poses a quan-
dary for observational studies as surface flux datasets
are nowhere near complete in either space or time—in
particular, we do not have adequate global observa-
tions of surface longwave and shortwave fluxes for in-
terannual studies. Furthermore, observational errors
may mask the signal: for example, Chiang and Sobel
(2002) noted that a typical 10 W m�2 anomaly in latent
heat flux can be driven by an air–sea humidity differ-
ence anomaly of around 0.4 g kg�1, which is smaller
than the mean random error of �1.1 g kg�1 for marine
10-m specific humidity measurements from voluntary
observing ships (Kent et al. 1999).

This paper explores the case for tropical tropospheric
temperature warming caused by El Niño as the expla-
nation for remote tropical surface warming. Our start-
ing point is the observational paper by Yulaeva and
Wallace (1994), which documented tropospheric tem-
perature (TT) warming throughout the tropical belt to
El Niño, with an amplitude of almost 1 K for strong El
Niño years and lag relative to the peak El Niño phase
by around 3 months. An example of the warming re-
sponse to El Niño is shown (Fig. 1c), namely, the
March–May 1998 air temperature anomalies at 400 mb.
The TT warming is understood as a dynamical response
to atmospheric heating caused by El Niño; because the
tropical atmosphere cannot maintain strong tempera-
ture gradients, the large-scale dynamics acts to spread
the heating across the entire tropical belt (Wallace
1992; Sobel et al. 2002). Yulaeva and Wallace noted
furthermore that the mean TT anomalies are highly
coherent with fluctuations in surface air temperatures

over tropical land masses and SST anomalies over the
tropical Indian and North Atlantic Oceans, which led
them to propose that the tropical TT and surface tem-
perature fluctuations represent a “thermodynamic re-
sponse to the perturbations in the surface heat balance
induced by the ENSO cycle in the eastern equatorial
Pacific” (Yulaeva and Wallace 1994). Brown and
Bretherton (1997) proposed that moist convection links
the remote tropical TT to the surface, invoking the
strict quasi-equilibrium hypothesis which argues that,
over time scales sufficiently longer than the convective
time scale, convection homogenizes moist static energy
perturbations in the vertical. A previous study by one
of us (Chiang and Sobel 2002, hereafter CS02) gener-
alized these concepts by arguing that ENSO communi-
cates to the remote Tropics through the propagation of
TT and that the remote ENSO impact can be thought
of as the adjustment of the remote tropical climate to
the TT perturbation—hereafter, we refer to this mecha-
nism as the “TT mechanism.”

We explore the mechanisms behind the remote tropi-
cal surface warming to El Niño with a focus on the TT
mechanism. CS02 explored the TT mechanism in the
limited framework of a single-column model (a sum-
mary of CS02 will be given in section 3); here, we ex-
amine the more realistic context of an atmospheric gen-
eral circulation model (AGCM) as well as an interme-
diate-level-complexity tropical circulation model, with
both coupled to a fixed-depth thermodynamic slab
ocean outside of the tropical Pacific. Because of the
limitations of our model setup, we do not examine the
role of ocean dynamical feedback. Our main conclusion
is that the remote tropical ocean surface temperature
warming during El Niño in the models used here is
consistent with the TT mechanism proposed by CS02;
in fact, it appears to be the dominant mechanism. Tro-
pospheric temperature is also fundamental for the re-
mote tropical land warming to El Niño, although we do
not yet fully understand the details of its operation.
Given that the climate processes modeled here are rela-
tively complete, it suggests that the TT influence on
remote surface temperature has some basis in reality.

2. AGCM simulations of the remote tropical
surface warming to the 1997/98 El Niño

We use the Community Climate Model version 3.10
(CCM3; Kiehl et al. 1998) coupled to a constant-depth
50-m slab ocean model outside the tropical Pacific. The
model is widely used; we refer the reader to Kiehl et al.
(1998) and Bonan (1998) for descriptions of the atmo-
spheric and land surface components, respectively. The
atmospheric model resolution used corresponds to a
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triangular truncation of 31 basis functions in the me-
ridional and 15 in the zonal, equivalent to 48 grid points
in both latitude and longitude. The CCM3 standard 18
levels are retained for the vertical. Although the reso-
lution is relatively coarse, previous studies using the
same configuration have yielded reliable simulations of
climate (e.g., Yin and Battisti 2001; Chiang et al. 2003).
Moreover, for the scales under consideration here, the
resolution is adequate. The land surface component
(Land Surface Model 1.0) is a one-dimensional model
for energy, momentum, water, and carbon dioxide ex-
change and allows for hydrological and vegetation dif-
ferences as well as specification of lakes and wetlands;
land surface and subsurface temperatures are deter-
mined on the basis of energy constraints. The soil is
divided into six layers of 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 m
from top to bottom, connected by standard thermal
diffusion with a diffusion coefficient depending on the
soil type. For the slab ocean, a specified spatially vary-
ing, climatological monthly flux correction, a proxy for
ocean heat transport convergence, is applied so that the

simulated SST seasonal climatology closely matches the
observed; a description of this procedure can be found
in Chiang et al. (2003). We specify SST in the region of
the tropical Pacific from 20°S to 20°N and 110°E to the
west coast of the Americas and merge the SST field
linearly with the slab ocean SST over a 10° interval,
wherever appropriate. A 57-yr control run is obtained
by integrating the model with the observed SST sea-
sonal cycle climatology, with the first 15 years discarded
as spinup.

We simulated an ensemble of 1997/98 ENSO condi-
tions by specifying anomalies of the January 1997–
December 1998 period, with a linear ramp up of 3
months (i.e., no anomalies were applied for January
1997, 33% of the observed amplitude for February
1997, and so on), and a 3-month ramp down between
October 1998 and December 1998 (note: Table 1 lists
and briefly describes all simulations done for this pa-
per). The simulations were continued for another 2
years past the end of 1998 but with SST climatology
specified in the tropical Pacific; this allows for the

TABLE 1. Description of the various CCM3 and QTCM simulations in this paper. Sections where runs are introduced are indicated
in parentheses.

Name of run Description Purpose

Standard 1997/98 run: CCM3
(section 2)

4-yr simulation: Jan 1997–Dec 1998 SST imposed in the
tropical Pacific (20°N–20°S) for the first two years, followed
by climatology for the last two. A 50-m slab ocean is
implemented outside this tropical Pacific region. A 10°
buffer zone is implemented between the imposed and slab
oceans, with SST damped back to climatology.

Standard reference simulation to
show the impact of the 1997/98
ENSO on remote surface
temperature.

1997/98 run: no mean tropical
Pacific SST anomaly; CCM3
(section 3)

Same as the CCM3 standard 1997/98 run, but removing a
constant value from the imposed tropical Pacific SST so
that the mean SST anomaly over the tropical Pacific is zero
for each month.

This preserves zonal SST
gradients in the tropical Pacific
and zonal convection shift to
El Niño but reduces the
impact on TT.

Abrupt El Niño: CCM3
(section 4)

CCM3 ensemble simulation where peak El Niño conditions
are abruptly introduced on 1 Feb.

Transient adjustment to El Niño
conditions.

1997/98 run: 12.5 m, 200 m,
and infinite remote ocean
MLD; CCM3 (sections 5 and
6)

Same as the standard 1997/98 run, but with the slab ocean
outside the tropical Pacific set to 12.5 m/200 m/infinite
MLD. Infinite MLD means that the ocean outside the
tropical Pacific is set to fixed climatology.

Demonstrates how varying the
remote ocean thermodynamic
SST feedback alters the ocean
surface flux response to El
Niño.

Standard 1997/98 run: QTCM
(section 7)

Same as the CCM3 standard 1997/98 run, but using QTCM. Baseline run for QTCM.

1997/98 run: fixed zonal mean
TT; QTCM (section 7)

Same as the QTCM standard 1997/98 run but fixing the zonal
mean TT to the seasonally varying climatology.

Directly demonstrates TT’s role
in the remote tropical surface
warming.

1997/98 run: altered sensible,
shortwave and longwave,
and latent runs; QTCM
(section 7)

Same as the standard 1997/98 run but altering individual flux
components outside the tropical Pacific separately. For the
altered sensible and shortwave runs, those fluxes are
directly set to climatology; for the altered longwave
radiation, the air temperature and humidity as seen by the
longwave calculation is fixed to climatology; and for the
altered latent flux, the boundary layer humidity as seen by
the latent heat flux parameterization is fixed to climatology.

Directly demonstrates relative
role of individual flux
components to the remote
tropical surface warming
during El Niño
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