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ABSTRACT

Teleconnections have traditionally been studied for the case of dry dynamical response to a given diabatic heat
source. Important anomalies often occur within convective zones, for instance, in the observed remote response to
El Niño. The reduction of rainfall and teleconnection propagation in deep convective regions poses theoretical
challenges because feedbacks involving convective heating and cloud radiative effects come into play. Land surface
feedbacks, including variations of land surface temperature, and ocean surface layer temperature response must be
taken into account. During El Niño, descent and negative precipitation anomalies often extend across equatorial
South America and the Atlantic intertropical convergence zone. Analysis of simulated mechanisms in a case study
of the 1997/98 El Niño is used to illustrate the general principals of teleconnections occurring in deep convective
zones, contrasting land and ocean regions. Comparison to other simulated events shows similar behavior. Tropo-
spheric temperature and wind anomalies are spread eastward by wave dynamics modified by interaction with the
moist convection zones. The traditional picture would have gradual descent balanced by radiative damping, but
this scenario misses the most important balances in the moist static energy (MSE) budget. A small “zoo” of
mechanisms is active in producing strong regional descent anomalies and associated drought. Factors common to
several mechanisms include the role of convective quasi equilibrium (QE) in linking low-level moisture anomalies
to free tropospheric temperature anomalies in a two-way interaction referred to as QE mediation. Convective
heating feedbacks change the net static stability to a gross moist stability (GMS) M. The large cloud radiative
feedback terms may be manipulated to appear as a modified static stability Meff, under approximations that are
quantified for the quasi-equilibrium tropical circulation model used here. The relevant measure of Meff differs between
land, where surface energy flux balance applies, and short time scales over ocean. For the time scale of an onsetting El
Niño, a mixed layer ocean response is similar to a fixed sea surface temperature (SST) case, with surface fluxes lost into
the ocean and Meff substantially reduced over ocean-enhancing descent anomalies. Use of Meff aids analysis of terms
that act as the initiators of descent anomalies. Apparently modest terms in the MSE budget can be acted on by the
GMS multiplier effect, which yields substantial precipitation anomalies due to the large ratio of the moisture
convergence to the MSE divergence. Advection terms enter in several mechanisms, with the leading effects here
due to advection by mean winds in both MSE and momentum balances. A Kelvinoid solution is presented as a
prototype for how easterly flow enhances moist wave decay mechanisms, permitting relatively small damping terms
by surface drag and radiative damping to produce the substantial eastward temperature gradients seen in obser-
vations and simulations and contributing to precipitation anomalies. The leading mechanism for drought in eastern
equatorial South America is the upped-ante mechanism in which QE mediation of teleconnected tropospheric
temperature anomalies tends to produce moisture gradients between the convection zone, where low-level mois-
ture increases toward QE, and the neighboring nonconvective region. Over the Atlantic ITCZ, the upped-ante
mechanism is a substantial contributor, but on short time scales several mechanisms referred to jointly as tropo-
sphere/SST disequilibrium mechanisms are important. While SST is adjusting during passive SST (coupled ocean
mixed layer) experiments, or for fixed SST, heat flux to the ocean is lost to the atmosphere, and these mechanisms
can induce descent and precipitation anomalies, although they disappear when SST equilibrates. In simulations
here, cloud radiative feedbacks, surface heat fluxes induced by teleconnected wind anomalies, and surface fluxes
induced by QE-mediated temperature anomalies are significant disequilibrium contributors. At time scales of several
months or longer, remaining Atlantic ITCZ rainfall reductions are maintained by the upped-ante mechanism.
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1. Introduction

Teleconnections in the Tropics involve the interac-
tion of atmospheric wave dynamics with moist convec-
tive processes in tropical convection zones. While there
has been much theoretical work on tropical wave dy-
namics emanating from a specified heat source that
mimics convection (Matsuno 1966; Webster 1972; Gill
1980; Garcia and Salby 1987; Webster and Chang 1988),
development of theory for the interaction with convec-
tion zones has lagged. Such interactions include feed-
backs from convective heating and cloud radiative in-
teraction. They potentially alter the propagation of the
teleconnection signal, and they create the precipitation
impacts that are important to land ecosystems and hu-
man activities. We propose the term moist teleconnec-
tions as an appropriate shorthand for this class of dy-
namics, in which the interaction with moist processes is
essential. This paper is part of an ongoing project aimed
at assembling a theory of moist teleconnections (Neelin
and Zeng 2000, hereafter NZ00; Su et al. 2001, hereaf-
ter SNC01; Su and Neelin 2002, hereafter SN02, 2003;
Su et al. 2003; Neelin et al. 2003, hereafter NCS03) and
related effects in tropical global change anomalies
(NCS03; Chou and Neelin 2004, hereafter CN04). Here,
eastward teleconnections from El Niño–Southern Os-
cillation (ENSO) to equatorial South America and the
Atlantic sector are treated. For this case, land surface
interactions are added to the set of feedbacks. The con-
trast of land region precipitation response to that of the
neighboring ocean sector is of interest.

The angle from which we approach this problem is
motivated by two tools: (i) the moist static energy
(MSE) budget of the primitive equations and (ii) con-
vective quasi-equilibrium (QE) closures. In the MSE
budget of the dry thermodynamic equation and the
moisture equation, convective heating and the convec-
tive moisture sink cancel when vertically integrated,
allowing insight into the more subtle balances that
control the moist thermodynamics. The cloud radiative
forcing (CRF) terms can also be manipulated to clarify
the feedbacks involved. In QE closures, convec-
tion tends to remove parcel buoyancy and thus con-
strains the vertical temperature profile in deep convec-
tive regions. As a consequence, temperature and mois-
ture budgets become linked, and the MSE budget
becomes the leading thermodynamic constraint in
deep convective regions (Emanuel et al. 1997; Neelin
1997).

A primary focus here is on the precipitation impacts
and the associated anomalies in vertical motion and the
divergent component of the flow in and near deep con-

vective zones. However, as will be seen below, these are
closely tied with wave propagation and the horizontal
structure of temperature and moisture fields, so an un-
derstanding of the moist teleconnection as a whole is
essential. There have been a number of studies estab-
lishing the link between ENSO anomalies and precipi-
tation anomalies over equatorial South America and
Atlantic ITCZ (Hastenrath and Heller 1977; Moura
and Shukla 1981; Hastenrath 1990a,b; Giannini et al.
2001; Chiang and Sobel 2002, hereafter CS02; Chiang et
al. 2002; Paegle and Mo 2002; Rao et al. 2002; Grimm
2003). The aim here is to contribute an understanding
of the interplay of moist dynamical mechanisms that
occurs in these teleconnections. An in-depth case study
of the onsetting 1997/98 El Niño is used, first evaluating
the simulation, then taking apart the mechanisms in-
volved using an intermediate complexity primitive
equation model, the quasi-equilibrium tropical circula-
tion model (QTCM) designed specifically for such stud-
ies. These mechanisms are believed to be general
enough that this provides a prototype for other cases,
although the relative contributions may change.
Mechanisms are phrased in terms of warm free tropo-
sphere temperature anomalies and compensating de-
scent anomalies, although the converse would hold for
cold events. Results are then compared to statistics for
other events.

The structure of the paper is as follows. After sum-
marizing the model (section 2), the simulation of the
July–November 1997 response to specified Pacific SST
anomalies is compared to observations as our primary
case study (section 3). The MSE budget is then sum-
marized in general and QTCM form (section 4)—
locations of main symbol definitions are recapped in
the appendix. MSE budget anomalies for the 1997 case
are examined to identify important factors (section 5),
and manipulations of the MSE budget that aid under-
standing of mechanisms are introduced (section 6).
These are used to generate hypotheses regarding
mechanisms (section 7) including a prototype for how
these interact in a moist Kelvin wave–like solution.
Tests of a number of mechanisms by intervening in the
model dynamics for the 1997 case study are then pre-
sented in section 8a, a mixed layer ocean case is exam-
ined in section 8b, and section 8c provides a comparison
to other events.

While sections 3–8 provide a detailed account of the
evidence for multiple mechanisms in this model’s simu-
lated teleconnections, section 9 extracts from this a
more general summary of moist teleconnection mecha-
nisms and the analysis approach. It is relatively self-
contained for readers preferring the overview.
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2. Model and cases

The quasi-equilibrium tropical circulation model
(QTCM) version 2.2 with a modified cloud radiation
scheme is used. This is the same version as used in SN02
for consistency. The model physics includes a Betts–
Miller convective adjustment scheme (Betts and Miller
1986), a weakly nonlinear cloud radiative scheme, and a
simple interactive land model, “SLand,” with a surface
water budget for a single soil layer (NZ00; Zeng et al.
2000, hereafter ZNC00).

Similar to SN02, simulations for the 1997 case are
performed with observed SSTs in the tropical Pacific
(30°S to 30°N) in regions where SST anomalies are
positive and climatological SSTs are specified over
other oceanic regions (“POSPAC” runs). Such
POSPAC runs provide a simple case for examining
teleconnections; the impacts of SST in other regions are
discussed in SNC01. An ensemble of 10 members with
slightly different initial conditions is conducted. We
compare the ensemble means of the POSPAC runs
with those of the “CLIM” runs, where climatological
SSTs over the whole model domain (60°S–60°N) are
used. Runs with a mixed layer ocean over the tropical
Atlantic are also conducted. A fixed climatology of im-
plied ocean heat transport divergence is estimated from
a previous simulation with climatological SST. Simula-
tions in which particular terms in the model equations
are altered for hypothesis testing purposes are de-
scribed in section 8.

We choose the period July–November 1997 as a pri-
mary case because the relative drought over equatorial
South America and the Atlantic ITCZ region was large
in observations during this time. The 5-month average
partially helps in filtering transient variability when
comparing to observations. The precipitation anoma-
lies in the time period also have a large spatial extent
within equatorial South America, so the problem is not
localized to a single region. Furthermore, comparisons
between land and the Atlantic ITCZ are facilitated be-
cause broad anomalies occurred over both in this case.
This choice of season implies that we are not explicitly
addressing the well-known Nordeste Brazil drought
season of March through June, when the convection
zone is farther south. The Nordeste problem is of a
more regional scale and has strong dependencies on the
Atlantic (Hastenrath 1990b). We believe that some of
the mechanisms found here are relevant for the local-
ized Nordeste problem, but we address first this larger
spatial-scale case. Equatorial South American and At-
lantic ITCZ rainfall are well correlated with ENSO in-
dices during September–November (Hastenrath 1990a;
Grimm 2003), so the 1997 event is unusual mainly in

that anomalies were large and started earlier than is
typical.

Comparisons to other events are based on a run
forced with observed SST (Reynolds and Smith 1994)
from 1982 to 1998. SST is specified globally, but the
analysis uses cases in which Atlantic SST anomalies are
small.

3. Simulation of the South American drought
during El Niño

Figures 1 and 2 show the anomalies of precipitation,
tropospheric averaged temperature T� (850–200 hPa),
850-hPa wind, 500-hPa vertical pressure velocity (��),
and outgoing longwave radiation (OLR�) for observa-
tions and the POSPAC run, respectively, where prime
denotes anomalies. All observed anomalies are relative
to the climatological means from 1982 to 1998. Tem-
perature, horizontal wind, and vertical pressure velocity
data are from the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis (Kalnay et al. 1996). OLR is
obtained from the National Oceanic and Atmospheric
Administration Climate Analysis Center (CAC). All
modeled anomalies are differences between the en-
semble means for the POSPAC run and those for the
CLIM run. The regions of interest here, that is, equa-
torial South America and the Atlantic Ocean, exhibit
considerable reductions in precipitation. The region of
weak (�0.5 mm day�1) precipitation reduction in ob-
servations extends farther southward and westward
over the continent than is simulated. However, the
model captures the general features of the drought over
equatorial South America, shifted eastward from the
region of strongest climatological precipitation and ex-
tending across the Atlantic ITCZ.

We also note that while the climatological convection
zone affects the position of the precipitation anomalies,
the anomalies are far from being simply proportional to
the climatological precipitation. In evaluating budgets,
we define equatorial South America (ESA) and Atlan-
tic ITCZ index regions to be regions with greater than
0.5 mm day�1 precipitation anomaly, south of 15°N, for
land and the Atlantic Ocean in Fig. 2a. In both obser-
vations and the model, this includes much of the Ama-
zon but not the west coast of South America. In model
budget analysis, the ESA region includes the Amazon
and northern South America from Venezuela and east-
ern Columbia to northern northeastern Brazil.

The corresponding descent anomalies and increased
OLR seen in Figs. 1c,d are consistent with the precipi-
tation anomalies; descent anomalies are roughly pro-
portional to the negative precipitation anomalies. The
QTCM anomalies (Figs. 2c,d) reproduce this relation-
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