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Large-scale tropical, extratropical interactions on time-scales of a month to a
season are reviewed from both a modelling, observational and theoretical point of
view. The observational studies focus on teleconnections between tropical outgoing
longwave radiation and northern hemisphere extratropical height in wintertime,
firstly using five-day mean fields, and secondly using monthly mean fields. On the
month to seasonal time-scales, correlations between tropical sea surface tempera-
ture and extratropical geopotential height are discussed. It is shown that results on
all time-scales have some degree of consistency. Two key tropical areas are
identified, the tropical west Pacific and the tropical west Atlantic. Enhanced
convection in an area to the east of the Philippines or in the Caribbean area appears
to be associated with a decrease in geopotential height over the north Pacific or
north Atlantic respectively. Maps of correlation between height and OLR in these
areas can be associated with well-known modes of atmospheric low-frequency
variability. On time-scales of a few days, enhancements in convective activity over
these areas appear to be associated with extratropical disturbances propagating
equatorward from upstream.

The modelling studies discussed include 10-day forecast experiments in which
the tropical belt is relaxed towards the analysed state, seasonal time-scale GCM
studies with imposed sea surface temperature anomalies, and results from simple
nondivergent barotropic models. It is shown that results inferred from the
observational study, in particular the role of divergent flow over the tropical west
Pacific and west Atlantic, are supported by results from all of the modelling studies.
The GCM studies are also used to highlight possible deficiencies in the simplest
Rossby wave dispersion theory for tropical, extratropical interaction. However,
recent development of that theory is reviewed, including a more accurate
specification of the Rossby wave source term in the tropics, and the role of the basic
state flow upon which the waves are presumed to propagate. It is shown that, after
incorporating these developments into integrations of a nondivergent barotropic
model, much of the apparent discrepancy is resolved.

Results from the barotropic model also indicate that the impact of the tropics on
the extratropics is strongly dependent on the flow regime obtained in the
extratropics. It is suggested that this may partially account for the variable impact
of tropical forecast errors found in the forecast relaxation experiments.

Introduction

The extent to which the tropical and extratropical
general circulations interact is a perennial prob-
lem for the atmospheric scientist. However, in
recent years, with the development of numerical
weather prediction (NWP) to the medium and
extended range, the influence of the tropical
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circulations on forecasts of extratropical weather
has become an issue of great practical importance.

There is no doubt that the weather experienced
today in mid-latitudes can be affected by events in
the tropics several days earlier. For example, it is
sometimes possible to trace the development of
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some extratropical depression to a tropical hurri-
cane or typhoon, these in turn developing from
small disturbances elsewhere in the tropics.
Mistreatment of the development of one of these
tropical systems in a short-range forecast could
have disastrous consequences in the extratropics
for the same forecast extended to the medium
range. On the other hand, most extratropical
synoptic systems have their origins in the
extratropics, and the influence of the tropics on
the development of these systems must be sought
from less direct processes.

In recent years, perception of the way in which
the large-scale extratropical flow could be influ-
enced by the tropics, particularly on monthly
time-scales, was strongly influenced by the semi-
nal papers of Wallace and Gutzler (1981), and
Hoskins and Karoly (1981). The impact these
papers had at the time of their publication can be
gauged by the way they permeated so many of the
contributions to the IAMAP Symposium on
Large Scale Dynamical Processes held in Reading
in the summer of that year (Hoskins and Pearce
1981). Wallace and Gutzler showed, through a
correlation of 500 mb height analyses, that certain
key regions of the northern hemisphere were
‘teleconnected’. These teleconnections defined
modes of observed low-frequency atmospheric
variability. Most famous among all these was the
Pacific/North American (PNA) pattern (Fig.
1(a)), with similar patterns over the Atlantic/
European sector (Fig. 1(b)). Following Hoskins
and Karoly (1981), interpretation of the PNA,
and other teleconnection patterns in terms of the
horizontal dispersion of a linear equivalent
barotropic Rossby wavetrain forced by a region of
tropical upper tropospheric divergence, was
widely accepted.

The purpose of this article is to discuss some
recent observational and numerical modelling
studies and review developments in our under-
standing of large-scale tropical, extratropical
interactions on time-scales of a few days to a
month or so. Rather than treat dynamical pro-
cesses on these two time-scales as somewhat
separate, we shall try to synthesise results that
appear to be common to both time-scales. In
doing so we shall examine the extent to which the
notion of simple barotropic Rossby wave disper-
sion theory has stood the test of time against such
observational and numerical modelling studies.

In the observational studies described below,
much use has been made of the satellite-sensed
outgoing longwave radiation (OLR) which
appears to provide a convenient proxy, in the
tropics at least, of latent heat release by deep
penetrative convection (Arkin 1984). Lagged and
simultaneous teleconnections between tropical
OLR and (northern hemisphere) extratropical
geopotential height on time-scales of a few days to

Fig. 1 One point correlation maps showing the correlation
coefficient between 500 mb height at base gridpoints (a)
45°N, 165°W, and (b) 55°N, 20°W, and 550 mb height at
other gridpoints in the extratropical northern hemi-
sphere. The contour interval is 0.2. (From Wallace and
Gutzler 1981.)

a month give an indication of the role of Rossby
wave radiation.

Experiments with complex numerical models
provide a relatively controlled environment in
what could be thought of as a surrogate atmos-
phere. Two types of experiment will be described.
The first type comprises ten-day integrations in
which the tropical circulation is strongly relaxed
towards the analysed state. By comparing these
with a control forecast experiment, the influence
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of tropical forecast errors on the extratropics on
time-scales of a few days can be assessed.
Secondly, on longer time-scales, a brief review
will be given of the considerable activity in recent
years on the extratropical response of general
circulation models (GCMs) to imposed fixed
tropical sea surface temperature (SST) anomalies.

It turns out that many of the results on
time-scales of a few days are qualitatively consist-
ent with those on time-scales of a month. On the
other hand results from the observations, but
more particularly from the numerical modelling
work, are hard to reconcile with the simplest
linear barotropic Rossby wave dispersion theory.
However, under ‘Barotropic models’, we shall
review some recent developments in the descrip-
tion of tropical, extratropical interactions using
Rossby wave dispersion theory. These develop-
ments fall into two categories: firstly an assess-
ment of the tropical Rossby wave source term,
and secondly, an assessment of the most appropri-
ate basic state upon which to linearise. Taking
these modifications into account, it is found that
relatively simple barotropic models of the atmos-
phere are able to synthesise the results from
observations and complex models of the atmos-
phere, on both time-scales.

Observational studies

As discussed in the introduction, there are many
situations when the origin of an extratropical
synoptic system can be traced back to some
tropical disturbance, such as a hurricane over the
Caribbean. However, rather than give an account
of such specific case studies, a description of more
generic tropical, extratropical interactions will be
described, forming a basis for comparing pro-
cesses on different time-scales. Specifically, we
shall give a brief account of some teleconnection
studies between the tropics and extratropics using
either OLR or SST data (as proxies for deep
tropical activity) and either 500 mb or 700 mb
height in the extratropics.

On time-scales of a few days

Teleconnections between tropical OLR and 500
mb height on time-scales of a few days have been
studied by Liebmann and Hartmann (1984) using
data from eight northern hemisphere winters
from 1974 to 1982. They concluded that energy
predominantly progagates from mid-latitudes to
the tropics, though OLR anomalies in the region
of winter monsoon rainfall over the far western
Pacific gave an indication of possible forcing of
the mid-latitude flow by the tropics. Lau and
Phillips (1986), using similar data, found stronger
evidence of the effect of the tropics on the
extratropics when the data had been passed
through a 20-70 day band pass filter.

In view of the potential importance of these
observational studies it is of interest to reassess
them on a more recent set of data. Such a project
i1s currently underway at ECMWF, an extract
from which is shown below. In this project not
only will teleconnections between OLR and
analysed height be studied, but also
teleconnections between OLR and forecast height
error.

The daily value of OLR used here is an average
of twice-daily measurements at every point on a
2.5x 2.5 grid from 40°N to 40°S around the globe.
The data set selected consists of 7 series of 100
daily values covering the winter periods from 1
December 1980 to 10 March 1981 and | Decem-
ber 1986 to 10 March 1987. The data were inter-
polated in time to fill small gaps in the first years,
and spatially filtered using a projection on
spherical harmonics with a T21 truncation and a
subsequent inverse transform to a new grid of § x
5 degrees.

A set of 23 empirical orthogonal functions
(EOFs) of 500 mb height, calculated from a
thirty-year set of pentad data, are used as a basis
set to characterise mid-latitude flow in the
northern hemisphere (Molteni 1987). These
EOFs were calculated separately on the zonally
symmetric component of the flow (6 EOFs), and
on the zonally varying component of the flow (17
EOFs). 500 mb height from both analyses and
ten-day ECMWF forecasts from the above seven-
year period were projected onto these EOFs.
Interest was limited to intraseasonal variability
and both EOF and OLR data were filtered to
remove interannual variability and the seasonal
cycle. Five-day averages of the data were then
constructed.

In order to focus attention on key areas, maps of
the spatial variation in the percentage of
explained variance in the correlation between
geopotential height and OLR were calculated (not
shown here for reasons of space). In these maps
the value at each geographical location in the
tropics corresponded to the hemispheric average
of explained variance of the simultaneous corre-
lation between OLR averaged over a small area of
5 x 15 degrees latitude/longitude, and each 5 x §
degree grid-point carrying geopotential height
data. The largest values in the tropics occur over
two regions in the tropical west Pacific, over the
tropical north Atlantic, and over central equa-
torial Africa. Based on this, we show in Fig. 2
maps of simultaneous and lagged correlations
between height and OLR averaged over two of
these key areas. Figures 2(a) to (c) show corre-
lations between height and OLR in the area
15-20°N, 135-150°E. For simultaneous corre-
lations (Fig. 2(b)), the three largest teleconnection
coefficients occur in the centres of action of the
PNA pattern (see Fig. 1(a)). When geopotential
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Fig. 2 Teleconnection maps showing the correlation between OLR averaged over the area 15-20°N, 135-150°E, and geopotential height at
each grid-point in the northern hemisphere. (a) when geopotential height leads OLR by 5 days, (b) simultaneous correlations, (c)
when geopotential lags OLR by 5 days, (d-f) as (a~c) but for OLR in the area 20-25°N, 60-75°W. Contour interval 0.15, zero contour
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height lags OLR by five days (Fig. 2(c)), the
magnitude of the correlations are somewhat
reduced, though again the largest correlations
occur at the centres of action of the PNA pattern.
When geopotential height leads OLR by five days
(Fig. 2(a)), a rather different pattern emerges, with
two teleconnections maxima occurring upstream
over the extratropical Asian continent and sea-
board. These three teleconnection maps suggest
that the ‘cause’ of the anomalous convection in
the tropical west Pacific is an extratropical
disturbance propagating equatorward from the
Asian continent. Of course, taken by itself, the
results in Figs 2(b) and (c) do not prove in any
sense that the ‘effect’ of the anomalous convec-
tion is a PNA-like wavetrain propagating from the
tropics. On the other hand, we shall see that they
are consistent with the extratropical response in a
GCM integration to anomalous heating over the
same tropical region. Overall there is a strong
suggestion of ‘reflection’ from the subtropics of a
Rossby wavetrain propagating from the Asian
continent. However, association with anomalous
convective activity over the tropical west Pacific
indicates that this is not reflection in the usual
adiabatic sense of the word (Held 1983), but
‘power-assisted’, associated with the release of
latent heat in the tropics.

The teleconnection pattern shown in Fig. 2(c) is
somewhat stronger than the corresponding result
in Liebmann and Hartmann (1984), and more
consistent with the results of Lau and Phillips
(1986). In a sense this is a little surprising, since
the temporal filtering of the data in the present
study is closer to Liebmann and Hartmann’s than
Lau and Phillips’. Whether the differences lie in
the use of data from later years, or the EOF
truncation on geopotential height, is at present
unclear.

Figures 2(d) to (f) show a similar set of maps
over the Atlantic sector, with OLR in the region
15-20°N, 60-75°W. With simultaneous corre-
lations (Fig. 2(e)), the largest values occur in the
extratropics upstream over the east Pacific and
American continents. A broadly similar pattern
holds when geopotential height leads OLR (Fig.
2(d)). However, when OLR leads geopotential
height (Fig. 2(f)) the largest correlation occurs
downstream over the north Atlantic. There is
some correspondence between this pattern and
the teleconnection pattern shown in Fig. 1(b),
though this is much less clear cut than with the
PNA pattern. As we shall see in the next sections,
the pattern in Fig. 2(f) corresponds qualitatively
to that simulated by a barotropic model with
anomalous convergence forcing over the Carib-
bean area and to the response in an NWP model
where the forecast fields in the Caribbean area are
relaxed towards the observed analysis.

Teleconnections on monthly time-scales

Monthly mean teleconnections during northern
winters between proxies for tropical heating (both
OLR and SST data) and 700 mb circulation
patterns have been studied recently by Livezey
and Mo (1988). The circulation patterns were
defined by a rotated principal component analy-
sis. One of the patterns is referred to as the PNA
mode in view of its similarity with the
teleconnection pattern in Fig. 1(a). In Livezey and
Mo’s study, both 700 mb height and SST data
were available from the winters 1949 to 1985.
OLR data were available from 1974 to 1985.

Figure 3 shows simultaneous correlations
between the PNA index and OLR in the tropics,
excluding data from the 1983 El Nifo year. In
Livezey and Mo’s study, the PNA index was
defined as the amplitude of the rotated EOF
which defined their PNA mode. Alternatively,
following Wallace and Gutzler (1981), the PNA
index can be defined in terms of a weighted sum
of normalised 500 mb height anomaly at four
centres of maximum teleconnectivity over the
Pacific and North America (see Fig. 1(a)). In
either case, a positive PNA index correspondsto a
synoptic situation to which height is depressed
over the north Pacific and raised over the west
coast of North America, relative to climatology.
The principal feature in Fig. 3 is the 0.77
correlation at 10°N, 155°W. Livezey and Mo
estimate that this correlation is significant at the
0.1 per cent level. In addition, a relatively strong
negative correlation of —0.44 near 10°N, 155°E is
apparent. In the sense in which the PNA index is
defined, this implies that a positive OLR anomaly
to the east of the Philippines over the tropical west
Pacific is associated on this monthly time-scale,
with positive height anomalies over the north
Pacific, and negative height anomalies over the
west coast of North America. Hence despite the
somewhat disparate time-scales, results from the
correlation map in Fig. 2(b) appear quite consist-
ent with results from these studies on time-scales
of a month.

When studying PNA/SST correlations Livezey
and Mo also found significant partial correlations
between the signed amplitude of the PNA pattern
and the magnitude of SST in the tropical west
Pacific and tropical east Pacific for non-El Nifo
years (see Fig. 4). The sense of the correlation 1s
such that when there is anomalously warm water
in the tropical west Pacific, the PNA pattern has
positive phase, i.e. associated with negative
height anomalies over the north Pacific.

Figures 3 and 4 together indicate that positive
PNA index is associated with warm SST in the
tropical northwest Pacific and anomalous nega-
tive OLR over the same region, or warm SST over
the tropical northeast Pacific, and anomalous
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Fig. 3 Simultaneous correlations (x 100) for monthly mean PNA pattern amplitudes and OLR for January and February. Without 1983
data. Values less than 30 (other than zero) not shown, otherwise contour interval 10. (From Livezey and Mo 1988.)
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Fig.4 Simultaneous partial correlation (x 100) for monthly mean PNA pattern amplitude, and SST for January and February. Non-El Niiio
years. Contour convention as Fig. 3 (From Livezey and Mo 1988.)
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positive OLR over the same region. Based on this,
Livezey and Mo (using arguments from Kalnay et
al. 1986) conclude that the signals in the east
Pacific region reflect an effect of the PNA mode,
whilst those in the west Pacific region reflect a
cause or forcing mechanism for the PNA mode.
For example, the correlations in the tropical
northeast Pacific region may be a consequence of
the formation of an anomalously deep trough
over the north Pacific as part of the PNA
structure, with attendant penetration of sinking
and stable air masses into the region of the
subtropics. This would be consistent with the
increase in OLR and SST observed. As shown in
the next sections, the cause over the west Pacific
region is consistent with results from GCM
studies (with small SST anomalies in this region),
and from barotropic models forced by specified
divergence fields in the tropics. Observational
evidence for the importance of tropical west
Pacific SST on the summertime extratropical
circulation has been found by Kurihara and
Tsuyuki (1987) and Nitta (1987).

Hamilton (1988) also studied the relation
between SST in the equatorial Pacific and the
strength of the extratropical response during El
Nifio years using historical seasonal SST and
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surface pressure data going back to the beginning
of the century. He also concluded that a major
factor in determining the strength of the northern
hemisphere extratropical response is the SST
anomaly in the far western Pacific/Indonesian
region. In particular, it appears that the strong
extratropical teleconnections with ENSO events
occur more frequently when SST in the far
western Pacific is anomalously warm.

Numerical modelling experiments

In view of the impossibility of performing
controlled experiments on the atmospheric gen-
eral circulation, the surrogate atmosphere of the
complex numerical model provides a valuable
environment in which to test the impact of
various physical processes, either in the tropics or
in the extratropics. It would be impossible to give
an exhaustive review of the many different types
of numerical experiments aimed at studying
tropical, extratropical interaction. In this section
we shall concentrate on just two classes of
experiment, the first designed to study such
interactions on time-scales of a few days, the
second designed to study interactions on time-
scales of a season.






