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ABSTRACT

The adjustment of the tropical climate outside the Pacific (the “remote Tropics”) to the abrupt onset of
El Niño conditions is examined in a tropical atmosphere model that assumes simplified vertical structure
and quasi-equilibrium (QE) convective closure. The El Niño signal is rapidly (�1 week) communicated to
the remote Tropics via an eastward-propagating Kelvin-like wave that induces both anomalous subsidence
and tropospheric warming. Widespread reductions in convective precipitation occur in conjunction with the
spreading of the temperature and subsidence anomalies. The remote rainfall suppression peaks roughly
5–15 days after the initiation of El Niño conditions, after which the anomalous remote rainfall field recovers
to a state characterized by a smaller remote areal mean rainfall deficit and the appearance of localized
positive rainfall anomalies. The initial remote precipitation reduction after El Niño onset is tied to both
tropospheric warming (i.e., stabilization of the troposphere to deep convection) and the suppression of
remote humidity levels; recovery of the initial deficits occurs as feedbacks modulate the subsequent evo-
lution of humidity anomalies in the tropospheric column. Apart from the short-term response, there is a
longer-term adjustment of the remote climate related to the thermal inertia of the underlying surface:
surface thermal disequilibrium, which is related to the depth of the ocean mixed layer, maintains larger
precipitation deficits than would be expected for equilibrated conditions. This result supports a previous
prediction by one of the authors for a significant disequilibrium mechanism in the precipitation telecon-
nection to El Niño resulting from the local vertical coupling of the troposphere to the surface through moist
convection.

1. Introduction

During El Niño–Southern Oscillation (ENSO)
events, substantial climate anomalies occur throughout
the Tropics outside of the Pacific source region (here-
after, the “remote Tropics”). Warm sea surface tem-
perature (SST) anomalies in the eastern equatorial Pa-
cific drive convective heating anomalies that in turn
cause remote tropical changes through a suite of tele-
connected dynamical and thermodynamic linkages,
commonly referred to as the atmospheric bridge (Lau

and Nath 1996; Klein et al. 1999). The foundation of the
atmospheric bridge is that anomalous forced ascent
over the Pacific is balanced by compensatory descent
elsewhere, as suggested by the simple shallow water
model of Gill (1980). More recent studies (Alexander
et al. 2002; Giannini et al. 2001; Su et al. 2001; Chiang
and Sobel 2002, hereafter CS02; Su and Neelin 2002;
Chiang and Lintner 2005; Lintner and Chiang 2005;
Neelin and Su 2005) have refined and augmented the
Gill picture by considering more realistic land–ocean–
atmosphere interactions, moist convective dynamics,
and inhomogeneous basic states. For example, CS02
emphasized the role of thermodynamics, particularly
temperature, in propagating the ENSO signal to the
remote Tropics. Su and Neelin (2002) and Neelin and
Su (2005) focused on the role of regionally variable
moisture-related processes (e.g., advection and evapo-
ration) in mediating El Niño–related precipitation
changes.

Although the atmospheric bridge represents the
dominant conceptual framework of the ENSO telecon-
nection, relatively little attention has been devoted to
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its transient characteristics. The use of monthly mean
and longer-term anomalies—the typical basis of ENSO
teleconnection studies—emphasizes climatic conditions
after adjustment to ENSO forcing has largely occurred.
However, monthly (or longer) averages do not reveal
how the anomalies come about in the first place. Thus,
we adopt here a different approach: we examine the
transient evolution of remote tropical climate anoma-
lies after the sudden introduction of peak El Niño con-
ditions.

Since the time evolution of observed ENSO events is
slow compared to the rapid adjustment time scales of
the tropical atmosphere, the abrupt onset framework
may not be strictly comparable to the observed tele-
connection. Nevertheless, we show that the short-term
transient evolution to abrupt El Niño onset offers valu-
able insight into the mechanisms underlying the tele-
connection. For example, a central finding of our study
is the dominance of equatorial, Kelvin-like wave dy-
namics in the communication of the initial ENSO signal
to the remote Tropics. Following the initial wave dy-
namical impact, significant feedbacks modulate the re-
mote climatic response. The interplay of initial impacts
and feedbacks would be difficult to discern in the static
paradigm.

Apart from the fast atmospheric adjustment, there
are adjustment effects associated with more slowly re-
sponding ocean and, possibly, land components of the
climate system. CS02 argued that the El Niño phase
precipitation deficits occurring over the remote tropical
oceans may be partially attributed to a thermal disequi-
librium effect: the tropical tropospheric warming in-
duced by El Niño causes the underlying ocean surface
to warm, but with a temporal lag corresponding to the
ocean thermal inertia. The resulting surface flux dis-
equilibrium reduces (for example) evaporation from
the ocean to the atmosphere and hence reduces pre-
cipitation. Tang and Neelin (2004) noted changes in
tropical Atlantic cyclogenesis, including hurricane in-
tensity and frequency, that are strongly correlated to
measures of the surface disequilibrium.

The principal objective of our study is to explore the
range of adjustment effects associated with the onset of
El Niño, using an intermediate level complexity model
containing physics essential to the tropical teleconnec-
tion but also amenable to detailed analysis. After in-
troducing the models and methodology in section 2, we
document the principal features of the remote tropical
adjustment, especially the precipitation response, as it
occurs under abrupt El Niño onset (section 3). We dis-
tinguish two phases in the evolution of the remote cli-
mate anomalies: a rapid initial phase characterized by a
propagating Kelvin-like wave influence from the tropi-

cal Pacific and widespread rainfall reduction over the
remote Tropics and a slower equilibrating phase during
which climate feedbacks modify the remote climate re-
sponse, leading to a spatially complex equilibrated
structure. Sections 4 and 5 explore the mechanisms re-
sponsible for the anomalous precipitation behavior dur-
ing the initial phase and the subsequent transition to
equilibrium. We also examine how the transition to
equilibrium depends on surface thermal inertia effects.

2. Models and methodology

The Quasi-equilibrium Tropical Circulation Model 1
version 2.3 (QTCM1), the principal model used, is an
intermediate-level complexity model of the tropical at-
mosphere (Neelin and Zeng 2000; Zeng et al. 2000).
QTCM1 solves the primitive equations on a horizontal
grid (here, 5.625° � 3.75°) while assuming fixed vertical
structures especially tailored for tropical deep convec-
tion regions. The version used here has a single first-
baroclinic mode for temperature, barotropic and first-
baroclinic modes for horizontal momentum, and a
single moisture mode that broadly resembles the verti-
cal distribution of observed tropical moisture. Like a
general circulation model, QTCM1 includes parameter-
izations of all relevant subgrid-scale physics including
radiation, moist convection, and surface exchange pro-
cesses. An important feature of QTCM1 is its reliance
on quasi-equilibrium (QE) convective closure: the as-
sumption that moist convection determines the tropical
circulation constrains the vertical structure, with a
Betts–Miller convective parameterization (Betts and
Miller 1986) relaxing the actual temperature profile to
a reference profile. The simplifications inherent to
QTCM1 should be kept in mind when considering the
results and their interpretation.

There are significant advantages to using QTCM1 for
mechanistic studies, the most important of which is that
it readily facilitates physically meaningful diagnoses
with greater ease and flexibility than is possible with
conventional general circulation models (GCMs). For
example, it is straightforward to configure sensitivity
experiments with one or more fields of interest fixed to
climatology; we employ this approach here. QTCM1
has been used extensively in a diverse array of prob-
lems in tropical climate dynamics: along with its previ-
ous application to the study of tropical teleconnections,
the model has been used to study monsoons (Chou et
al. 2001), ocean–atmosphere coupling (Su et al. 2003,
2005), tropical climate sensitivity to global warming
(Neelin et al. 2003; Chou and Neelin 2004; Neelin and
Chou 2004), and land–atmosphere and vegetation–
atmosphere interactions (Zeng and Neelin 1999, 2000;
Zeng et al. 1999; Hales et al. 2004).
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To lend credence to the QTCM1 results, compari-
sons are made to similar abrupt ENSO onset simula-
tions from a full GCM, the National Center for Atmo-
spheric Research (NCAR) Community Climate Model
version 3.10 (or CCM3; see Kiehl et al. 1998 for a de-
tailed description). The CCM3 simulations were per-
formed at a horizontal resolution corresponding to tri-
angular truncation with 31 basis functions in the me-
ridional and 15 in the zonal, which is equivalent to 48
grid points in both longitude and latitude. In the verti-
cal, the standard 18 sigma-hybrid levels were retained.
While coarse, this resolution is adequate to simulate the
tropical ENSO teleconnection at the spatial scales of
interest (Chiang and Lintner 2005). The land surface
component, Land Surface Model 1.0, a one-dimen-
sional model for determining land surface energy, mo-
mentum, water, and carbon dioxide exchanges, is de-
scribed in Bonan (1998).

Each model was forced with Pacific region peak El
Niño SST anomalies (SSTAs) switched on at the begin-
ning of the simulation and subsequently fixed. The im-
posed SSTAs, corresponding to January 1998, were de-
rived from the National Centers fro Environmental
Prediction (NCEP)–NCAR reanalysis SST dataset
(Kalnay et al. 1996) and applied in the Pacific between
20°S and 20°N from 135°E to the western coastline of
the Americas; the anomalies were linearly relaxed to
zero over a 10° interval on the northern and southern
margins of the forcing region and over a 25° interval on
its western edge. To suppress the effects of seasonality,
the background climate state (in the QTCM1 simula-
tions only) was fixed to perpetual January mean state
conditions; that is, the background SST field, top-of-
the-atmosphere insolation, and surface albedo were set
to their mean January values, unless otherwise stated.
The constant SST forcing and perpetual January con-
ditions simplify the time-evolving signatures of the re-
mote tropical climate as it adjusts to equilibrium. Out-
side of the Pacific forcing region, the models were
coupled at all ocean grid points to a thermodynamical
slab ocean model with Q-flux adjustment to maintain a
realistic SST climatology (Chiang et al. 2003). For most
simulations analyzed, ensembles of 20 members were
constructed, with each ensemble member integrated for
240 days; the analysis consists of ensemble mean aver-
ages unless otherwise stated.

3. Transient adjustment to abrupt ENSO onset

a. Abrupt ENSO onset in CCM3

We first consider daily snapshots of remote tropical
climate anomalies immediately after El Niño onset
(Fig. 1). The vertically averaged tropospheric tempera-

ture field (first row) shows rapid eastward progression
of warming between 20°N and 20°S subsequent to El
Niño onset. Associated with the temperature wave
front are anomalies in the horizontal velocity (u, �; sec-
ond row), specific humidity (q; third row), and precipi-
tation (P; fourth row). The copropagation of these
anomalies underscores the rapid communication of
ENSO-related climate signatures to the remote Trop-
ics. The spatial characteristics of these anomalies re-
semble a Kelvin wave propagating along the equatorial
waveguide (Gill 1980, 1982a,b; Heckley and Gill 1984;
Neelin and Su 2005). The propagation speed of the
wave front can be estimated by following the leading
edge of the temperature anomalies, yielding a mean
wave speed value of �20 m s�1 along the equator. It
should be noted that this value is slow compared to the
�45 m s�1 idealized shallow water model wave speed,
assuming a 200-m equivalent depth appropriate to the
first-baroclinic mode of the tropical troposphere. The
difference in wave speeds between the dry shallow wa-
ter model and CCM3 likely results from wave interac-
tion with moist dynamics (Gill 1982a,b; Nakajima et al.
2004; Frierson 2007), a point to which we return later.

The upper-level circulation anomalies are part of the
anomalous Walker circulation, which is frequently in-
voked in the linkage between the Pacific and remote
tropical regions (Kidson 1975; Lau and Nath 1996;
Klein et al. 1999; Saravanan and Chang 2000). Anoma-
lous upper-level westerlies converge near the tempera-
ture wave front and imply, by continuity, midtropo-
spheric subsidence and lower-level divergence. A near-
surface easterly return flow (not shown) closes the
circulation. The upper-level westerlies, low-level east-
erlies, and subsidence persist even after the passage of
the temperature wave front. Based on a dry, uncoupled
atmospheric model, Heckley and Gill (1984) argued
that the transition to equilibrium (at a particular point)
should occur on a time scale roughly equal to the lon-
gitudinal width of the heating region—effectively, the
width of the Niño-3 region, or �60°—divided by the
propagation speed, that is, 4 days. However, disequilib-
rium effects likely lengthen this adjustment time.

The initial development of precipitation anomalies
along the leading edge of the temperature signal sug-
gests control of the remote precipitation response by
tropospheric temperature. The warming of the remote
tropical troposphere effectively stabilizes the tropo-
sphere to deep convection, thereby decreasing rainfall.
The column-integrated specific humidity decreases im-
mediately after onset; however, the vertically averaged
behavior belies a prominent vertical dipole, with
midtropospheric humidity levels generally decreasing
and boundary layer values increasing. Such behavior is
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broadly consistent with stabilization, as the subsiding
air aloft dries the middle troposphere while reduced
convection inhibits delivery of moisture from the
boundary layer to the free troposphere, thereby in-
creasing boundary layer moisture values.

b. Abrupt ENSO onset in QTCM1

Daily snapshots of the same quantities shown in Fig.
1 for CCM3 reveal a qualitatively comparable adjust-
ment process occurring in QTCM1 (Fig. 2). A promi-
nent eastward-propagating, tropical Kelvin-like wave of
temperature and circulation anomalies is apparent (first
and second rows), with an associated reduction in pre-
cipitation (fourth row). One point of departure be-
tween the CCM3 and QTCM1 results is the behavior of
the vertically averaged specific humidity field (third
row): for example, during day 5, widespread negative

anomalies are present over South America in CCM3,
but this region exhibits weakly negative or even posi-
tive anomalies in QTCM1. This difference directly re-
flects the single-mode vertical structure of humidity in
QTCM1; by design, the vertical moisture basis function
has its largest loading in the boundary layer, where
humidity values in CCM3 increase soon after onset.

The speed of the QTCM1 temperature wave front is
�14 m s�1 along the equator, which, while somewhat
slower than the wave speed estimated from the CCM3
data, is again much less than that expected for a dry
shallow water model. This is not unexpected—the in-
clusion of moisture effectively decreases the static sta-
bility experienced by the wave, lowering the wave
speed. For this reason, such waves are referred to as
“moist Kelvin” or “convectively coupled” waves. Nee-
lin and Yu (1994) performed an eigenvalue analysis for

FIG. 1. Selected remote tropical field anomalies immediately after El Niño onset in NCAR CCM3. Plotted fields are (first row)
vertically averaged tropospheric temperature (K), (second row) 200-mb horizontal wind components (vectors; m s�1) with 500-mb
vertical velocity (i.e., negative pressure velocity; blue shading is negative or downward and red is positive or upward), (third row)
vertically averaged specific humidity (K), and (fourth row) precipitation (mm day�1) for days 2, 5, 8, and 11 following abrupt El Niño
onset. The predominance of the warm Kelvin wave in communicating the El Niño influence to the remote Tropics is evident, with the
initial suppression of the remote tropical precipitation as a direct consequence.
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an idealized moist convective tropical atmosphere and
obtained propagation speeds of order 15 m s�1 for the
moist Kelvin mode. Dissipation via radiative and tur-
bulent fluxes and surface stress and friction damps the
moist Kelvin mode on a time scale of order 10 days and
thus sets a characteristic zonal length scale over which
the Kelvin mode may be expected to dominate the tele-
connected response. In the equilibrium limit, a substan-
tial zonal temperature gradient develops between the
Pacific and remote Tropics; the presence of this gradi-
ent is a manifestation of the eastward decay of the
ENSO influence away from the Pacific forcing region.
We further note that the moist Kelvin wave dynamics
implicated in the remote response to abrupt ENSO on-
set resemble those associated with the Madden–Julian
oscillation (MJO) (Knutson and Weickmann 1987).

Figure 3 more concretely demonstrates the linkage
between the arrival of the tropospheric temperature
anomalies in QTCM1 and the reduction in rainfall and

changes to the specific humidity. Within the first 15
days of onset, the tropospheric temperature signal
(squares; note that the values plotted correspond to the
time at which the time rate of change of tropospheric
temperature is maximized) has propagated from the
western portion of South America to the eastern Indian
Ocean basin. Roughly 1–2 days after the arrival of the
temperature wave front, the precipitation anomalies
(circles) are maximally suppressed; after a further 1–2
days, the time rate of change of specific humidity (tri-
angles) reaches a maximum. These diagnostics further
support the notion that warming-induced convective
stabilization reduces precipitation. Moreover, since
precipitation removes water vapor from the atmo-
spheric column, the suppression of rainfall leads to in-
creased tropospheric specific humidity.

Although El Niño–related tropospheric temperature
anomalies tend to be uniform within the Tropics
(Yulaeva and Wallace 1994), spatial inhomogeneities

FIG. 2. Selected anomalies subsequent to abrupt El Niño onset in QTCM1. As in Fig. 1. The establishment of the QTCM1 response
is qualitatively similar to that of the CCM3, although the Kelvin wave propagation is noticeably slower (because of the stronger coupling
between the wave and moist processes in the QTCM1).
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do occur. For example, the CCM3 and QTCM1 tem-
perature snapshots (Figs. 1 and 2) both show a constric-
tion or narrowing of the meridional extent of the tem-
perature anomalies over the Atlantic Ocean. As equi-
librium is approached, temperature anomalies in or
near this “notch” are of smaller amplitude relative to
those downstream over Africa. Another striking ex-
ample of the inhomogeneous nature of adjustment can

be seen in Fig. 3b, which illustrates the longitudinal
profile of QTCM1 wave propagation speeds (solid line)
estimated from the time required for each longitude to
reach 0.2 K (i.e., the dashed line in Fig. 3a). The profile
of propagation speeds is characterized by minima over
South America and Africa and a maximum over the
Atlantic. The distribution of fast and slow wave speeds
is broadly consistent with the distribution of near-
equatorial mean convection (dashed line); for exam-
ple, the tropical Atlantic is largely nonconvecting in
QTCM1, so the propagation there is essentially gov-
erned by dry dynamics and the wave speeds are conse-
quently higher.

4. Interpretation of the initial precipitation
suppression

a. Convective scheme sensitivity experiments

QTCM1’s Betts–Miller convective parameterization
(Betts and Miller 1986) is a convenient starting point
for analyzing the initial precipitation behavior. Within
the Betts–Miller framework, convective available po-
tential energy (CAPE) and precipitation (proportional
to CAPE when CAPE is positive) are obtained from
the relaxation of tropospheric temperature to a convec-
tive reference temperature profile, TC :

P � ��TC � T�
TC � T

�C
, �1�

where �(x) is the Heaviside function and �C is the con-
vective adjustment time scale (2 h in QTCM1). For
fixed TC, the influence of El Niño on remote precipi-
tation is easily understood, as tropospheric warming
would decrease precipitation; however, variations to TC

complicate the response.
Since QTCM1 assumes that deep convection is initi-

ated in the boundary layer, TC is determined by the
boundary layer moist static energy (MSE): to lowest
order, the convective reference temperature profile
may be regarded as a moist adiabat originating in the
boundary layer (Neelin and Zeng 2000); TC is conse-
quently dependent on boundary layer tropospheric
temperature and humidity. Because of the single-mode
vertical structure of temperature and humidity, it is pos-
sible to cast Eq. (1) in terms of appropriately vertically
weighted averages of these quantities; thus, perturba-
tions to the precipitation field anomalies are approxi-
mately

P� � q̃ � � T̃ �, �2�

where [	] denotes perturbations and [�] the vertical av-
erage appropriate to the convective parameterization.

Equation (2) implicates both temperature and hu-

FIG. 3. Zonal propagation of remote tropical climate anomalies
in QTCM1. (a) Times (in days following onset) at which the time
rates of change of temperature and specific humidity are maxi-
mized (squares and triangles) or precipitation is minimized
(circles), as a function of longitude and averaged over 10°S–10°N.
For comparison, the time at which the temperature anomaly at
each longitude reaches 0.2 K is also shown (dashed line). This
panel shows the spatiotemporal evolution of fields linked to the
initial precipitation decrease, all driven by the initial warm Kelvin
wave. (b) The local propagation speed (deg day�1), estimated
from the arrival time of the 0.2-K temperature anomaly. The
mean precipitation is also shown (mm day�1 � 5). These results
highlight variations in the Kelvin-like wave speed associated with
basic-state climate conditions.
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midity in the generation of precipitation anomalies. To
explore the roles of temperature and humidity more
explicitly, we performed abrupt onset simulations with
either the temperature or humidity dependence ap-
pearing in the Betts–Miller parameterization con-
strained to climatology over the remote Tropics; we
refer to these sensitivity simulations as “fixed tempera-
ture in precipitation” or P(T) and “fixed humidity in
precipitation” or P(q).

As anticipated, the fixed humidity simulation P(q)

produces an initial precipitation drop following El Niño
initiation, as in the standard case (Fig. 4, third row,
triangles). Interestingly, the P(T) simulation also pro-
duces initial negative rainfall perturbations (squares);
the implication of this is that, initially, both tempera-
ture and humidity changes lower precipitation values
near the leading edge of the transient wave front. It is
only after precipitation decreases that tropospheric spe-
cific humidity increases, as is required by the convective
QE constraint.

FIG. 4. Remote-averaged anomalies from the standard (thick line), P(T) (squares), P(q) (triangles), and q(� · �)
(circles) QTCM1 El Niño onset simulations. Shown are (a) African and (b) Indian Ocean region (first row)
averages of precipitation (mm day�1), and (second row) vertically averaged tropospheric temperature (K) and
(third row) specific humidity (K). The results of the sensitivity simulations demonstrate the direct impact of both
tropospheric temperature and subsidence in the initial precipitation reduction as well as the subsequent role of
moisture feedbacks in modulating the initial response. See sections 4b and 4c for detailed explanations of the
sensitivity simulation configurations.
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Subsequent to the initial impulse, which occurs at the
arrival of the Kelvin-like wave front, the two sensitivity
simulations produce distinct time-evolving precipita-
tion signals. Over Africa (Fig. 4a), the P(q) rainfall
remains low, unlike either the standard or P(T) con-
figurations, in which precipitation more or less recovers
to its original level by around day 20. The rapid recov-
ery of tropical African rainfall values in the P(T) simu-
lation demonstrates the importance of moisture feed-
backs to the evolution of the precipitation response: as
humidity levels increase, the gap between humidity and
temperature in Eq. (2) is decreased, so the stabilizing
effect of a warmer troposphere on precipitation is off-
set. Over the tropical Indian Ocean (Fig. 4b), the P(q)
and P(T) simulations produce comparable deficits in
precipitation (each of which are less than half as large
as in the standard simulation) again underscoring the
importance of both the humidity and tropospheric tem-
perature effects, although little recovery is evident over
the time period plotted.

The sensitivity simulations also suggest a feedback
role for the remote tropical precipitation response on
the tropospheric temperature and humidity forcing.
With a larger remote tropical precipitation reduction,
as occurs in the P(q) simulation over Africa, the tropo-
spheric temperature increase is smaller compared to
the standard simulation, while the opposite is true in
the P(T) simulation. Similarly, the relatively larger
(land region) precipitation deficit in the P(q) simula-
tion is associated with higher specific humidity [again
with opposing behavior for the P(T) simulation]. Such
results stress that precipitation is not simply passively
controlled by temperature and humidity changes but
that it modulates these controls as well.

b. Understanding the remote temperature and
humidity forcing

The rapid propagation of tropospheric temperature
anomalies from the tropical Pacific to the remote Trop-
ics is a consequence of the weak Coriolis effect near the
equator, which renders the tropical atmosphere unable
to maintain strong horizontal temperature gradients
(Sobel et al. 2001). Previous studies have argued that
the Pacific region convection anomalies dictate the
mean level of tropospheric warming to El Niño (Neelin
and Held 1987; Yulaeva and Wallace 1994; Sobel et al.
2002; CS02).

In contrast to tropospheric temperature, there is no
simple explanation for the remote tropical tropospheric
humidity response to El Niño, apart from 1) the ther-
modynamic tendency for atmospheric humidity to in-
crease with increasing tropospheric temperatures (re-
flecting both the Clausius–Clapeyron relationship to

surface temperature and the QE relationship to tropo-
spheric temperature) and 2) the empirical tendency for
the tropical troposphere to maintain fixed relative hu-
midity (Sun and Oort 1995). A strong dynamical deter-
minant of the spatial distribution of humidity anomalies
during El Niño is the drying effect associated with wave
dynamics, for example, subsidence associated with the
passage of the wave front induces vertical moisture di-
vergence in the remote tropical troposphere. We dem-
onstrate the subsidence-related moisture divergence ef-
fect through an additional sensitivity simulation, de-
noted the “fixed subsidence in humidity” or q(� · �)
simulation, in which the remote tropical subsidence
field (or equivalently in the framework of QTCM1, the
anomalous baroclinic mode divergence � · �) as it ap-
pears in the humidity equation was constrained to cli-
matology. Note that tropospheric temperature was per-
mitted to adjust to changes in remote subsidence field;
that is, the relationship between increased subsidence
and warming was maintained.

The corresponding response of these simulations for
the African and Indian Ocean region averages are
shown in Fig. 4 (circles). In contrast to the standard
simulation, there is no initial drying of the column (sec-
ond row) in the q(� · �) simulation—in fact, the humid-
ity anomalies at the passage of the Kelvin wave are
nonnegative—which confirms the initiation of the onset
drying by subsidence. Moreover, the remote precipita-
tion field in the q(� · �) simulation experiences less
suppression compared to the standard simulation, de-
spite the fact that the tropospheric temperature
anomaly (first row) is larger. These results confirm that
it is subsidence—and not other impacts on tropospheric
moisture, like anomalous evaporation or horizontal
moisture advection—that is responsible for the initial
humidity reduction. However, as the teleconnection
evolves, feedback-related effects, such as anomalous
horizontal moisture advection, may in fact dominate
the humidity changes.

c. Spatial structure of the anomalous remote rainfall
response

The equilibrated climate anomalies of the sensitivity
experiments also reveal the roles that temperature and
humidity play in determining the spatial distribution of
the precipitation response. Figure 5 presents remote
regional maps of rainfall anomalies averaged over days
181–240 for the (b) P(q) and (c) P(T) simulations as
well as (a) the standard case. A striking feature of the
P(q) simulation is how nearly all remote convecting
tropical regions (both land and ocean) exhibit a nega-
tive precipitation response, mirroring the initial re-
sponse to abrupt onset in the standard simulation. By
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contrast, the spatial characteristics of the equilibrated
P(T) precipitation anomalies resemble those of the
standard configuration, although the magnitudes of the
P(T) anomalies are smaller. These results reinforce the
notion that humidity changes are critical to the evolu-
tion of anomalous remote rainfall to equilibrium, espe-
cially in the context of its spatial structure: for example,
the humidity changes are integral to the development
and maintenance of the localized, positive precipitation
anomalies occurring over western South America.

5. The transition of the anomalous remote climate
response to equilibrium

Subsequent to the initial drying influence from the
Kelvin wave, the remote tropical precipitation response

evolves toward a more complex spatial pattern of both
positive and negative anomalies, as shown in Fig. 5. A
Hovmoeller view of this transition over the equatorial
region (Fig. 6) shows clearly that the evolution over
land regions (South America and Africa) is essentially
complete by day 20, whereas the process tends to be
much longer over the Indian Ocean where the initial
drying gives way to small positive anomalies after a few
months. The difference between (fast) land and (slow)
ocean region adjustment suggests that the local surface
thermal inertia plays a major role in determining how
rapidly a region transitions to equilibrium. The subject
of local disequilibrium is explored in this section.

a. Theoretical considerations

The strong vertical coupling between the surface and
the atmosphere in the convecting portion of the Tropics
is at the heart of the CS02 disequilibrium mechanism:
because convection maintains the connection between
the surface and the free troposphere, deviations from
equilibrium (as induced by El Niño–driven increases to
local tropospheric temperature in the single-column
model of CS02) cause changes to the convection that
act to bring the vertical column back into equilibrium.

FIG. 5. QTCM1 precipitation anomalies averaged over days
181–240 in the (a) standard, (b) P(q), and (c) P(T) simulations.
Solid (dashed) contours represent positive (negative) precipita-
tion anomalies, with positive contours shaded for emphasis. The
contour interval is 0.25 mm day�1 with the zero contour omitted.
These results show the relative roles of tropospheric temperature
and humidity in determining the equilibrated precipitation re-
sponse to El Niño.

FIG. 6. Hovmoeller plot of QTCM1 precipitation anomalies av-
eraged over 10°S–10°N for the standard abrupt onset simulation.
Solid (dashed) contours denote positive (negative) anomalies,
with a contour interval of 1 mm day�1. Positive values greater
than 0.25 mm day�1 (less than �0.25 mm day�1) are shaded dark
gray (light gray) for emphasis. The approximate locations of the
principal tropical land and ocean regions are also indicated. Note
the rapid transition from initially strong negative to positive
anomalies over western South America and Africa and the slow
transition for the Indian Ocean.
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As in Neelin and Su (2005), we derive a theoretical
expression of the CS02 local disequilibrium starting
from the vertically averaged perturbation temperature
and moisture equations written in an MSE formulation
(see, e.g., Neelin and Zeng 2000):

cA

�T �

�t

 �Ms� · �� � M�s� · � � R�s � R�TOA � H�

� P� � T �adv, �3�

cA

�q�

�t

 Mq� · �� � M�q� · � � E� � P� � q�adv, �4�

where the notation [–] indicates climatological mean
quantities; E, H, Rs, and RTOA are latent, sensible, net
surface radiative, and net top-of-the-atmosphere heat-
ing, respectively; Tadv and qadv are horizontal tempera-
ture and moisture advection terms; and Ms and Mq are
dry static stability and moisture stratification. Combin-
ing (3) and (4) yields an expression for the anomalous
divergence � · �	; substituting � · �	 into (4) and ignor-
ing (for the moment) contributions from T 	adv, q	adv, and
� · �, the moisture equation reduces to

P� 
 E� � m�R�s � H� � E� � R�TOA� � cA

�

�t
�T � q�,

�5�

with m 
 Mq(Ms � Mq)�1.
As shown in the previous section, for very short

times, effectively several days after passage of the
Kelvin-like wave front, the anomalous precipitation re-
sponse is dominated by the atmospheric disequilibrium,
represented by the time derivatives on the right-hand
side of Eq. (5). At later times, these derivatives be-
come negligible. Further, the sum of the surface fluxes,
R	s � H	 � E	, is just � cm(�Ts /�t). Expanding E	 

�H(�T 	s � bsq	) and R	TOA 
 �T

RT 	 � �q
Rq	 � �Ts

R T 	s (see
Neelin and Su 2005 for definitions) and invoking the
strict QE limit of q	 
 nT 	 (with n 
 0.7) allows (5) to
be written as

P� 
 ��H� � �R
Ts�T �s � m��R

T � n��R
q � m�1�Hbs��

� T � � mcm

�T �s
�t

, �6�

where the contribution from cA(�/�t) has been disre-
garded. The final term on the right-hand side of (6) is
the surface disequilibrium term.

For an instantaneous tropospheric warming of mag-
nitude T 	, the initial surface temperature perturbation
is 0 and �cm(�Ts /�t) � 0. After the surface has equili-
brated, on the other hand, there is a finite surface tem-
perature perturbation, which tends to increase P	, by
the first term on the right-hand side of (6), while the last
term vanishes. Thus, the difference between initial and

equilibrated precipitation values, considering T	 as
fixed (so that the middle term on the right-hand side of
(6) is identical for all times) is

�P� 
 �mcm

�T �s
�t

�t 
 0� � ��H� � �R
Ts�T �s 	 0. �7�

In other words, the surface disequilibrium effect en-
hances the precipitation reduction while the net surface
flux is nonzero. The time scale for precipitation relax-
ation to equilibrium depends on the rapidity of the sur-
face temperature adjustment, with shallower mixed lay-
ers equilibrating more rapidly. This dependence on the
surface thermal inertia is in line with CS02’s finding of
the local disequilibrium in their single-column-model
simulations.

The effect of horizontal temperature and moisture
advection, T 	adv and q	adv, may be quite sizeable, espe-
cially regionally (Neelin and Su 2005). These terms may
in fact contribute significantly to the temporal evolu-
tion of the anomalous remote precipitation response,
although the manner in which they do so is nontrivial,
since they depend on interactions between circulation
and temperature/moisture gradients. The contribution
from � · �, the moisture convergence feedback, is tied
to the basic-state circulation: for convergent flow re-
gimes, � · � � 0, which drives precipitation increases
(since humidity increases). Interactions between con-
vergence feedback and moisture advection produce the
patterns of negative and positive anomalies observed
locally in the remote Tropics.

b. Adjustment dependence on surface thermal
inertia

To test the role of ocean thermal inertia in the equili-
bration to ENSO forcing, we performed El Niño onset
simulations with the remote ocean mixed layer depth
(MLD) varied across a range of values, that is, 4, 12.5,
25, 50, 75, 125, 200, and 500 m. Additionally, a simula-
tion was performed in which the remote ocean SST
field was fixed to climatology, which corresponds effec-
tively to infinite MLD. The simulation setup in the var-
ied MLD experiments differs somewhat from the pre-
vious QTCM1 simulations: they consist of single inte-
grations rather than ensembles, and mean climate
seasonality was not suppressed in these experiments.
The peak El Niño forcing was also not introduced in-
stantaneously, although it is still rapid (i.e., 3 months)
compared to observed ENSO onset. Such differences,
while not inconsequential, do not alter the basic con-
clusions.

The varied MLD simulations show that the QTCM1
precipitation response over the remote oceans is con-
sistent with the CS02 idea of local disequilibrium (Fig.
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7a). In each MLD simulation, precipitation is sup-
pressed following El Niño onset, with the degree of
suppression increasing with increasing remote MLD.
All simulations except the fixed SST case eventually
equilibrate to a value of roughly �0.25 mm day�1 after
a few years, with the time scale for adjustment length-
ening as MLD increases. By contrast, the fixed SST
simulation maintains a nearly constant deficit through-
out the duration of the simulation, with a magnitude
significantly greater than any of the other simulations.
The difference between the infinite MLD precipitation
response (�0.6 mm day�1) and the equilibrated re-
sponse of the finite MLD runs indicates the degree to
which the local SST-related disequilibrium contributes
to the overall precipitation response: at �0.35 mm
day�1, the magnitude of the disequilibrium effect is
larger than the equilibrated anomaly.

c. Mechanism of the thermodynamic SST-related
adjustment to equilibrium

Mechanistic insight into the differential response of
the precipitation perturbations as MLD is varied can be

obtained by considering the full precipitation anomaly
budget, analogous to what is often done for surface
temperature anomalies (see section 5a):

P� 
 � · ��M�q � mM�� � m�R�s � R�TOA�

� �1 � m�E� � mH� � m�cA

�T�

�t
� T �adv�

� �1 � m��cA

�q�

�t
� q�adv�. �8�

It is instructive to compare the budgets for the two
end-member simulations, 4 m and fixed SST, since the
former equilibrates rapidly while the latter never
reaches equilibrium. Consider the anomalous Indian
Ocean precipitation budgets for these simulations
(Table 1). Of the six terms on the right-hand side of Eq.
(8), the largest difference occurs in the anomalous la-
tent heating component: roughly �60% of the total
Indian Ocean precipitation difference between the 4 m
and fixed SST simulations is tied to the difference in
evaporation between these two cases; differences in the
remaining terms are generally less than 1⁄2 as large.

Initially, Indian Ocean latent heating anomalies in
both the 4-m MLD and fixed SST simulations are nega-
tive, as the ocean–atmosphere-directed latent heat flux
falls below climatology and the upper ocean conse-
quently warms. As the remote ocean thermally equili-
brates to the imposed El Niño forcing in the 4-m MLD
case, the anomalous latent heating contribution to the
anomalous precipitation budget reverses sign: ap-
proaching equilibrium, anomalous evaporation contrib-
utes a cooling tendency that limits further SST in-
creases (see Chiang and Lintner 2005). By contrast, for
the fixed SST case, anomalous latent heat flux remains
negative throughout the duration of the simulation.
The behavior of the budget components highlights po-
tential complexities involved in the budgetary ap-
proach, as contributions from some terms compensate
or partially offset others.

d. Nonlocal influences on the transition to
equilibrium

Although we have emphasized the rapid adjustment
of tropical land regions, it is clear from Fig. 7b that the
remote land region precipitation anomalies also un-
dergo a slow adjustment, with the adjustment time
showing some tendency to increase with increasing
MLD. Since the land region surface thermal inertia is
unchanged as oceanic MLD is varied, these results im-
ply that the rapidity of the surface thermal response to
El Niño over the remote oceans affects rainfall deficits
over the remote Tropics as a whole, with a faster ocean

FIG. 7. (a) Remote tropical ocean and (b) land precipitation
anomalies (mm day�1) for the QTCM1 varied mixed layer depth
experiments. Results shown are for MLDs of 4, 12.5, 25, 50, 75,
125, 200, and 500 m, as well as for fixed SST [or infinite MLD
(INF)]. Note that a 12-month running mean has been applied to
each time series to reduce the effects of high-frequency variability
and seasonality. These panels confirm the role of remote ocean
thermal inertia in causing a local disequilibrium response in ocean
region precipitation; a nonlocal effect of the ocean thermal inertia
is also suggested by MLD-dependent differences in the precipita-
tion transition to equilibrium over remote tropical land regions.
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thermal response to El Niño reducing anomalous pre-
cipitation deficits over remote land regions. The slow
adjustment of the ocean mixed layer feeds back onto
temperature and humidity; the modulation of these
fields is then communicated to remote land regions via
wave dynamics, moisture advection, etc. We stress,
however, that the nonlocal influence on land region
precipitation is manifested mostly by large-scale aver-
ages of land region precipitation. On the other hand,
the generation of regional-scale features of the anoma-
lous precipitation field, for example, the establishment
of positive precipitation anomalies over equatorial
western South America and Africa (Fig. 4), occurs rela-
tively rapidly.

6. Summary and conclusions

Using idealized simulations of abrupt El Niño onset,
we investigated the adjustment of the remote tropical
climate to the abrupt introduction of peak El Niño con-
ditions. The principal findings of our study are as fol-
lows.

1) A fast (�10 day) atmospheric adjustment occurs im-
mediately after El Niño onset and is dominated by
moist Kelvin-like wave propagation along the equa-
torial waveguide. The subsidence associated with
the Kelvin wave front suppresses remote tropical
precipitation by raising tropospheric temperature
and reducing humidity. Other potential teleconnec-
tion pathways (e.g., forced excitation of extratropi-
cal Rossby waves) appear to be less important to the
development of the initial response to El Niño con-
ditions in the remote Tropics.

2) After passage of the Kelvin wave front, the remote
precipitation deficits generally relax toward smaller
equilibrium values as feedback processes modulate
the response. These feedbacks are tied to atmo-
spheric humidity anomalies, which (in QTCM1)
modify the convective reference temperature profile
in the Betts–Miller convective scheme.

3) Remote land region rainfall recovers rapidly from

the initial Kelvin wave shock (i.e., within about 10
days), while remote ocean rainfall exhibits a slower
relaxation, implying that the underlying surface
thermal inertia significantly influences the rapidity
of the adjustment process.

4) The transition to equilibrium over remote oceans
depends on ocean mixed layer depth, as deepening
of the mixed layer leads to less rapid adjustment. In
particular, disequilibrium associated with a nonzero
net surface flux enhances the precipitation reduction
over the remote ocean, in support of the prediction
by Chiang and Sobel (2002) of this effect. An
anomalous precipitation budget derived from moist
static energy balance emphasizes the role of anoma-
lous latent heating in the transition to equilibrium
over remote ocean regions.

5) The slow equilibration of the remote ocean also af-
fects the evolution of the areally averaged precipi-
tation anomalies over land, although this nonlocal
effect tends to be small.

By itself, the examination of the remote tropical cli-
mate adjustment to El Niño conditions does not reveal
why the remote climate anomalies develop as they do:
the determination of the equilibrated state depends ul-
timately on energy, mass, and momentum constraints.
To this end, Su, Neelin, and coworkers (see, e.g., Su and
Neelin 2002; Su et al. 2001, 2003, 2005) have developed
in great detail a perspective of the ENSO teleconnec-
tion based on MSE budgets. The results of these studies
typically show that the remote precipitation response
satisfies budgetary constraints in regionally distinct and
possibly complex ways. As some similarities are clearly
evident among or between regions, mechanisms have
been advanced to explain such similarities. In general,
however, it may not be straightforward to deduce
mechanisms based solely on regional MSE budgets, as
the MSE budgetary balance may arise from a poten-
tially complex chain of feedbacks.

It is in light of such complexities that we have offered
an adjustment-motivated view of the remote ENSO

TABLE 1. Indian Ocean anomalous precipitation budgets in the QTCM1 4-m slab ocean and fixed SST simulations. Values in columns
3–5 are in mm day�1. Values in the last column are ratios (expressed as percentages) of the 4 m � fixed SST budget term differences
to the total precipitation difference in row 2.

Term Fixed SST 4 m 4 m � fixed SST % total

Total precipitation P	 �0.84 �0.29 0.55 —
Moisture convergence � · � (M	q � mM	) 0.04 0.19 0.15 27
Moisture tendency �(cA(�q	/�t) � q	adv)(1 � m) 0.03 �0.13 �0.16 �29
Temperature tendency �m[cA(�T 	/�t) � T 	adv] �0.29 �0.35 �0.05 �9
Latent heating (1 � m)E	 �0.20 0.13 0.33 60
Sensible heating mH	 �0.08 0.03 0.11 20
Net radiative heating m(R	S � R	TOA) �0.34 �0.19 0.15 27
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teleconnection. However, it is worth addressing two de-
ficiencies in our approach. First, with respect to the fast
atmosphere-related adjustment, we have not explored
in great detail what role atmospheric circulation
anomalies may play. Rather, we have focused essen-
tially on thermodynamic considerations (although these
are fundamentally inseparable from the dynamics). Re-
gionally, the impact of circulation may be sizeable: the
occurrence of localized centers of variability (e.g., the
Nordeste region of Brazil) may be tied to changes in
circulation, or anomaly–mean field interactions (e.g.,
mean field advection of anomalous moisture gradients).

Second, with respect to the longer time-scale adjust-
ment, we have only considered ocean thermal inertia
effects, although it is clear that in reality ocean dynami-
cal effects may play a substantial, if not leading, role in
mediating the adjustment to El Niño forcing. Our de-
cision to focus here on thermal effects is a result of
expediency; it is a simpler problem, and there exists
some basis (e.g., CS02) on how to view the ocean ther-
mal adjustment, particularly with respect to precipita-
tion. Ocean dynamical effects likely operate on time
scales long enough to render our examination of the
transition to equilibrium incomplete (at best) or unre-
alistic (at worst); however, ocean thermal effects must
be operating at some level in the real world—we would
argue based on the results presented here that the ther-
mal adjustment contribution is nonnegligible—and for
that reason it is valuable to look at this problem.

Of course, it is also of interest to determine whether
any elements of the observed ENSO teleconnection
may be viewed more accurately in an adjustment para-
digm, as opposed to a more or less equilibrated one.
Fast adjustment signals as described here are unlikely
to be discernible in the observations, given the slow
time evolution of ENSO events and the inherent noisi-
ness of the atmosphere, although the similarities to the
MJO are worth exploring. However, the longer time-
scale adjustment associated with the thermal equilibra-
tion of the ocean mixed layer may be more readily
detected in the observations. For a realistic MLD (say
50 m), the difference in precipitation amplitude be-
tween the initial and equilibrated phases is �30%. Fur-
ther, the adjustment time scale is �1 yr, which is com-
parable to the duration of a typical ENSO event. Still,
identification of the ocean–atmosphere disequilibrium-
related adjustment effects may be complicated by (or
even small relative to) ocean dynamical effects, not to
mention that seasonality may further complicate the
observational analyses. The most likely periods in the
evolution of ENSO events where adjustment effects
may be seen are during fast transitions of the ENSO
state. We note that observed decays from peak El Niño

conditions to neutral or even La Niña states are typi-
cally faster than development phases; it may therefore
be worthwhile to consider the impact of adjustment
during El Niño decay.
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