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Progress during TOGA in understanding and modeling
global teleconnections associated with tropical
sea surface temperatures

Kevin E. Trenberth,! Grant W. Branstator,! David Karoly,2 Arun Kumar,?
Ngar-Cheung Lau,* and Chester Ropelewski®

Abstract. The primary focus of this review is tropical-extratropical interactions
and especially the issues involved in determining the response of the extratropical
atmosphere to tropical forcing associated with sea surface temperature (SST)
anomalies. The review encompasses observations, empirical studies, theory and
modeling of the extratropical teleconnections with a focus on developments over
the Tropical Oceans-Global Atmosphere (TOGA) decade and the current state of
“understanding. In the tropical atmosphere, anomalous SSTs force anomalies in
convection and large-scale overturning with subsidence in the descending branch of
the local Hadley circulation. The resulting strong upper tropospheric divergence
in the tropics and convergence in the subtropics act as a Rossby wave source. The
climatological stationary planetary waves and associated jet streams, especially
in the northern hemisphere, can make the total Rossby wave sources somewhat
insensitive to the position of the tropical heating that induces them and thus
can create preferred teleconnection response patterns, such as the Pacific-North
American (PNA) pattern. However, a number of factors influence the dispersion and
propagation of Rossby waves through the atmosphere, including zonal asymmetries
in the climatological state, transients, and baroclinic and nonlinear effects. Internal
midlatitude sources can amplify perturbations. Observations, modeling, and
theory have clearly shown how storm tracks change in response to changes in
quasi-stationary waves and how these changes generally feedback to maintain
or strengthen the dominant perturbations through vorticity and momentum
transports. The response of the extratropical atmosphere naturally induces changes
in the underlying surface, so that there are changes in extratropical SSTs and
changes in land surface hydrology and moisture availability that can feedback and
influence the total response. Land surface processes are believed to be especially
important in spring and summer. Anomalous SSTs and tropical forcing have
tended to be strongest in the northern winter, and teleconnections in the southern
hemisphere are weaker and more variable and thus more inclined to be masked
by natural variability. Occasional strong forcing in seasons other than winter can
produce strong and identifiable signals in the northern hemisphere and, because
the noise of natural variability is less, the signal-to-noise ratio can be large.
The relative importance of tropical versus extratropical SST forcings has been
established through numerical experiments with atmospheric general circulation
models (AGCMs). Predictability of anomalous circulation and associated surface
temperature and precipitation in the extratropics is somewhat limited by the
difficulty of finding a modest signal embedded in the high level of noise from natural
variability in the extratropics, and the complexity and variety of the possible
feedbacks. Accordingly, ensembles of AGCM runs and time averaging are needed to
identify signals and make predictions. Strong anomalous tropical forcing provides
opportunities for skillful forecasts, and the accuracy and usefulness of forecasts is
expected to improve as the ability to forecast the anomalous SSTs improves, as
models improve, and as the information available from the mean and the spread of
ensemble forecasts is better utilized.
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1. Introduction

The Tropical Oceans-Global Atmosphere (TOGA)
program focused on the coupling of the tropical oceans
with the atmosphere; in particular, it focused region-
ally on the Pacific and the El Nifio-Southern Oscilla-
tion (ENSO) phenomenon. The manifestations of the
changes in atmospheric circulation in the tropics are felt
throughout the global atmosphere via teleconnections
and large-scale monsoonal overturning. In turn, the
changes in extratropical atmospheric circulation can in-
fluence the oceans and force an identifiable signal there
which is much stronger than a connection through the
ocean itself. The other review papers in this issue deal
mainly with the tropical aspects of TOGA; this review
will focus on the global atmosphere, especially the ex-
tratropical circulation and the linkages with the tropics.

In the buildup to the TOGA program a number of
studies had documented empirical connections between
the tropics and the atmospheric circulation at higher
latitudes (as reviewed in section 2), and theoretical
breakthroughs (section 3) had provided a basis for be-
ginning to understand these relationships. The result
was that perturbations in the pattern of atmospheric
heating over the equatorial Pacific were thought to
clearly affect the planetary wave structure over much of
the North Pacific Ocean, North America, and probably
other parts of the globe [National Academy of Sciences,
1983]. Moreover, associated with the atmospheric cir-
culation changes were seasonal changes in surface tem-
peratures and precipitation, so there were prospects for
seasonal forecasts that might have great utility.

Prior to TOGA, there had been a considerable debate
about the relative role of extra-tropical sea surface tem-
peratures (SSTs) and tropical SSTs in forcing telecon-
nections in the atmosphere [Namias, 1963, 1969; Bjerk-
nes, 1969]. However, the TOGA program focused on
the tropics, and it was recognized that the way in which
the tropical SST changes influenced the atmosphere was
through surface fluxes of moisture, heat, and momen-
tum and a readjustment of the tropical circulation in
a thermally direct sense. Thus the distribution of deep
convection is altered along with associated changes in
heating, low level convergence, and upper level diver-
gence, thereby altering the generation of the horizontal
component of atmospheric vorticity and the forcing of
large-scale atmospheric Rossby waves which could prop-
agate into higher latitudes. In particular, the deepening
of the Aleutian low-pressure system in the North Pacific
in winter in association with El Nifio events was noted
by Bjerknes [1969]. This feature is now recognized to
be one lobe of the Pacific-North American (PNA) tele-
connection pattern. Moreover, it was also recognized
that such a pattern was not always present during the
warm phase of ENSO, and it was a topic for TOGA to
understand why. In addition, the evolution of these pat-
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terns and their interactions with transient phenomena
such as storm tracks were identified as vital pieces of
the puzzle not yet adequately described or understood.

Global atmospheric general circulation models
(AGCMs) had been used to attempt to simulate the
extratropical response to tropical SST anomalies (sec-
tion 4) with some success but also with some puzzling
results, which indicated that the extratropical response
was not explainable by simple wave propagation but
involved interactions with the extratropical stationary
planetary waves and perhaps “modal” behavior. This
excitation of possible preferred modes of the extratrop-
ical circulation is one aspect that has been studied dur-
ing TOGA.

The early promise of major breakthroughs in un-
derstanding, modeling, and predicting extratropical re-
sponses to tropical forcing has been slow in coming,
and recent results have tempered future expectations
with the realization that potentially predictable tropi-
cal influences must compete with extratropical chaotic
weather that is essentially unpredictable beyond 2 weeks
or so.

Section 2 describes observed teleconnections and es-
pecially the linkages between the tropics and extratrop-
ics and how these are manifested in terms of changes
in storm tracks, temperatures, and precipitation. The
1986-1987 El Nifio case is used as a typical example
of many aspects. The interactions between the tropics
and the extratropics are discussed in detail in section
3 with a focus on theoretical understanding and plane-
tary wave modeling, including recent advances in storm
track modeling. Extratropical influences on the tropical
atmosphere are also mentioned.

Section 4 describes the state of the art in AGCM
modeling as it pertains to the TOGA problem, with
special attention given to model runs forced with ob-
served SSTs, and the relative importance of SSTs in
different parts of the world. It also addresses the use
of models for predictions and how to deal with the ex-
tratropical chaotic dynamics by making extensive use
of ensemble averaging to distinguish predictable signals
from the noise.

The extratropical oceans also have identifiable signals
associated with both phases of ENSO, in part through
direct propagation of Kelvin waves along eastern bound-
aries of oceans such as the Americas in the Pacific but
also as a result of changes in the extratropical atmo-
sphere and surface fluxes, and these aspects are dis-
cussed in section 5 along with possible feedback effects
over land. Unsolved problems and issues for the future
are addressed in section 6.

2. Observed Relationships

2.1. Teleconnections

The term “teleconnections” does not appear in the
glossary [Huschke, 1959] although it dates back to
Angstroem [1935]. It has been in common use by op-

erational long-range forecasters, at least those in the

United States, since the 1950s. It has become common
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for contemporary climate scientists to use correlation
or teleconnection patterns to describe relationships in
the variability of large-scale features of the atmospheric
circulation as well as tropical and extratropical precip-
itation and temperature relationships, especially those
related to the ENSO. Implied in the term teleconnection
is that there is a physical reason for the simultaneous
variations, often of opposite sign, over distant parts of
the globe, and it now appears that in the extratropics
the primary reason is the presence of Rossby waves,
whose theory is discussed in section 3. The TOGA
era has seen an increase in the widespread use of the
term teleconnections as well as the wide acceptance of
correlation and composite analyses in attempts to un-
derstand and document modes of interannual climate
variability.

Interest in prediction of seasonal surface tempera-
ture and precipitation motivated the earliest telecon-
nection studies [e.g., Walker, 1923, 1924], although not
called by that name. Walker’s studies were primarily
focused on the Indian summer monsoon, and they pro-
vided the first evidence of the significant global-scale
ENSO-related relationships with temperature and pre-
cipitation. After a long hiatus in teleconnection re-
search these ENSO teleconnections patterns were later
confirmed.

2.1.1. Circulation. Several studies in the early
1980s set the pre-TOGA stage for the use of teleconnec-
tion patterns to describe northern hemisphere circula-
“tion features and their relationships to tropical anoma-
-lies. The North Pacific (NP) oscillation and North At-
lantic Oscillation (NAO), which had a long history in
the literature [e.g., Walker and Bliss, 1932], were exam-
ined closely by van Loon and Rogers [1978] and Rogers
and van Loon [1979]. Wallace and Gutzler [1981] re-
viewed the teleconnection studies up to that time and
extended them through analysis of 500 mbar and sea
level pressure data for the northern hemisphere winter
for timescales of a month and longer. They identified
a number of major teleconnection patterns including a
pattern they recognized as the now well-known PNA
(see Figure 1). They noted for the sea level pressure
teleconnections that the anomalies of opposite sign were
predominantly between temperate and higher latitudes
(e.g., the NP and NAO), while at 500 mbar the pat-
terns were more regional in scale and more wavelike
in appearance, and had equivalent barotropic vertical
structure.

All these patterns were recognized as preferred modes
of variability of the atmosphere, but only some have

been clearly identified as also being associated with

forcing from SSTs. Horel and Wallace [1981] docu-
mented the link between the equatorial SST anomalies
and the PNA. Van Loon and Madden [1981] presented
global relationships of the Southern Oscillation (SO) in
the northern winter with sea level pressures and tem-
peratures, while Trenberth and Paolino [1981] explored
northern hemisphere modes of variability in sea level
pressure and relationships with the SO in all four sea-
sons using data beginning in 1899. Thus, by the be-
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ginning of the TOGA era, much of the foundation had
been laid for more detailed teleconnection studies.

TOGA diagnostic research has fostered the introduc-
tion and growth of a number of analysis tools previ-
ously not widely applied in the meteorological litera-
ture. These include the large array of techniques that
fall under the general heading of eigenvalue analysis
and are generally identified in climate studies as prin-
cipal component (PC), empirical orthogonal function
(EOF), and singular value decomposition (SVD) anal-
yses. Horel [1981] expanded the concept of teleconnec-
tion from that given by a simple contemporaneous cor-
relation between a base point and values at every data
point in the analysis domain to the use of rotated prin-
cipal component analysis (RPCA) to identify principal
height patterns. During the TOGA era, Barnston and
Livezey [1987] exploited RPCA analysis to document
the annual cycle of monthly 700 mbar height field pat-
terns as well as longer-term secular variability with a
35 year data set and provided the impetus for opera-
tional monitoring (e.g., the National Oceanic and At-
mosphieric Administration’s (NOAA) Climate Diagnos-
tics Bulletin) of principal circulation patterns [Bell and
Halpert, 1995].

At least 13 distinct teleconnection patterns can
be identified in the northern hemisphere extratrop-
ics throughout the year, and many of these patterns
have appeared previously in the meteorological liter-
ature [Bell and Halpert, 1995]. Only some of these
patterns and a portion of their variability arises from
SST variability. The nomenclature of both Wallace
and Gutzler [1981] and Barnston and Livezey [1987] is
used. Six prominent patterns are found over the North
Pacific-North American sector: the West Pacific pat-
tern (WP), which exists in all months; the East Pacific
pattern (EP), which exists in all months except Au-
gust and September; the NP pattern, which exists from
March to July; the PNA, which exists in all months ex-
cept June and July; the Tropical/Northern Hemisphere
pattern (TNH), which exists from November to Jan-
uary; and the Pacific Transition pattern, which exists
from May to August. This latter pattern is somewhat
similar to another teleconnection pattern that is im-
portant in the northern summer and variously known
as the northern hemisphere summer pattern, Pacific-
Japan (PJ) pattern (or earlier, the south Japan pattern)
[Gambo and Kudo, 1983; Nitta, 1986, 1987], and Asia-
North America (ANA) pattern [Lau, 1992] that features
a wave train sequence of at least four centers stretching
from Japan along about 45°N to North America. The
PJ pattern is especially important in the far-western
Pacific primarily as a north-south dipole pattern.

Most teleconnections patterns associated with
changes in SSTs in the tropical Pacific over the northern
hemisphere and associated times series for 1963 to 1995
are shown in Figure 1. On the basis of RPCA, shown
are the PNA, WP, NP, and the TNH patterns as seen at
700 mbar. For PNA, WP, and TNH, the patterns and
time series are for December-January, while NP applies
to March-April-May [after Bell and Halpert, 1995]. The
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Figure 1. Teleconnections patterns associated with changes in sea surface temeratures (SST)
in the tropical Pacific over the northern hemisphere and associated times series for 1963 to
1995. On the basis of rotated principal component analysis (RPCA), shown are the Pacific-
North American (PNA), Western Pacific (WP), North Pacific (NP), and the Tropical-Northern
Hemisphere (TNH) patterns as seen at 700 mbar. For PNA, WP and TNH, the patterns and
time series are for December-January, while NP applies to March-April-May. Positive values are
hatched, and negative values are stippled, with the contour interval of 25 m. All time series are
standardized to have mean zero and standard deviation of 1. After Bell and Halpert [1995].
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PNA pattern stands out because of the prominence of
its four centers of alternating sign. It arches from the
tropical Pacific across North America and is a good ex-
ample of a wave train. It is one of the most prominent
of all teleconnection patterns in the winter half year.
The PNA tends to be positive during El Nifio events,
and the time series also reflects the trend for more pos-
itive values in recent years, following the SST trends
in the central equatorial Pacific [Trenberth and Hoar,
1996]. Both WP and NP patterns consist primarily of
two centers as a dipole oriented north-south in the west-
ern North Pacific but with the centers in each pattern at
differing latitudes. The WP pattern reflects latitudinal
variations in the subtropical jet stream. Its most per—
sistent positive phase was from September 1986 to June
1987 when there was an El Nifio event, and the most
persistent neqatxve phase was from March to December
1989 during the La Niiia cold everit. The NP pattern
has some evidence of a third center over the Gulf of
Mexico and resembles some aspects of the PNA pattern.
It seems to be a preferred response to El Nifio during
the northern spring, most notably during 1992 and 1993
when it was strongly positive. The TNH pattern really
consists of three centers of action: one off the west coast
of North America, one near the Great Lakes, and one
to the southeast of the United States. Pronounced neg-
ative phases of the TNH accompany El Nifio events, as
seen, for example, in 1982-1983, especially in December-
January, and an example of the reverse situation of pos-
itive values began in the cold event of 1988-1989. The
patterns in Figure 1 are found to project well on the
observed atmospheric circulation associated with both
the cold and warm phases of ENSO, and they account
for substantial percentages of the variance during the

seasons indicated. Nevertheless, variations in the tele-
connections can also arise from sources other than SSTs.
Further details and background are given by Bell and
Halpert [1995].

In addition, the PJ pattern and associated NH sum-
mer pattern (not shown) appear to be generated by
strong convective activity over the Philippine Sea area
associated with warmer SSTs there, which often occur
during La Nifia conditions [Gambo and Kudo, 1983;
Nitta, 1987). Grimm and Silva Dias [1995b] and Lau
[1992] suggest that this wave train pattern can be ex-
cited by tropical heating almost anywhere in the Pacific,
so that it may be a preferred modal response in summer.

During the TOGA era the frequency dependence of
the structural and propagation characteristics of various
extratropical teleconnection patterns has been docu-
mented in considerable detail through analyses of time-
filtered data sets. Esbensen [1984] reported that a ma-
jority of the teleconnection patterns are prominent in ei-
ther the intermonthly or the interannual band, but not
both. The PNA pattern is among the few exceptions
that are well defined within the broadband ranging from
a month to several years. Kushnir and Wallace [1989)
further noted that the PNA pattern stands out most
clearly above the myriad anomaly structures on inter-
annual timescales. Blackmon et al. [1984a, 1984b] and
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Schubert [1986] reported that teleconnection phenom-
ena could be grouped into three broad categories. The
behavior of fluctuations with timescales much longer
than a month is similar to that described by Wallace

and Gutzler [1981]. The fluctuations exhibit a notable

geographical dependence, with zonally elongated geopo-

tential height anomalies organized about north-south
oriented dipoles and with variations in the opposing
poles being almost exacily 180° out of phase with each
other. Such dipolar structures are prevalent near the
jet exit regions over the oceans (e.g., the WP and NP
patterns in Figure 1). Perturbations with intermediate
timescales (10-30 days) are less anchored to the underly-
ing geography. These patterns appear as eastward and
equatorward oriented wave trains, and they are par-
ticularly active near the jet entrance regions over the
continents. In the southern hemisphere, wave trains on
this timescale in both summer and winter tend to be
more zonally oriented and exhibit more phase propa-
gation of individual nodes and antinodes than in the
northern hemisphere [Kidson, 1991; Hoskins and Am-
brizzi, 1993; Ambrizzi et al., 1995]. Variations with still
shorter timescales (several days) are characterized by
a distinct baroclinic structure, with successive pressure
ridges and troughs migrating eastward through contin-
uous phase propagation. These high-frequency features
are prominent over the midlatitude oceans and exhibit
strong relationships with the more slowly varying tele-
connection patterns (see section 2.3 for details). Lau
and Nath [1987] demonstrated that the observed prop-
erties of the above three classes of teleconnection pat-
terns are reproducible in an AGCM.

In addition to the local forcing of teleconnections,
the enhanced tropical heating during an El Nifio event

-also affects the zonal mean circulation in the tropics

and subtropics [van Loon and Rogers, 1981]. There is a
zonal mean temperature increase in the middle to up-
per tropical troposphere during an El Nifio event as-
sociated with latent heat release in the region of en-
hanced convection and adiabatic heating ini the descend-
ing branches of the anomalous Walker and Hadley circu-
lations [Horel and Wallace, 1981; Pan and Oort, 1983),
although anomalous water vapor amounts, cloudiness,
and radiative and sensible heating presumably also play
a role. Consequently, the zonal mean flow exhibits an
enhanced Hadley circulation together with increased
equatorial easterlies in the tropical upper troposphere
and enhanced subtropical westerlies.

Anomalous tropical forcing has generally been
strongest in the northern winter, coinciding with the
mature stage of the El Nifio events, while there has
been considerably weaker forcing in the southern winter
(see Figure 11 and section 3.7). In the southern hemi-
sphere, observational studies have shown that a merid-
ional teleconnection pattern exists across the South Pa-

“cific Ocean and South America (sometimes called the

Pacific-South American (PSA) pattern, analogous to
the PNA pattern in the northern hemisphere) during
the warm phase of ENSO in the southern winter, though
it appears to be weaker and more variable than the
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northern hemisphere (NH) teleconnections [van Loon
and Shea, 1985, 1987; Karoly, 1989]. The weaker and
more variable response in southern winter is consistent
with the relatively weaker tropical forcing, as well as
the weaker zonal gradients in the mean flow providing
less of a geographical focus for the midlatitude telecon-
nections (see section 3.3).

2.1.2. Temperature and precipitation. The
TOGA era witnessed a significant increase in documen-
tation and understanding of ENSO-precipitation rela-
tionships. Consistent warm phase ENSO-precipitation
teleconnections were documented by Stoeckenius [1981]
Ropelewski and Halpert [1986, 1987), and Lau and Sheu
[1988], and later expanded to include precipitation re-
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lated to the cold phase of ENSO [Ropelewski and Halpert,
1989] as well as temperature during both phases [Halpert
and Ropelewski, 1992]. Correlation, composite, and
EOF analyses of global precipitation [e.g., Lau and
Sheu, 1988; Kiladis and Diaz, 1989] also helped to
define the global ENSO-precipitation patterns. While
these studies established the importance of the ENSO-
precipitation relationships on a global scale, they also
spawned many efforts to document ENSO teleconnnec-
tions on the local scale. Our current understanding of
consistent ENSO relations with precipitation and tem-
perature during the northern winter and summer sea-
sons is summarized in schematic form (Figure 2). To
a good approximation, the anomalies during the cold
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Figure 2. Schematic of temperature and precipitation anomalies generally associated with the
warm phase of El Nifio-Southern Oscillation (ENSO) during the northern winter and summer
seasons. To a good approximation, relationships with the cold phase of ENSO are simply reversed
in sign. (After Ropelewski and Halpert [1986, 1987, 1989] and Halpert and Ropelewski [1992] and

supplemented by Aceituno [1988].)
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phase of ENSO are the reverse of those in Figure 2.
This figure is based upon surface measurements and is
incomplete over the oceans.

Many of the ENSO-precipitation studies have been
limited by the irregular spatial coverage of gauge pre-
cipitation data. This limitation motivated the use of
satellite observations for the estimation of precipitation
especially over the oceans. During the TOGA era, out-
going longwave radiation (OLR), measured by opera-
tional NOAA satellites since 1974 [Chelliah and Arkin,
1992], has become the most widely used satellite-based
indicator of convective precipitation. OLR measures
the outgoing radiation from the Earth and tends to
be dominated either by the radiation from the surface,
where there are no clouds, or from cloud tops, so that
it serves as a proxy index of the amount of convection
in the tropics. The relatively long period of record,
at least for satellite measurements, has made OLR a
mainstay for a multitude of research studies. The con-
tinued operation of the weather satellites has also made
them a major observational tool for monitoring current
climate (e.g., the Climate Diagnostics Bulletins issued
by NOAA’s Climate Prediction Center). While OLR
has proven invaluable for several TOGA-related stud-
ies, its limitations have also spurred efforts to provide
precipitation estimates with higher spatial and tempo-
ral coverage as well as to provide better estimates for
nonconvective precipitation. Many of these activities
are taking place under the World Climate Research Pro-
gram’s Global Precipitation Climatology Project [Arkin
and Xie, 1994].

The above satellite observations reveal that in the
Pacific the Intertropical Convergence Zone (ITCZ) is
typically stronger and located closer to the equator in
El Nifio years, while the South Pacific Convergence
Zone (SPCZ) shifts north and east of normal. Dur-
ing the ENSO warm phase in the northern winter
for December-January-February (DJF), Figure 2 re-
veals the warm and wet conditions that typically oc-
cur throughout the tropical central and eastern Pa-
cific and along the Pacific coast of South America.
Dry conditions, corresponding to higher sea level pres-
sures, exist in a characteristic boomerang-shaped pat-
tern over the western Pacific and extend to southern
Africa and across the Atlantic to northeast Brazil and
Columbia. Cool and wet conditions in the southeast-
ern United States are linked via a teleconnection to
the warm’ conditions over western Canada and Alaska.
Warmth in Uruguay expands in area in southern winter
in June-July-August (JJA). Dryness in parts of South-
east Asia, Indonesia, Central America, Australia, and
New Zealand in JJA contrasts with wet conditions in
the tropical central Pacific. _

2.1.3. An example: The El Nino of 1986-
1987. To illustrate the changes in circulation in the
extratropics and the links with the tropics, the exam-
ple of the 1986-1987 El Nino event is used. This was
a modest event by most standards, and the warmest
water near the equator was displaced eastward to near
170°W. Even though the SST anomalies there were only
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1°C or so, it was sufficient to produce ensuing strong
convection in that area [ Trenberth, 1996] (see Figure 3).
We use the National Centers for Environmental Predic-
tion (NCEP, formerly National Meteorological Center
(NMC)) NCAR reanalyses for 1985 to 1993 (9 years) to
define a base period to determine circulation anomalies
for this event, and the same base period is used for OLR
and SST.

In Figure 3, for DJF 1986-1987 the anomalous SST,
OLR, and sea level pressure fields are shown, along
with corresponding anomalies at 200 mbar in the di-
vergent wind component, velocity potential field, and
the streamfunction field, and the geopotential height
field at 300 mbar. In the SST field, besides the warm-
ing in the equatorial Pacific, features of note are the
cooling in the North Pacific and around New Zealand,
with the latter especially pronounced (see section 5.1).
The OLR anomalies are as large as —50 W m~2, and
experience indicates that magnitudes exceeding about
10 W m~2 for seasonal means (e.g., see Figure 11) are
nonrandom and linked to surface forcing. Figure 3 in-
dicates the above normal convective activity centered
on the equator at 170°W over the warmest water but
with evidence of reduced activity to the north in the
vicinity of the Hawaiian Islands, to the west over In-
donesia, and to the southwest, off Australia. Note also
the eastward shifted SPCZ. Regions of low level con-
vergence over the warmest water are mirrored in the
upper troposphere by regions of divergence, as seen by
the anomalous outflow at 200 mbar in Figure 3. The
divergent component of the flow provides a forcing for
Rossby waves in the atmosphere through the advec-
tion of the Earth’s vorticity by the anomalous divergent
flow, giving an anticyclonic forcing in the upper tropo-
sphere (compare Figure 7, presented later, and Rasmus-
son and Mo [1993]). Note also the upper tropospheric
convergence and thus suppressed rainfall over northeast
Brazil. All the main tropical and subtropical features
in the OLR field have corresponding upper tropospheric
divergence anomalies.

The nondivergent component of the flow is revealed
by the streamfunction (1) anomalies in Figure 3. Most

studies of the atmospheric circulation, especially before
TOGA, used geopotential height (z) as the primary
variable. However, because small gradients in height
can be associated with strong winds in low latitudes,
it has been recognized that the streamfunction is more
appropriate for revealing global aspects of the flow. Fig-
ure 3 presents the 300 mbar z as well as the 1 field
(although at 200 mbar) to illustrate the difference in

.perception that results. The z variations fail to reveal,

the tropical circulation changes that often lead to the
extratropical wave trains. Together with the sea level
pressure field, the dominant equivalent barotropic na-
ture of the extratropical anomalies is revealed, and the
anomalies in the Pacific-North American region stand
out.

The streamfunction anomalies in Figure 3 show the
strong anticyclonic couplet in both hemispheres strad-
dling the equator in the region of anomalous convection,
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(b) Outgoing Longwave Radiation
L 1 al |

PR

90N 1 P SR W

60N

30N

30S

60S

90S

30E 60E S0E 1206 150E 180 150W  120W  90W  60W 30w

(X10%Pa)

(c) Sea Level Pressure
1 n P a ] 1 Ao Lo | P i

L PG TR

90E 120E  1S0E 180 150w 120w oW sow

(d) 200 mbar Velocity Potential and
n oo o 1 -

Divergent Wind
Ll R

! TR S

90N

90N

60N

30N

308

60S

90S

30E 60E 90E 120E 150 180 150W  120W  9owW 60w 30w

(e) 300

mbar Geopotential Height
9ON -+ L PR L Ll

a1 L BRI

30E 60E 90E 120E 150 180  150W  120W  90W  60W

60N -

30N 7
7

305 -

60S ~

30E 60E 90E 120E  150E 180 150w 120W 90w 60W 30w

(f) 200 mbar Streamfunction

(x10°m%s™")
9ON ——t -

[ ST NS SO S S S S S H SO S S WS B RS MRt

150E

90E 120€ 180  150W  120W  90W sOW 30w

Figure 3. Anomalies for the ENSO event during December-January-February (DJF) 1986-

1987, all relative to a base period from 1985 to 1993 as (a) SST, contour interval 0.5°C and (b)
outgiong longwave radiation (OLR), contour interval 10 W m~2, and based on NCEP/NCAR
reanalyses of (c) sea level pressure, contours are 0,41, £3 mbar, etc.; (d) velocity potential and
divergent component of the wind vectors at 200 mbar, with the longest wind vector shown equal
to 2.1 m s~1; (e) 300 mbar geopotential height, contour interval 25 m; and (f) streamfunction

at 200 mbar. The contour intervals for velocity potential and streamfunction are 10 and 20x10°

m? s™!, respectively.

and teleconnections into higher latitudes. The PNA
teleconnection pattern is strongly evident across North
America, and anticyclonic conditions prevail over Aus-
tralia, but cyclonic flow prevails over the New Zealand
region. Breaking down the pattern in Figure 3 into the
teleconnection patterns of Figure 1 reveals standardized
index values of the PNA of +1.2, TNH —0.9 and WP
+1.3, so that all contribute substantially. Associated
with the changes in quasi-stationary waves are changes
in storm tracks, as detailed in section 2.3 (see Figure 5,
presented later). All these features are fairly typical of

most El Nifio events and give rise to the precipitation
and temperature anomalies in Figure 2; many processes
play a role in their formation (section 3).

A schematic of the tropical forcing and dominant
northern hemisphere atmospheric response in the form
of a wave train forced from the tropical upper tropo-
spheric divergence and subtropical convergence is shown
in Figure 4. Aspects of this simplified picture can be
seen in Figure 3; however, it is further discussed, the
physical relationships are revealed, and the features are
depicted in subsequent sections.
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Figure 4. Schematic view of the dominant changes in
the upper troposphere, mainly in the northern hemi-
sphere, in response to increases in SSTs, enhanced
convection, and anomalous upper tropospheric diver-
gence in the vicinity of the equator (scalloped region).
Anomalous outflow into each hemisphere results in sub-
tropical convergence and an anomalous anticyclone pair
straddling the equator, as indicated by the streamlines.
A wave train of alternating high and low geopotential
and streamfunction anomalies results from the quasi-
stationary Rossby wave response (linked by the dou-
ble line). In turn, this typically produces a southward
shift in the storm track associated with the subtropical
jet stream, leading to enhanced storm track activity to
the south (dark stipple) and diminished activity to the
north (light stipple) of the first cyclonic center. Cor-
responding changes may occur in the southern hemi-
sphere.
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2.2. Decadal Variability Throughout the
Pacific

An example of an important teleconnection emerging
from the tropical Pacific on longer timescales has been
documented in the North Pacific in winter, with the
period of the fluctuations exceeding 20 years. In par-
ticular, a decade-long change in the North Pacific at-
mosphere and ocean beginning around 1976 and lasting
until at least 1988 has been noted by Trenberth [1990].
A comprehensive review of many related aspects, in-
cluding linkages to changes in the tropical Pacific SSTs
which generally increased after 1976, has been given by
Trenberth and Hurrell [1994].

Observed significant changes in the atmospheric cir-
culation for the 1976-1988 period involve the PNA tele-
connection pattern (Figure 1), so that there was a
deeper and eastward shifted Aleutian low pressure sys-
tem (positive PNA) in the winter half year which ad-
vected warmer and moister air along the west coast of
North America and into Alaska and colder air over the
North Pacific. Consequently, there were increases in
temperatures and SSTs along the west coast of North
America and Alaska but decreases in SST's over the cen-
tral North Pacific [Tanimoto et al., 1993; Kawamura,
1994], as well as changes in coastal rainfall and stream-
flow and decreases in sea ice in the Bering Sea. Asso-
ciated changes occurred in the surface wind stress and,
by inference, in the Sverdrup transport in the North
Pacific Ocean and had a distinctive signature through-
out the upper ocean to greater than 400 m depth [Deser
et al., 1996]. Changes in the mean flow were accompa-
nied by a southward shift in the storm tracks and as-
sociated synoptic eddy activity [Trenberth and Hurrell,
1994] and in the surface ocean sensible and latent heat
fluxes. The deeper Aleutian low and associated changes

P2

LOW COMPOSITE

5 10 15

Figure 5. Composites of observed anomalies in monthly averaged 500 mbar height (solid con-
tours are positive, dashed contours negative, contour interval 25 m) and in root-mean-squares of
500 mbar height fluctuations with timescales of 2.5-6 days (stippling, see scale bar at bottom).
These composites are based on individual groups of 10 winter months corresponding to opposite
extremes of selected principal modes of storm track variability in the North Pacific. The specific
months in each group are listed in Table 2 of Lau (1988) under the headings of (a) P2 High

Composite, and (b) P2 Low Composite.
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in upper ocean mixing and Ekman transport (section
5.1) increased the nutrient supply, phytoplankton, and
zooplankton in the central North Pacific Ocean. These
changes, along with the altered ocean currents and tem-
peratures, shifted in the migration patterns and in-
creased the stock of many fish species (e.g., Alaskan
and Canadian salmon) but decreased some other species
(e.g., West Coast U.S. salmon, coastal species) [cf. Mc-
Farlane and Beamish, 1992; Beamish and Bouillon,
1993; Polovina et al., 1994].

The dominant atmosphere-ocean relation in the North
Pacific is one where atmospheric changes lead SST's by
1 to 2 months, apparently because of the changes in
surface sensible and latent heat fluxes combined with
mixing in the ocean'and entrainment. A southward
shift in the storm tracks in the North Pacific helps to
reinforce and maintain the anomalous circulation in the
upper troposphere. Observational evidence suggests a
link with the tropical Pacific SSTs and, after 1976,
there is also evidence for increased tropospheric tem-
peratures and water vapor in the western tropical Pa-
cific. Several aspects of the decadal scale change be-
ginning around 1976 have been simulated with AGCMs
using specified SSTs (see section 4.2), which confirm
that the atmospheric changes are tied to the changes in
SSTs and, further, that the changes over the North Pa-
cific and surrounding areas are substantially controlled
by the anomalous SST forcing from the tropical Pa-
cific and thus linked to the changes in ENSO. However,
whereas changes in the tropical Pacific have continued
in the 1990s, the positive PNA has not been as strongly
present since 1989 (e.g., Figure 1), indicating either that
there was a change in the nature of the teleconnections
or that there are other influences of importance, such
as those given in section 3, yet to be clarified.

2.3. Variability of Storm Tracks Associated
with Teleconnection Patterns

In the wintertime extratropics, transient phenomena
with timescales of several days consist mainly of mi-
gratory baroclinic cyclone waves. The relationships be-
tween these disturbances and the stationary flow field
have been documented by Blackmon et al. [1977] and
Trenberth [1991], among others, using climatological cir-
culation statistics for time-filtered data. It is appar-
ent that the cyclone waves are particularly active in
maritime sites located downstream and poleward of the
time-averaged jet streams. The preferred paths of the
weather-scale fluctuations in these regions of activity
are often referred to as the “storm tracks.” The studies
support the notion that the initiation and subsequent
propagation of the cyclone eddies are largely governed
by the preferred sites of cyclogenesis and steering effects
associated with the stationary time-averaged flow field.

By virtue of the intense transports of heat and vor-
ticity by the transient eddies along the storm tracks,
strong dynamical interactions between the time-varying
and stationary components of the atmospheric circula-
tion take place in these regions. As pointed out by Lau
and Holopainen [1984], the long-term-averaged geopo-
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tential height tendencies induced by the convergence of
eddy vorticity fluxes reinforce the upper tropospheric
climatological troughs and jet streams over eastern Asia
and North America, whereas the corresponding eddy
heat transports dissipate the same stationary features.
Because the magnitude of the forcing in the upper tro-
posphere due to vorticity fluxes is larger than that due
to heat fluxes, the net effect of the disturbances is to
enhance the zonally asymmetric component of the time
mean flow. Thus the stationary waves generated by
orographic and thermal forcings are reinforced by the
transient eddies in the upper troposphere. In the lower
troposphere the stationary wave temperature perturba-
tions are maintained by advection by the mean flow but
dissipated by the transient eddies. The intense eddy-
mean flow interactions occurring in the storm tracks
dictate that a full understanding of the steady state at-
mospheric response to perturbed boundary conditions
(such as SST anomalies) must take into account the ag-
gregate effects of the transient waves, including their
influence on the surface fluxes and diabatic heating
[Hoskins and Valdes, 1990].

It has been shown that the above relationships be-
tween the storm tracks and the climatologically aver-
aged flow are also applicable to understanding the inter-
actions between the high-frequency transients and more

slowly varying circulation anomalies with timescales
ranging from subseasonal periods [e.g., Hoskins et al.,
1983; Mullen, 1987; Metz, 1989; Lau and Nath, 1991;
Cai and van den Dool, 1991, 1992], to ENSO cycles [e.g.,
Kok and Opsteegh, 1985; Held et al., 1989; Hoerling
and Ting, 1994], and to interdecadal changes (see Tren-
berth and Hurrell, [1994], and section 2.2). In particu-
lar, some of these studies indicate that the storm track
variations accompanying the changes in the background
flow exert a positive feedback on the low-frequency com-
ponent of the circulation. It is also established that
changes in the mean flow and the associated jet stream
cause corresponding changes in the atmospheric storm
tracks (see Branstator [1995] and section 3.4.2).

The strong association between storm track variabil-
ity and Pacific teleconnection patterns (section 2.1) is
illustrated in Figure 5, which shows composites of ob-
served anomalies in monthly averaged 500 mbar height
and root-mean-squares (rms) of transient (2.5-6 day)
fluctuations of 500 mbar height. The rms field presented
here is a good indicator of the intensity and location of
the storm tracks. The patterns in Figure 5 were con-
structed by averaging over those 10 winter months cor-
responding to the two extremes of a selected mode of
variability in this rms field in the Pacific. This mode
has been identified by Lau [1988] using an EOF anal-
ysis and is labeled “P2.” It is evident (Figure 5) that
the monthly mean patterns for P2 correspond to the
two opposing polarities of the PNA pattern. The posi-
tive height anomaly center over western North America
and the enhanced eastward geostrophic flow over the
subtropical central Pacific (Figure 5a) are accompanied
by an equatorward displacement of the Pacific storm
track and diminished cyclone activity along the west-
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ern seaboard of North America. Reversal of the polar-
ity in the monthly mean pattern (Figure 5b) occurs in
conjunction with a poleward storm track displacement
-and enhanced activity off the west coast of North Amer-
ica. These relationships are depicted schematically in
Figure 4.

In the southern hemisphere, larger interannual vari-
ations are found in the zonal mean flow than in the
wavelike teleconnections, but there also exists a pro-
found influence of the low-frequency circulation on the
storm tracks with similar feedbacks coming into play.
The dominant mode is one of switching from a single
to a double jet structure [Trenberth and Christy, 1985].
Kidson [1988b] detected variations in the westerlies sev-
eral days after the occurrence of barotropic forcing due
to the convergence of eddy westerly momentum trans-
ports. Karoly [1990] noted that the storm track dis-
placements are accompanied by changes in the transient
eddy poleward heat flux and thus in the Eliassen-Palm
flux. Randel [1989] traced the evolution of the zonal

mean flow in response to life cycle dynamics of baro-
clinic waves. However, Trenberth [1984], Kidson [1988a,
1988b], Karoly [1990], Shiotani [1990], and Cuff and Cai
[1995] emphasize that the low-frequency variations in
zonal mean flow are primarily equivalent barotropic and
dominated by changes in the transient momentum (or
equivalently vorticity) fluxes, with the heat flux playing
a much smaller role. Both the southern hemisphere jet
stream and storm tracks vary considerably from year to
year in models without external forcing [Zwiers, 1987;
Yu and Hartmann, 1993; Hartmann, 1995], so the ef-
fects of eddy-mean flow interactions contribute signifi-
cantly to internal atmospheric variability, which could
mask any influences of tropical SST forcing.

3. Theory and Diagnostics of
Interactions of the Tropics with the
Extratropics

3.1. Introduction

We now focus on the theoretical basis for the linkages
between the anomalous tropical circulation associated
with ENSO and changes in the extratropical circulation.
Prior to TOGA, the modeling studies of Hoskins et al.
[1977], Hoskins and Karoly [1981], and Webster [1981]
had shown that the extratropical response to large—scale
tropical forcing could be understood in terms of anoma-
lous planetary wave propagation from regions of tropical
upper tropospheric divergence (Figure 4). The mod-
eled teleconnections from tropical heating were shown
by Hoskins and Karoly [1981] and Webster [1981] to
be remarkably similar to some of the observed telecon-
nections described in section 2. We shall refer to this
pre—-TOGA conceptual model as the “protomodel” of
the extratropical response to tropical forcing.

There have been many refinements to the theoreti-
cal understanding of these linkages during the TOGA
decade, and these are outlined in the remainder of this
section. A number of factors are important in deter-
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mining the extratropical circulation during an El Nifio
event, including the location and intensity of the trop-
ical circulation anomalies, the effects of the mean flow
on planetary wave propagation and forcing, interactions
with midlatitude storm tracks, and interference from
the internal chaotic variability of the midlatitude circu-
lation. However, Rossby wave propagation still provides
the underpinning for all theories of how the tropics in-
fluence midlatitudes. Hence we start with a description
of the protomodel, including a brief review of the theory
of Rossby wave forcing and propagation as it stood at
the start of the TOGA period, then continue with the
more recent refinements.

The vorticity equation in pressure coordinates is given
by

GV D e ==+ AV Y ()
ov

where ( is the vertical component of relative vorticity,
v = (u,v) is horizontal velocity, w is vertical velocity,
f = 2Qsin ¢ is the planetary vorticity, and F is due
to friction. When applied to the time-averaged flow in
the upper troposphere, the vorticity equation can be
written (using an overbar to represent time-averaged
quantities)
8¢
ot
neglecting terms involving w since the vertical velocity
is small near the tropopause. This is the equivalent
barotropic vorticity equation for the mean vorticity ¢
with forcing by the mean stretching of absolute vorticity
(C+ f)V-¥ or by transient eddy convergence of vorticity
Q) N
Hoskins and Karoly [1981] showed that tropical heat-
ing is balanced by vertical motion, with large divergence
in the tropical upper troposphere, leading to substantial
forcing in the barotropic vorticity equation. In the pro-
tomodel the effect of this divergence is approximated by
solving (2) with specified divergence, with the transient
fluxes ignored, and with all other terms linearized about
a basic state, independent of time and longitude. The
response of this model can be considered in terms of
the dispersion of Rossby waves, which are governed by
the first two terms of (1). After linearizing (1) about a
basic state consisting of a zonal mean zonal flow [@], we
consider small amplitude perturbations ¢ to the basic
state vorticity, giving a wave equation for the perturba-
tion streamfunction ! on a 3 plane

LYV VCH )= -G+ V-V -F (2)

o o oyt
(5 + [u]a) vyt + 20 (ﬁ -

Assuming a separation in scale between the variations
in the basic state and the perturbations, a WKB solu-
tion to (3) exists of the form ¢! = A exp[i(kz+1ly—ot)],
with horizontal wavenumber k = (k, 1) and frequency o

&[4]
oy?

) = forcing (3
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which satisfies the dispersion equation o = [@]k — (8 —
[iW),)k/K?, with K = [k|. The dispersion of wave en-
ergy from the forcing is in the direction of the group
velocity

Cy = (;U/i"" -+ 2(5 - [ﬂ]yy)kz/I{Ll‘ 2('8 - [E]yy)kl/f(4)' (4)

For stationary waves on the sphere in a climatological
mean zonal flow, as considered by Hoskins and Karoly
[1981], wavelike solutions are possible for low-latitude
forcing in a westerly mean flow, and wave energy dis-
perses poleward and eastward from the forcing region
before arcing back toward low-latitudes and being ab-
sorbed (according to linear theory) at the low latitude
“critical line” where the mean flow is equal to the phase
speed of the waves (zero) (compare Figure 4).

The dispersion of Rossby waves from tropical forc-
ing described by Hoskins et al. [1977] and Hoskins
and Karoly [1981] agreed well with the observed and

modeled responses to anomalous tropical heating dur-

ing El Nifio events in a number of ways, particularly for
the structure and direction of the teleconnection pat-
terns emanating from the tropical forcing. It helped
to explain the stronger teleconnections in the winter
rather than the summer hemisphere (as wave propaga-
tion is stronger in stronger westerly flow and not possi-
ble through equatorial easterlies), the arcing teleconnec-
tion patterns, the spacing between successive anoma-
lous highs and lows, and the timescale for the estab-
lishment of the teleconnection patterns. Figure 6 shows
the steady response in the upper troposphere to tropical
heating in NH winter from a linearized primitive equa-
tion model, the horizontal flux of stationary wave activ-
ity diagnosed from this model [Karoly et al., 1989], and
the Rossby wave rays for a similar case from Hoskins
and Karoly [1981]. This shows clearly all the typical
characteristics of the protomodel described above.

There were a number of limitations of this proto-
model. Principal drawbacks were (1) the need to have
the Rossby wave forcing in mean westerly flow, whereas
the observed tropical forcing was in mean easterlies; (2)
no explanation for the observed and AGCM-modeled
preference for geographically fixed midlatitude anoma-
lous wave trains; and (3) reduced amplitudes in the lin-
ear model solutions when forced with realistic tropical
divergence anomalies.

Each of these limitations has been addressed in re-
finements to the theoretical understanding developed
over the period of the TOGA decade and is discussed
below, together with new processes now recognized to
be important. We discuss these processes in the order

Figure 6. Linearized, steady state primitive equa-
tion model solution to thermal forcing in the tropics
in northern hemisphere (NH) winter, showing (a) the
height field anomalies at 200 mbar, contour interval
20 m, (b) the associated horizontal flux of stationary
wave activity [from Karoly et al., 1989], and (c) the
barotropic Rossby wave rays for tropical forcing at 15
°N in a 300 mbar NH winter basic state; crosses indicate
phases every 180° [from Hoskins and Karoly, 1981].
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in which they occur in nature, starting with the tropical
forcing, then continuing with propagation into midlati-
tudes, and internal midlatitude forcing and other issues.

3.2. Tropical Forcing

The focus of the ENSO phenomenon is the trop-
ical Pacific, and the observed global influence arises
from atmospheric teleconnections from the regions of
anomalous tropical heating. Small changes in SST
and SST gradients can lead to shifts in the location
of the large—scale organized convection in the tropics
and also to changes in the intensity of the convec-

tion. These result in large anomalies in atmospheric
heating, mainly through latent heat release in precip-
itation, and upper tropospheric divergence (Figure 3).
The tropical response to this anomalous heating can be
explained in terms of equatorially trapped Kelvin and
mixed Rossby—gravity waves with a first internal mode
vertical structure in the troposphere [Gill, 1980]. In the
vicinity of the tropical heating the response in the up-
per troposphere takes the form of a pair of anomalous
anticyclones which straddle the equator (compare Fig-
ures 3 and 4). In addition to the anomalous divergence
over the tropical heating, there is usually an anoma-
lous circulation involving an east-west Walker circula-
tion linking a region of anomalous convergence over the
Indonesian region to the anomalous divergence (see also
section 2.1.3).

Hence one factor which directly influences the tropi-
cal forcing during ENSO events is the differences of SST
anomaly patterns between events. These lead to differ-
ences in the location of the tropical heating anomalies,
apparent in the anomalous tropical rainfall and asso-
ciated OLR fields observed during different events. It
is not clear how much the changes in the location and
magnitude of the tropical heating anomalies account for
some of the variations of the extratropical circulation
between ENSO events.

The forcing of extratropical Rossby waves by the
anomalous tropical heating can be best understood
by partitioning the horizontal flow v into nondiver-
gent vy and irrotational v, components, such that
v = vy + vy, = k x V¢ + Vy, with streamfunction
1 and velocity potential x. Then (2) can be rewritten
as

K ¥ V=V ()
5 V)~V (D)
=V (vy¢)-F.

The left-hand side retains all terms necessary to support
Rossby wave propagation, while the right-hand side in-
volves an additional term compared with (2) involving
the advection of vorticity by the divergent flow. This
form of the barotropic vorticity equation was discussed
by Sardeshmukh and Hoskins [1988], who described the
first three terms on the right-hand side as the Rossby
wave source, S = —V - v, (( + f), which is the forc-
ing associated with the divergent flow. The anomalous
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Rossby wave source term, which contributes to the forc-
ing of seasonal anomalies, can be written as

_Sa:fDa+ﬁvxa+CcDa+<aDc+CaDa (6)
+Vye Va4 Vya - V(4 Vya - V(,

+(V- (V;C/))a

where the overbar represents a single season mean, the
primes indicate the daily departures from the single sea-
son mean, subscript represents the climatological mean
value, and subscript represents the departure of the sin-
gle season mean from the climatological value, and D
is the divergence.

Rasmusson and Mo [1993] used a diagnostic analy-
sis to identify the forcing of midlatitude Rossby waves
in the upper troposphere during the 1986-1989 ENSO
warm event and cold event sequence. Fields from their
analysis are similar to those for the 1986-1987 event
alone (Figure 3). They found that the anomalous
Rossby wave source (see Figure 7) is small within 15°
latitude of the equator, despite large upper tropospheric
divergence, as the absolute vorticity is small in this
region. Poleward of 15°, the strongest Rossby wave
source anomaly results from the anomalous subtropical
convergence associated with the descending branch of
the local Hadley circulation from the tropical heating,
—fD,. This provides an effective Rossby wave forcing,
as it occurs in mean westerly flow and, as the exper-
iments of Held and Kang [1987] show, makes a major
contribution to the midlatitude wave train. In addition,
vorticity advection by the anomalous divergent outflow
Vya * V((c + f) can be an important contributor to the
Rossby wave forcing [Sardeshmukh and Hoskins, 1988].
Divergent flow anomalies in regions of strong mean vor-
ticity gradients, such as the winter subtropical jets, can
lead to large Rossby wave forcing anomalies, and the
location of these sources can be somewhat insensitive
to the position of the heating that induces them.

Although the upper level tropical divergence is rela-
tively ineffective in directly forcing midlatitude Rossby
waves, the divergent outflow and the subtropical conver-
gence associated with the meridional overturning in lo-
cal Hadley circulations away from the anomalous trop-
ical heating are both effective in forcing Rossby waves
in the subtropics in westerly mean flow, which can then
propagate to higher latitudes (Figure 4). Hence fac-
tors which determine the locations of the upper tro-
pospheric subtropical convergence and the subtropical
vorticity gradients will greatly influence the location of
the subtropical Rossby wave forcing.

3.3. Energy Propagation

From the discussion in the previous subsection it is
apparent that wave propagation is not the only means
by which the influence of tropical heating.reaches be-
yond the source region, but wave propagation is still
recognized as the primary mechanism by which tropical
heating influences regions thousands of kilometers away.
As seen in section 3.1, the basic theory of large-scale en-
ergy propagation can be understood from a very simple
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Figure 7. Rossby wave source anomalies for the ENSO event during DJF 1986-1987, relative to
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dynamical model. By relaxing some of the simplifying
assumptions of that protomodel, a more complete pic-
ture of how and where energy will propagate in a given
situation can be constructed.

One example of this is consideration of the influence
of the time average divergent circulation on the trans-
mission properties of the atmosphere. As pointed out by
Schneider and Watterson [1984], steady heat sources,
which the simple theory suggests as being too deep in
the tropics to affect midlatitudes in the winter hemi-
sphere because of intervening upper tropospheric east-
erlies, will influence midlatitudes if the effects of the
climatological zonal mean poleward tropical flow are
taken into account. Furthermore, the mean conver-
gence associated with these poleward winds tends to
produce a subtropical source of vorticity in the winter
subtropical upper troposphere through its stretching ef-
fect on perturbation vorticity, thus making the influence
of the heating in the winter hemisphere even stronger
[Sardeshmukh and Hoskins, 1988]. Grimm and Silva
Dias [1995a, b] confirm the importance of including the
effects of the divergent part of the mean flow in com-
puting the response to forcing in a barotropic model.

Another example of added realism comes from ac-
counting for the timescale of the tropical heat sources.
Though often approximated by steady sources, the heat-
ing associated with El Nifio consists of episodes of vary-
ing duration, and this variability affects the path taken
by energy propagating away from the source regions.

The analyses of Karoly [1983] and Li and Nathan [1994]
and the dependence of the group velocity on wave fre-
quency in (4) show that the shorter the timescale, the
more equatorially trapped is the response. So even if the
heating remains in exactly the same location through-
out an El Nifio event, the midlatitude regions affected
may vary.

A third complexity that can be included is that of
a baroclinic atmosphere. Since the work of Brether-
ton [1964] it has been recognized that barotropic dis-
turbances more readily propagate to midlatitudes than
baroclinic disturbances do. Thus the simple barotropic
protomodel would seem to be overstating the midlati-
tude influence of ENSO-related heating because a heat
source concentrated in the middle troposphere produces
a local response that is baroclinic. However, numerous
investigations have bolstered confidence in the validity
of the barotropic theories by showing that perturba-
tions forced by tropical heating are primarily equivalent
barotropic by the time they reach midlatitudes and that
much of the behavior found in barotropic models contin-
ues to hold in tropically forced baroclinic models. Some
view this as the result of a natural filtering caused by the
trapping of the baroclinic component of disturbances
in the tropics. Others [e.g., Kasahara and Silva Dias,
1986; Lim and Chang, 1986] argue that baroclinic dis-
turbances are transformed into barotropic disturbances
by the action of the time-averaged shear. Interestingly,
Tomas and Webster [1994] have presented striking ob-
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servational evidence of analogous behavior for pertur-
bations entering the tropics; the vertical structure of
such disturbances changes from equivalent barotropic
to baroclinic as they encounter the region of low-level
easterlies. _

Given the prominent equivalent barotropic structure
of midlatitude anomalies, it is quite common to exam-
ine extratropical responses to tropical forcings by using
a barotropic model forced by tropical divergence. How-
ever, results are quite sensitive to the level chosen to
represent the atmosphere owing to considerable sensi-
tivity to the strength of the zonal mean wind and its
effect on Rossby wave dispersion. Best results (in the
sense that the midlatitude response to tropical heating
agree with a full baroclinic model) occur for a barotropic
model applied at the 350 mbar level [Ting, 1996]. This
roughly agrees with the results of the Held et al. [1985]
study of the appropriate level for use of the barotropic
vorticity equation in the study of the forced response
of the external mode. Further, as Ting and Sardesh-
mukh [1993] have demonstrated, the vertical distribu-
tion of tropical heating can influence the amplitude of
the resulting midlatitude anomalies because meridional
propagation is influenced by the vertical structure of
a disturbance, as explained above. Because barotropic
models cannot represent the spatially varying vertical
structure of tropically forced perturbations, baroclinic
models are required for accurate representation of their
propagation. Therefore, although barotropic dynam-
ics are able to capture the essence of the tropical-
extratropical character during ENSO, baroclinic models
are needed for quantitative understanding.

A complementary view of the links between tropical
forcing and the extratropical response can be obtained
using “potential vorticity (PV) thinking” [Hoskins et
al., 1985]. Rossby waves propagate along isentropic sur-
faces on potential vorticity gradients, so the large PV
gradients at the tropopause provide preferred channels
for wave propagation. Anomalous tropical heating and
the associated vertical motion lead to disturbances of
the isentropic surfaces in the upper troposphere in the
tropics and subtropics. These disturbances can radiate
Rossby waves along the PV gradients into midlatitudes,
leading to the teleconnections described earlier.

A fourth elaboration arises from recognizing that per-
turbations stimulated from the tropics are influenced by
a time-mean state that is a function of longitude as well
as latitude. This means that the midlatitude response
to tropical heating is very senmsitive to the longitude of
the heating as, for example, Simmons [1982] demon-
strated. Investigations have found that because of the

large scale of longitudinal variations in the mean state,
WKB theory holds. This means that the general prop-

erties of wave propagation developed in section 3.1 for

a zonally symmetric basic state can be applied to the
local conditions in a zonally varying mean state. This is
true for propagation in both the tropics and in midlat-
itudes. Applying this principle to the tropics, Webster
and Holton [1982] showed that meridional propagation
across the tropical belt is possible if it occurs through
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a patch of local westerlies, while Webster and Chang
[1988] and Hoskins and Jin [1991] suggested that longi-
tudinal variations in the tropical background can affect
the zonal propagation of tropical perturbations leading
to an accumulation of perturbation energy to the east
of a westerly maximum.

In midlatitudes, nonuniformities in the background
state can act to refract perturbations to certain pre-
ferred locations, as calculations by Branstator [1983],
Karoly [1983], and Hoskins and Ambrizzi [1993] have
demonstrated. In particular, there is a tendency for the
response to tropical forcing to be guided along the Asian
and Atlantic subtropical jets. Thus heating anomalies
in the tropics well to the west of the dateline tend to in-
fluence the North Pacific, while wave trains stimulated
by El Nifio extend well into the Atlantic. An example
of this is seen in Figure 8, which contrasts the simple
arching wave train produced by a tropical source in a
solid body rotation basic state with the undulating wave
train produced by the refractive properties of the local
jets in a zonally varying basic state.

3.4. Internal Midlatitude Sources

In addition to the two fundamental elements that
were recognized before TOGA, namely heating-induced
sources and energy propagation, other basic mecha-
nisms are now recognized to influence the midlatitude
impact of tropical heating. In particular, the tropi-
cal heat source is not the only significant contributor
of low-frequency energy to the anomalies that accom-
pany that heating; other internal dynamical sources also
make substantial contributions.

3.4.1. Sources from mean zonal variations.
An important source was discovered in studies of the
influence of longitudinal inhomogeneities in the back-
ground state. Not only do such nonuniformities affect
the local propagation properties of the medium, they
also can act as sources of perturbation energy, much as
gradients serve as energy sources for various types of
hydrodynamical instability. It has been found that per-
turbations that can gain energy from this source tend to
grow from longitudinal gradients in the jet exit regions
[Simmons et al., 1983]. Further, they have natural low
frequencies and structures similar to wave trains stimu-
lated from the tropics (see Figure 9). This means that
wave trains which are actually forced from the trop-
ics and that encounter the jet exit regions will tend to
benefit from this internal source. As an example of this,
Branstator [1985a] presented a linear barotropic coun-
terpart to an ENSO case (Figure 8b) in which about
40% of the global perturbation kinetic energy was de-
rived from this internal source rather than from the
tropical heating anomaly.

Not only can this mechanism make midlatitude anoma-
lies stronger than they would be if tropical heating were
their only energy source, it also changes their structure
since some components of a pattern stimulated from the
tropics will be amplified by this mechanism while others
will not. The natural advantage that this mechanism
gives some structures is thought (together with the ten-
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Figure 8. Anomalous streamfunction response to a tropical source in the shaded region for the
barotropic vorticity equation linearized about (a) solid body rotation and (b) 300 mbar time mean
January conditions. The arrowed thick line indicates the direction of the local group velocity.

From Branstator [1