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ABSTRACT

The three-dimensional structure and propagation characteristics of tropical synoptic scale transients during
the northern summer are studied with twice daily ECMWF global gridded analyses for the 1980~1987 period.
Regions of enhanced variability in relative vorticity at 850 mb are identified in the western Pacific, eastern
Pacific, Bay of Bengal/northern India and eastern Atlantic/western Africa sectors. Dominant spectral peaks
with time scales ranging from 3 to 8 days are noted in the power spectra for these locations.

The lag-correlation and regression statistics of tropical fluctuations with synoptic time scales are examined.
Strong teleconnectivity and temporal coherence are found over all of the active sites with enhanced vorticity
variance, as well as over the western Atlantic/Caribbean and the Indochinese Peninsula. These results indicate
that a substantial amount of synoptic scale variability in the tropics is associated with propagating wavelike
disturbances that remain coherent over several days. The disturbances in all active regions tend to travel west/
northwestward. The eastern portion of each active site is characterized by rapid growth of the disturbances,
whereas decay typically occurs in the western portion.

The transient behavior throughout the tropics is also investigated using Extended Empirical Orthogonal
Function (EEQOF) techniques. The sites of activity thus identified coincide with the locatians inferred from the
lag-correlation analyses, Using time series of the EEOF coefficients as a reference, the temporal evolution as
well as the horizontal and vertical structure of the disturbances occurring in each active region are delineated
by composites of selected meteorological variables. Well-defined changes in vorticity, vertical velocity, temperature
and humidity at various tropospheric levels, as well as convective activity (deduced from the outgoing longwave
radiation field ), are discernible in the disturbances at various sites. Phase relationships among different variables
are interpreted in terms of dynamical and physical processes operating within the disturbances. The horizontal
phase tilt of the fluctuations and their positions relative to the ambient mean circulation suggest a tendency for
kinetic energy transfer from the quasi-stationary flow to the transient eddies. Most of the findings reported here
are in accord with previous investigations based on different analysis tools and more limited datasets.

Whereas considerable similarities are noted among disturbances occurring over various active maritime sites,
the perturbations over central and western Africa exhibit structural characteristics that are unique to that region.
Specifically, two propagation tracks are identified in the African sector. The northern track along southern
Sahara consists mostly of eddies commonly found over arid zones, with ascent of warm and dry air over surface
troughs. The southern track is collocated with the climatological rainfall maximum at about 10°N, and is
associated with moist convective systems.
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1. Introduction

The existence of westward propagating summertime
disturbances in the northern tropics has been known
for decades. Using surface data, Piersig (1936) and
Regula (1936) were among the first to notice cyclonic
circulation features traveling from western Africa to-
wards the Atlantic, with a period of about four days
and a wavelength of approximately 2000 km. Riehl
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(1954) described the characteristics of waves in the
easterly trades over the Caribbean and coined the term
“easterly waves.” Maost of the studies in the late 1960s
and early 1970s were based on station radiosonde
soundings and satellite cloud pictures. Carlson (1969a,
1969b) studied the synoptic evolution of wavelike
summertime disturbances in Africa during 1967 and
1968, and tracked some cyclonic phenomena all the
way to their decay in the Caribbean. He also reported
that the wave troughs slope eastward with height in the
lower troposphere, similar to the Caribbean easterly
wave structure reported by Riehl (1954).

Burpee (1972, 1974) used spectral and composite
methods to study the disturbances passing over several
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African stations within 5°-33°N, and determined that
the waves originate at 15°-30°E. He also found that
an easterly wind maximum (now commonly known
as the African Easterly Jet) develops along 15°N at
about 700 mb in response to the strong temperature
gradient between the Sabara and equatorial Africa/
Gulf of Guinea. Strongest meridional wind perturba-
tions were also found at 700 mb. The wave axes tilt
eastward with height below this level of maximum
wind, and tilt westward with height above it. Horizon-
tally, a southwest to northeast phase tilt was found in
the meridional wind perturbations between 5°-13°N,
signifying a transfer of easterly momentum from the
mean easterly jet to the wave disturbances. Burpee
(1972) showed that the mean potential vorticity gra-
dient along isentropic surfaces vanishes, thus, satisfying
the necessary condition for instability of an internal
baroclinic jet (Charney and Stern 1962). Burpee con-
cluded that, in the region equatorward of the mean
easterly jet, the horizontal and vertical wind shears are
important energy sources for the African waves. Similar
1o the synoptic results shown in Figs. 2 and 4a of Carl-
son (1969b), Burpee (1974) also noticed that the Af-
rican waves are associated with paired vortices. These
cyclonic centers propagate westward along two east—
west oriented tracks located at 15°-20°N and at 5°-
10°N [see Burpee (1974), Fig. 10]. The northern track
coincides with the semipermanent zone of minimum
surface pressure, while the southern track lies near the
seasonal mean rainfall maximum. The northern vor-
tices have structures similar to those of desert thermal
lows (with warm, dry air overlying the lower troughs),
and the southern vortices are associated with moist
convection.

With observations taken during the 1974 Global At-
mospheric Research Program (GARP) Atlantic Trop-
ical Experiment (GATE), Reed et al. (1977) and Nor-
quist et al. (1977) used a composite method to inves-
tigate eight wave disturbances along 11°-12°N. These
reference latitudes are located near the track of the
southern vortices in the studies of Carlson (1969b) and
Burpee (1974). Reed and collaborators reported that
the wave troughs are associated with cold anomalies
at lower levels, and warm anomalies at the upper levels.
This finding is consistent with the earlier result of Carl-
son (1969a, 1969b) that the southern vortices are usu-
ally associated with moist convection. Reed et al.
(1977) also noticed twin vorticity centers over western
Africa, and suggested that the northern track dips
southward along the monsoon trough over the ocean,
and eventually merges with the southern track. Reed
et al. (1977) also noted a sign reversal in absolute vor-
ticity in the vicinity of the midtropospheric African jet.
Thus, the flow field satisfies the necessary condition
for barotropic instability of a zonal flow (Kuo 1949).

Over the equatorial western Pacific, Wallace and
Chang (1969) and Wallace (1971) found low-level
disturbances with periods of 4-5 days and wavelengths
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of 3000 km using spectral methods. Reed and Recker
(1971) used a composite method to describe the vertical
structure of the disturbances in that region. They found
that the propagation speed and vertical wave structure
change systematically from east to west. They attributed
this to the longitudinal variation of the vertical shear
in the ambient flow. The meridional wind perturba-
tions tilt eastward with height at 170°E (where there
is little shear in the mean wind), and westward at 135°E
(where strong easterly shear exists between 900 and
125 mb).

The expanded observation platforms of the 1979
First GARP Global Experiment (FGGE) have facili-
tated further investigations into the behavior of tropical
disturbances at locations where little or no station data
were previously available. Nitta et al. (1985) and Nitta
and Takayabu ( 1985) conducted a global survey of the
tropical transients using the FGGE observations for
July and August. They identified various regions with
active summertime transient activities in the northern
tropics by examining bandpass-filtered data for merid-
ional wind and outgoing longwave radiation (OLR).

Nitta and Takayabu (1985) and Tai and Ogura
(1987) used the FGGE analyses to show that there are
west-northwestward propagating disturbances in the
eastern tropical Pacific. Similar to the features observed
over the Atlantic, the strongest geopotential height
perturbations are found in the lower troposphere. They
observed cold anomalies below 700 mb and stronger,
warm anomalies at about 300 mb above the surface
wave troughs. They found a westward tilt with height
for the wave troughs in the eastern Pacific, similar to
the vertical tilt of the Caribbean disturbances reported
by Shapiro (1986). Tai and Ogura (1987) suggested
only weak associations between the disturbances in the
eastern Pacific and the Atlantic, contrary to the earlier
finding by Simpson et al. (1969) that eastern Pacific
cyclogenesis is significantly related to the African waves
traveling across the Atlantic.

Since the FGGE year, global datasets have been an-
alyzed and archived at various operational centers on
a daily basis. The availability of these global analyses
greatly expands our databases for empirical tropical
studies. We are no longer confined to station data or
observations taken within limited-area networks during
intensive field experiments. Reed et al. (1988a, 1988b)
studied the synoptic evolution of African wave distur-
bances appearing in the European Centre for Medium
Range Weather Forecasts (ECMWF) analyses for the
summer of 1985. They also found two preferred prop-
agation tracks for African wave disturbances, and con-
firmed most of the earlier results. They used bandpass-
filtered variance maps to locate the active transient re-
gions, but noted that the spatial patterns are rather
sensitive to the bandwidth of the filter chosen. In data-
sparse areas, they showed that African wave features
depicted by the ECMWEF analyses are substantiated by
independent satellite data. They concluded that the
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ECMWF analyses are rather successful in depicting the
African wave characteristics.

More recently, Liebmann and Hendon (1990) ex-
amined the ECMWF analyses of the near equatorial
wind field during the September-December season.
Their analysis was aimed primarily at the behavior of
synoptic scale disturbances occurring within the 10°S-
10°N zone. They reported the presence of westward
propagating and equatorially trapped features in the
highpass-filtered (periods less than six days) 850 mb
meridional wind field that bear some resemblance to
mixed Rossby-gravity waves. These near-equatorial
fluctuations exhibit some notable differences from the
transient disturbances located farther north and doc-
umented in various studies cited earlier in this section.
For instance, the equatorial phenomena described by
Liebmann and Hendon have distinctly longer wave-
lengths and faster phase speeds. Nonetheless, these au-
thors pointed out the tendency for some of the equa-
torial disturbances to propagate meridionally out of
the deep tropics, particularly in the western Pacific.

Up to the present, most of the empirical studies on
tropical waves have been performed for the Africa/
Atlantic sector. Much less attention has been given to
synoptic scale tropical disturbances in other areas, par-
ticularly the western Pacific. The FGGE data have pro-
vided some valuable information for a particular year,
but in view of the notable interannual variability of
the tropical disturbances [see Wallace and Chang
(1969), and Chang et al. (1970)], the climatological
behavior of these transients needs to be ascertained
using a larger dataset. With the accumulation of global
analysis products over the past decade, we feel that this
is an opportune time to document in detail the typical
behavior of tropical and subtropical transient activities
occurring in all parts of the globe. Specifically, we shall
use an 8-year set of ECMWEF gridded analyses to de-
scribe the properties of disturbances occurring within
the 30°S-30°N zone during the northern summer. We
shall determine the preferred geographical sites and
propagation characteristics of these synoptic scale per-
turbations. We shall also document the evolution of
the three-dimensional structure of disturbances found
in the various active regions. By offering a compre-
hensive description of these disturbances, we wish to
establish an updated observational basis for further in-
vestigations on their life cycles, their interaction with
other circulation systems, and their role in the general
circulation of the tropical atmosphere.

It was apparent to us in the early stage of our analysis
that new diagnostic techniques had to be adopted to
take full advantage of the increased data coverage.
Through the study of midlatitude synoptic scale dis-
turbances during recent years, numerous modern
analysis techniques have already been developed. These
tools have been demonstrated to work well in extracting
information from long time-series of gridded datasets.
Blackmon (1976) and Blackmon et al. (1977) iden-
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tified elongated variance maxima of bandpass-filtered
geopotential height field over the western and central
midlatitude oceans as regions of strong baroclinic wave
activity. Using one-point correlation maps of the height
field, Blackmon et al. (1984a, 1984b) showed that the
disturbances resemble zonally oriented wavetrains. On
the basis of one-point correlation maps of the geopo-
tential streamfunctions at various pressure levels, Wal-
lace et al. (1988) illustrated the three-dimensional
structure and propagation characteristics of the mid-
latitude cyclones in a few summary maps. We shall
demonstrate that these procedures are equally appli-
cable for describing the characteristics of the tropical
transients with the presently available global analyses.

In the next section, the datasets used in this study
will be described briefly. In section 3, the spatial dis-
tribution and spectral characteristics of the transients
will be discussed with reference to the vorticity varia-
tions at the 850 mb level. The global characteristics of
these transients as revealed by the lag-correlation
methods (Wallace et al. 1988) will be presented in sec-
tion 4. Another diagnostic tool that has found wide
applications in the meteorological community is the
empirical orthogonal function (EOF) technique
(Kutzbach 1967). In section 5, an extended EOF anal-
ysis procedure will be described. It will be shown that
the leading EOF modes in the tropical zone within the
3-10 day band are indeed the west/northwestward
propagating disturbances noted in the previous sec-
tions. A composite method based on the EOF results
will be outlined in section 6. Horizontal and vertical
composites of different variables will then be used to
show the spatial structure and time evolution of the
tropical disturbances in various active regions. The re-
lationships between the transients and the ambient
quasi-stationary circulation will also be discussed. In
the final section, we shall summarize the results, and
discuss how some of the unresolved issues concerning
the tropical transients may be addressed in the future.

2. Datasets

The primary dataset for this study consists of the
twice daily (0000 UTC and 1200 UTC) operational
analyses archived at ECMWEF for June, July, and Au-
gust (JJA) in 1980-1987. The data grid has a uniform
horizontal resolution of 2.5° X 2.5°. Meteorological
variables examined include the zonal and meridional
wind, pressure velocity, temperature and geopotential
height at seven standard pressure levels ( 100, 200, 300,
500, 700, 850 and 1000 mb). Specific humidity anal-
yses are only available from 300 to 1000 mb. The data
fields have been initialized by nonlinear normal mode
schemes. Detailed descriptions of the dataset and the
assimilation system can be found in Bengtsson et al.
{1982} and Hollingsworth et al. (1986).

Twice daily gridded data for outgoing longwave ra-
diation (OLR ) observed by the United States National
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Qceanic and Atmospheric Administration (NOAA)
satellites for the 1980-1986 period are also used to
investigate the relationships between tropical distur-
bances and convective activities. The horizontal res-
olution, 2.5° X 2.5°, is the same as the ECMWF anal-
yses. The OLR data are available at 0900 and 2100
local times (LST).

Since the ECMWEF first-guess fields are derived from
numerical models, and spectral decomposition has
been used in the archive process, it is prudent to ensure
that our results are not artifacts of spurious model-
dependent features or of spectral truncation errors. As
an independent check of the ECMWEF results, some of
the diagnostics have been repeated on a set of gridded
850 mb wind analyses compiled by the Royal Obser-
vatory of Hong Kong (ROHK) for the period July
1981-December 1984. The latter dataset is produced
by applying two passes of the Cressman successive cor-
rection scheme on station soundings, and the results
are archived directly on a 5° X 5° data grid. The ROHK
analyses cover the domain within 65°-165°E and
0°-65°N.

3. Spatial variability and spectral characteristics of
vorticity perturbations

The sites of active tropical transients are illustrated
in Fig. 1, which shows the JJA distribution of 850 mb
root mean squared (rms) relative vorticity {. The
background flow in which the transients are embedded
may be inferred from the seasonally averaged winds at
850 mb, shown in Fig. 2. The choice of 850 mb ¢{ as
the key meteorological variable in our study is largely
based on findings in earlier works that maxima of this
quantity are good indicators of the centers of tropical
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disturbances (Nitta et al. 1985; Reed et al. 1988a).
Meridional wind was frequently used as the key pa-
rameter in earlier studies, when { was not readily avail-
able from individual station soundings. Geopotential
height is not a suitable choice in the tropics because of
its small spatial and temporal variation in the equatorial
zone, and its strong latitudinal dependence farther
poleward.

In Fig. 1, large rms values are indicative of regions
with high amplitude or frequent transient disturbances.
The general pattern in this figure is rather similar to
the maps shown by Nitta et al. (1985). Comparing
with the 850 mb JJA mean relative vorticity distribu-
tion (not shown), areas of active transient activities in
the northern tropics often coincide with the mean rel-
ative vorticity maxima (i.e., mean summertime
troughs). Note that all time scales from one day to a
season are included here. Over the western Pacific, large
rms values are located along a zone extending west-
northwestward from about 5°N, 165°E towards the
East and South China seas. This region of enhanced
transients lies in the vicinity of the Asian monsoon
trough, and is situated to the southwest of the mean
southeasterly current in the estern Pacific (Fig. 2). An-
other region of large rms values is seen extending over
the Bay of Bengal from the west coast of Burma to
northwestern India. Enhanced variability is seen to oc-
cur over the desert area in northeastern Saudi Arabia.
Large rms values are also found along the southern
Sahara, stretching westward from about 15°N 40°E
towards western Africa: West of 20°N, 5°W, this zone
extends west-southwestward toward the eastern Atlan-
tic Ocean and terminates at about 15°N, 30°W. This
region is well known for its African easterly wave ac-
tivity. In Fig. 2, the northwestern African sector is
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FIG. 1. Distribution of root-mean-squares of unfiltered vorticity fluctuations at 850
mb during the northern summer. Contour interval is 2 X 107 s, Light stippling
indicates values between 10 X 107¢ s™! and 14 X 107 s™'. Dense stippling indicates

values greater than 14 X 1076 57L,
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FiG. 2. Distribution of the climatological horizontal wind field at 850 mb during
northern summer. Orientation of the arrows (with uniform length) indicates wind
direction. Stippling indicates wind speed. Light stippling is used for values between 2—
5 m s, medium stippling for 5-8 m s™!, and dense stippling for values larger than 8
m s~!. Regions with mean wind less that 2 m s™! are not stippled. A few arrows have
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been deleted in the Tibetan Plateau high terrain area for sake of clarity.

characterized by a relatively weak mean easterly current
near 25°N. Not apparent in this figure is a local easterly
maximum along 15°N at 600-700 mb [see Reed et al.
(1977), Fig. 2a]. In the ECMWF data, the 700 mb
easterly maximum (not shown) extends from central
Africa at about 20°E towards the eastern Atlantic at
about 35°W. Finally, a weaker maximum in rms values
is found over the eastern Pacific in Fig. 1. This area
extends northwestward from about 10°N, 90°W off
the American coast. The mean wind in this region is
very weak (Fig. 2). '

To highlight the spectral characteristics of the trop-
ical disturbances, power spectra of { at 850 mb have
been computed for every gridpoint between 15°S and
30°N. These results indicate considerable variations in
the dominant time scales of the fluctuations at different
locations. In Fig. 3 the spectra are shown near four
sample gridpoints for each of the following locations:
(a) northeastern India, near 20°N, 85°E; (b) western
Pacific, near 25°N, 130°E; (c) eastern Pacific, near
15°N, 105°W and (d) western Africa, near 20°N, 5°W.
The chosen regions, as marked by A, B, C and D,
respectively, in Fig. 1, coincide with local maxima in
the distribution of rms { at 850 mb. Following Zangvil
(1977), vP(v) is plotted against In(v) in Fig. 3, where
vis frequency and P is the power. This transformation
takes into account the substantial degree of “redness”

in most atmospheric spectra, such that a red noise
spectrum with P(v) = 1 /v would appear as a horizontal
line in the plot. Prominent departures from a horizontal
line in Fig. 3 thus indicate the dominant time scales
in vorticity fluctuations. This is also an area conserving
transformation so that the total power at each gridpoint
is still given by the area under the curve.

In northeastern India (Fig. 3a), we note a sharp
spectral peak with a period of about 7-8 days, and a
weaker peak at about two weeks. The latter may be
related to the biweekly intraseasonal monsoon oscil-
lations known to exist over this region ( Hartmann and
Michelsen 1989). From similar plots, we find that the
7-8 day peak is dominant and remains relatively sharp
over the entire active region extending from the Bay
of Bengal to northwestern India (Fig. 1). As shown in
Fig. 3b, the dominant period over the western Pacific
near 25°N 130°E is about 8-9 days. This characteristic
time scale changes to about 5-7 days'in regions farther
east and farther south. The disturbances near 10°N
165°E are relatively weak and the dominant period
further shortens to about 4-5 days, in accord with the
earlier findings of Wallace and Chang (1969), Reed
and Recker (1971), and others. In Fig. 3c, the power
spectra near 15°N, 105°W show a relatively sharp peak
at about 5-6 days, similar to results obtained by Nitta
et al. (1985) and Tai and Ogura (1987). This time
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FI1G. 3. Sample power spectra of relative vorticity, with vP(v) plotted against In(v), where v is the frequency and P is the power. The sites
chosen correspond to maxima in the distribution of rms of vorticity in Fig. 1, and are marked as A, B, C, and D in that figure. These
locations include (a) northeastern India, near 20°N, 85°E; (b) western Pacific, near 25°N, 130°E; (c) eastern Pacific, near 15°N, 105°W;
and (d) western Africa, near 20°N, 5°W. Units are in day for the abscissa, and in 107" 572 day ™! for the ordinate.

scale prevails throughout the region of enhanced rms
in the eastern Pacific. Over western Africa, a 4-5 day
peak stands out clearly in the spectra near 20°N, 5°W
(Fig. 3d), and the dominant period shortens to about

3-4 days as we move southeastward to 15°N, 5°E.
The above results illustrate large variations of the

dominant time scales over different regions of enhanced
rms {. Similar conclusions were also drawn by Nitta
et al. (1985). We also notice that the dominant period
changes slowly, even along a given active zone in the
western Pacific and western Africa, with a shorter pe-
riod towards the east-southeastern end of each site. In
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designing a suitable time filter, the considerable spatial
variation of the wave periods dictates that the selected
bandwidth should not be too narrow. Hence, a 61-
point digital filter with half-power points at 2.5 and
12.5 days is chosen. This filter has a full response for
periods from three to ten days. Unless otherwise spec-
ified, all parameters discussed hereafter are bandpass-
filtered.

4. Lag-correlation analysis

Blackmon et al. (1984a, 1984b) and Wallace et al.
(1988) have demonstrated that a substantial amount
of information on midlatitude baroclinic waves in the
Northern Hemisphere can be deduced from extratrop-
ical gridded analyses using lag-correlation techniques.
On the basis of one-point correlation maps, Wallace
et al. (1988) devised several anlaysis tools that are ca-
pable of delineating the vertical structure, time evo-
lution, degree of waviness, phase propagation speed,
temporal coherence and the growth /decay rates of the
midlatitude cyclones. The same methods will be
adopted in this section to describe the characteristics
of transient phenomena occurring in the tropical zone.

a. One-point lag-correlation patterns

We begin by showing an example of a series of five
one-point lag-correlation charts in Fig. 4. These are
distributions of lag-correlation coefficients between the
bandpass-filtered fluctuations in 850 mb ¢ at the base
point 15°N, 132.5°E and the corresponding fluctua-
tions at all other gridpoints. The temporal lags used in
this example range from —2 to +2 days. Here, negative
(positive) lags refer to computations with the time series
at individual gridpoints leading (lagging ) the time series
at the base point. Each panel in Fig. 4 indicates a wave-
like structure with extrema of alternating polarity.
Comparisons between the patterns in different panels
reveal a systematic northwestward phase propagation.
The average wavelength of the disturbances depicted
in Fig. 4, as estimated from the distance between ad-
jacent correlation centers with the same polarity, is ap-
proximately 2500 km. The typical period, given by
twice the time interval between correlation patterns
that are 180° out of phase with each other, is approx-
imately six days (e.g., see panels corresponding to lags
of —2 and +1 day). These estimates yield an average

FIG. 4. Distributions of lagged temporal correlation coeflicients
between bandpass-filtered 850 mb relative vorticity fluctuations at
base point (15°N, 132.5°E) and the corresponding fluctuations at
all other gridpoints. The temporal lag relative to the time series at
the base point ranges from —2 to +2 days, and is indicated at the
upper right-hand corner of the appropriate panel. The position of
the base point is indicated by a solid dot in each panel. Extrema are
expressed in percent. The contour interval is 10%, and values less
than —10% are stippled. The zero contour has been omitted for sake
of clarity.
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propagation speed of 4.8 m s !, A characteristic south-
west to northeast tilt of the elongated extrema is ap-
parent in the patterns of Fig. 4. This eddy structure
indicates an equatorward flux of easterly momentum
(i.e., u'v’ > 0, where the overbar denotes the time mean,
and the prime denotes deviations from the time mean).
The placement of these disturbances in a region where
the time-average easterly flow decreases equatorward
(see Fig. 2) implies a downgradient momentum trans-
port, and a local barotropic conversion from mean to
eddy kinetic energy [i.e., —u'v'(di/dy) > 0].

b. Teleconnectivity

The wavelike nature of the tropical disturbances may
be further illustrated by a teleconnectivity analysis
(Wallace and Gutzler 1981). The “teleconnectivity”
for any point Pis defined as the magnitude of the most
negative correlation coefficient appearing in a simul-
taneous one-point correlation map corresponding to
the base point P. A large teleconnectivity value for the
point P implies that fluctuations at P are accompanied
by strong fluctuations of the opposite polarity at other
locations, and is hence indicative of the prevalence of
wavelike phenomena in the vicinity of P.

Figure 5 shows the teleconnectivity pattern based on
bandpass filtered { at 850 mb for the entire tropical
belt. The values of teleconnectivity obtained here are
comparable to those obtained by Wallace et al. (1988)
for midlatitude baroclinic waves (see their Fig. 6). An
area of strong teleconnectivity (larger than 0.4) is seen
to extend west-northwestward from 5°N, 160°E to-
wards southern China. This result suggests that a sub-
stantial fraction of the synoptic scale variability in the
western Pacific may be attributable to wavelike distur-
bances. The region of enhanced teleconnectivity in the

5
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western Pacific coincides with the propagation path of
the wavetrain shown in Fig. 4, and also with the axis
of enhanced rms { (Fig. 1). Another region of strong
teleconnectivity is found over the Bay of Bengal/
northern India region. The most striking feature over
the western hemisphere in Fig. 5 is a zone of moderate
teleconnectivity (larger than 0.3) that spans across the
Atlantic and central America from 20°E to 120°W.
This feature is unique to the tropical Atlantic. No cor-
responding feature is found across the Pacific or Indian
oceans. Within the western Africa/eastern Atlantic
sector, a region of strong teleconnectivity along 15°-
20°N is seen to extend from S°W to 35°W. The tele-
connectivity decreases in the mid-Atlantic and in-
creases again in the Caribbean. The region of strong
teleconnectivity over the Caribbean extends farther
westward to the eastern Pacific, where weak wave ac-
tivity has been reported by Nitta et al. (1985) and Tai
and Ogura (1987). Strong teleconnectivity is also found
near regions of high terrain such as the Tibetan Plateau,
the Andes, and Iran. Since these mountains lie above
the 850 mb level, it is not clear whether such strong
teleconnectivity is indicative of real phenomena, or is
merely an artifact of the extrapolations beneath nearby
orographic features. In the present study, we shall not
consider the behavior of lag-correlation statistics in the
vicinity of these mountainous areas.

¢. Propagation vectors and temporal coherence

The distributions of phase propagation vectors and
temporal coherence for bandpass-filtered 850 mb ¢
disturbances are displayed in Fig. 6 using arrows and
stippling, respectively. The results shown here are based
on one-point correlation maps similar to those in Fig,
4. For a series of lag-correlation charts corresponding
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FIG. 5. Teleconnectivity map of the bandpass-filtered 850 mb relative vorticity field.
Contour interval is 10%. Only values equal to or larger than 30% are contoured. The
heaviest stippling corresponds to teleconnectivity values larger than 50%. See text for
details of analysis procedure. Extrema and contour labels are expressed in percent.
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FIG. 6. Distrbution of phase propagation vector arrow for fluctuations in the bandpass-
filtered 850 mb relative vorticity field. The stippling in this chart indicates those grid-
points that exhibit strong positive teleconnections at lags of —2 and +2 days. Light
stippling denotes temporal coherence (average lagged-correlation) between 30% and
40%. Dense stippling denotes coherence exceeding 40%. Phase velocity vectors are
drawn to scale and are plotted only at gridpoints with temporal coherence larger than
30%. See text for details of analysis procedure.

to the common base point P, the strongest positive
correlation centers appearing in the panels for lags of
—2 and +2 days have been identified and labeled as 4
and D, respectively (see example in Fig. 4). The line
segments AP and PD represent the average spatial dis-
placements of the disturbance center two days before
and two days after its passage over P. The direction of
the phase propagation vector at £ may hence be in-
ferred from the orientation of the line segment AD,
and the magnitude of the propagation speed may be
approximated by dividing the distance between 4 and
D by the elapsed time interval (i.e., four days). Fur-
thermore, the temporal coherence of the migratory sig-
nal for the base point P is defined as the average of the
lagged correlation coefficients at points 4 and D. In
contrast to teleconnectivity, which provides a measure
of the waviness of a signal, the temporal coherence
describes how well a migratory signal is maintained
through its evolution in time. The coherence statistic
makes no distinction between wavelike features (such
as those highlighted in Fig. 4) and migratory monopolar
vortices.

The pattern of arrows in Fig. 6 clearly shows a general
west /northwestward propagation of the tropical tran-
sients. In the western Pacific, the average propagation
speed of about 5 m s™! in Fig. 6 is consistent with the
estimation based on the characteristic wavelength and
period deduced from Fig. 4. The temporal coherence
attains maximum values along a belt extending from
the equatorial Pacific to the south China coast. A region
of strong temporal coherence (over 0.4) is also seen to
extend from Burma towards northeast India. A lon-
gitudinally extended area of strong temporal coherence
spans across the Atlantic from western Africa towards
the Guif of Mexico. The vectorial pattern in this sector

indicates the prevalent propagation of transient wave
activity from western Africa towards the Caribbean and
the Gulf of Mexico. The temporal coherence drops sig-
nificantly over continental Central America. Another
zone of moderate temporal coherence reemerges in the
eastern and central Pacific. Most of the sites mentioned
here are characterized by enhanced { variability (Fig.
1) and teleconnectivity (Fig. 5).

Taking into account the time lag (between —2 and
+2 days) used in computing the coherence statistics,
the temporal coherence of tropical transients is com-
parable to that of midlatitude baroclinic waves [see
Wallace et al. (1988), Fig. 8]. In Fig. 6, the temporal
coherence over the southern tropical oceans and most
land areas is generally under 30%, with the exception
of western Africa and Indochina/northern India. We
also note that the propagation speeds of the Atlantic
and eastern Pacific disturbances (as shown by the length
of the arrows) are faster than those found in the western
Pacific and Indian regions. Assuming the horizontal
scale of the disturbances in different regions to be sim-
ilar, this implies a higher frequency (shorter period)
for tropical waves in the western hemisphere, in agree-
ment with the spectral results presented in section 3.
The propagation speeds over the Atlantic Ocean also
appear to vary significantly with latitude. The fastest
propagation is found along 5°~10°N, and there is a
gradual decrease in phase speed towards the north.

d. Growth/decay rates

Denoting the covariance and correlation coefficient
between the bandpass-filtered { time series at any two
points P and Q at lag +n days as cov(Py, O+n) and
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cor(Py, Q+n), respectively, we define the regression
coefficient, r,,(P, (), as

cov(Po, Qun) _

ra(P, Q) = o(Po)

0(Q+r) cor(Po, Qsn)

where o( Pg) and ¢( Q. ,) are the standard deviations of
the bandpass-filtered ¢ at P and Q, respectively, cal-
culated using the time series for periods that are shifted
to each other by n days. With this definition in mind,
the growth/decay rates of the disturbances can be es-
timated by the following procedure. From a series of
one-point correlation maps corresponding to the base
point P, the strongest positive correlation centers at
lags of —1 and +1 day have been noted and labeled as
B and C, respectively (see example in Fig. 4). The
regression coefficients, ., (P, B)and r, (P, C), provide
a measure of the amplitude of the vorticity fluctuations
at B one day before, and at C one day after, the passage
of a disturbance with an amplitude of one standard
deviation over P. The growth/decay rate at P is then
estimated as [r+; (P, C) — r-(P, B)]/(2 days).

In Fig. 7, the distribution of growth /decay rates thus
obtained is shown. Growth areas are found in the up-
stream (eastern ) regions, and decay in the downstream
(western) regions of the known active sites. The most
prominent feature is the large growth area over the
western Pacific, which extends northwestward from
around 0°N, 180°E. These disturbances cease to grow
just off the south China coast, and strong decay rates
are discernible along the coast and farther inland. For
the Indian disturbances, growth is seen to prevail over
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the Bay of Bengal and the western portion of Indochina.
In contrast to the western Pacific disturbances, the de-
cay of these disturbances starts only after they cross
the coast into the Indian subcontinent. Two regions of
transient development are evident in central and west-
ern Africa. There is a northern growth region that ex-
tends continuously along the dry baroclinic zone near
the Sahara at 20°N from 20°E to 5°W. A weaker
southern growth region is found near the African coast
of 10°N from 10°E to 20°W. This distribution is in
agreement with earlier results by Carlson (1969b),
Burpee (1974) and Reed et al. (1988a). Decay of the
disturbances starts within continental western Africa,
at 15°N, 5°-10°W, and extends west-southwestward
towards South America. This pattern also agrees with
earlier observations that the northern vortices decay
earlier than those associated with the southern track
(see Reed et al. 1977; Norquist et al. 1977). It is not
evident from Fig. 7 that significant redevelopment oc-
curs in the central Atlantic or the Caribbean, although
scattered patches of growth areas can be found in the
latter region. The western Mexico/ eastern Pacific sector
is characterized by another weak growth /decay dipole.

In summary, the spatial correspondence between the
maxima in rms ¢ (Fig. 1), teleconnectivity (Fig. 5),
and temporal coherence (Fig. 6) indicates that a con-
siderable amount of synoptic scale variability in the
active tropical regions may be attributed to west-
northwestward propagating wavelike disturbances that
retain their identity for several days. We have also
demonstrated that the lag-correlation statistics pre-
sented in this section provide considerably more in-

EQ

158
150w

120

90

150w

30E

FIG. 7. Distribution of the growth or decay rate of fluctuations in the bandpass-
filtered 850 mb relative vorticity field. Contour interval is 5 X 10”7 s~ day~'. Contour
labels and extrema are expressed in units of 1077 s~! day~'. Light stippling indicates
positive vorticity tendencies exceeding 2.5 X 1077 s~ day ™! (growth). Dense stippling
indicates negative tendencies less than —2.5 X 1077 s~! day ™' (decay). See text for

details of analysis procedure.
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formation on the transient behavior in the tropical at-
mosphere than the rms pattern alone. For instance, it
is not evident in the unfiltered vorticity rms distribution
of Fig. 1 that any organized transient activity exists in
the central and eastern Atlantic, although the lag-cor-
relation patterns in Figs. 5-7 as well as numerous pre-
vious synoptic studies have clearly demonstrated oth-
erwise. Although the transient activities can also be
identified with the rms distribution associated with
vorticity time series filtered with narrow bandwidths,
such rms fields are rather sensitive to small changes in
the chosen frequency intervals (see Reed et al. 1988b,
Fig. 4). Another case in point is the inference from the
moderate teleconnectivity and coherent phase propa-
gation over the Indochinese Peninsula that some of the
disturbances in the Bengal region may be traced to
remnants of transient activity originating from the
western Pacific. This linkage between the fluctuations
over the Pacific and those over the Bay of Bengal is
hardly discernible from inspection of the rms distri-
bution in Fig. 1.

Intercomparisons between the patterns in Figs. 5-7
reveal that, not withstanding the moderate temporal
coherence spanning almost all the way across the trop-
ical Pacific (Fig. 6), the weak teleconnectivity in the
central Pacific (Fig. 5) and the tendency for the eastern
Pacific disturbances to decay east of the date line (Fig.
7) do not suggest any strong relationship between wave
activities in the eastern and western portions of the
Pacific Basin. Finally, we also note that, with the ex-
ception of western Africa and northern India, the syn-
optic scale tropical disturbances are most active over
maritime areas. Outside the Bay of Bengal, the Indian
Ocean is notably void of any preferred path of prop-
agation of organized synoptic scale activity.

5. Extended empirical orthogonal function analysis

Empirical orthogonal function (EOF) techniques
have been used routinely in analyzing meteorological
time series. Denoting observations taken at NV stations
(or gridpoints) at time ¢ by an N-dimensional vector
X (?), the conventional EOF analysis solves for the
leading eigenvalues and corresponding eigenvectors of
the N X N covariance matrix XX 7. The plots of leading
eigenvectors (or EOFs) are indicative of the spatial
structures of dominant modes that account for large
fractions of the variance in the corresponding data field.
For a concise description of the EOF analysis, the
reader is referred to Kutzbach (1967).

Weare and Nasstrom (1982) introduced the ex-
tended EOF (i.e., EEOF) technique to include the
temporal structure in the basic observation vectors by
padding together data taken at adjacent times. For ex-
ample, we may denote Y(¢) = [X(2), X(¢t + 1), X(¢
+ 2)] as a 3N-dimensional observation vector, with
X (¢t + 1)and X (¢ + 2) lagging X (¢) by one and two
days, respectively. The variance maximization proce-
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dure for these extended vectors leads to the diagonal-
ization and eigenvalue problem for the 3N X 3N lagged-
covariance matrix YY 7. Each of the resulting 3N-di-
mensional eigenvectors may be partitioned into three
individual N-dimensional fields, which may in turn be
displayed in a series of three successive spatial patterns.
These maps would delineate the space~time evolution
of-the dominant mode under consideration in three
consecutive days. In both EOF and EEOF analyses,
propagating modes usually appear as pairs of eigen-
vectors with comparable eigenvalues, and with spatial
structures bearing a quadrature relationship with each
other. The extended technique is more suitable in de-
picting propagating modes because the temporal evo-
lutions are shown explicitly, and the propagation char-
acteristics can be inferred readily from the spatial pat-
terns associated with a single eigenvector.

The two basic constraints on EOFs (and EEOFs)
are that each eigenvector must successively explain the
maximum amount of the remaining variance, and that
different eigenvectors and their temporal coefficients
are orthogonal to each other. In many applications,
EOFs tend to be influenced by the size and shape of
the data domain. In particular, leading EOFs tend to
show domain-wide structures with predictable anomaly
distributions (Richman 1986). Moreover, North et al.
(1982) showed that when two eigenvalues are nearly
equal, sampling errors become very large, and that the
corresponding EOFs may be intermixed. Richman
(1986) gave an in-depth discussion of this subject, and
showed that some of these problems may be resolved
by rotating a few leading EOFs. Such rotations maxi-
mize local rather than global variance within the vector
subspace spanned by the chosen leading EOFs. The
new functions, hereafter referred to as rotated EOFs,
are typically more localized, and correspond better with
one-point lag-correlation patterns. Rotated EOFs are
considered to be more suitable for analyzing localized
fluctuations within a large domain. Rotation of EEOFs
is analogous to rotation of EOFs, and the resultant
vectors are hereafter denoted as REEOFs.

To describe the space-time evolution of the tropical
transients, we have applied both EEOF and REEOF
analyses on the bandpass-filtered summertime data for
850 mb (. Three temporal lags (at 0, i, and 2 days)
are used. Since the amplitudes of the disturbances ex-
hibit considerable spatial variations (see section 4),
the time-series at each gridpoint has been normalized
to unit standard deviation. Thus, the EEOFs obtained
are eigenvectors of the lag-correlation matrix. The first
20 EEOFs are then rotated. All calculations are done
using a coarser 5° X 5° grid to save computation time.
The results presented in this section are considered to
be robust in the sense that additional analyses with 1)
meridional wind, 2) finer grid resolution: 2.5° X 2.5°,
and 3) different number of temporal lags ranging from
one (i.e., conventional EOF) to four, all yield similar
leading eigenvector patterns.
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Prior to a detailed eigen-analysis of the disturbances
in different active regions, a preliminary global survey
of the transients in the 40°S-40°N belt has been carried
out. It is not possible to treat the entire tropical band
as one single domain because of the large computer
time and memory requirements. Instead, we have used
16 overlapping rectangular domains in the preliminary
survey. Eight of these rectangles extended from 10°S
to 40°N, and each rectangle spans over 90° of longi-
tude. The starting points of these domains are 0°E,
45°E, 90°E, 135°E, 180°E, 135°W, 90°W and 45°W.
The eight remaining domains extend from 40°S to
10°N, and have identical longitudinal divisions as the
first set. Every gridpoint in the tropical zone is, there-
fore, covered in at least two adjacent domains. The
overlapping boxes hence provide enough redundancy
so that transient activities may be captured in at least
one or two of these domains.

The global survey outlined above indicates that the
only noteworthy feature in the Southern Hemisphere
is the midlatitude cyclones found near the southern
edges of the domains encompassing the 40°S-10°N
zone (not shown). Organized tropical transient activ-
ities are found only in the Northern Hemisphere, and
at the same geographical locations as the active sites
inferred from the lag-correlation analysis in section 4.
These regions include the western Pacific, Bay of Ben-
gal/northeastern India, the eastern Pacific and the
western Africa/Atlantic/Caribbean Sea sectors. On the
basis of this preliminary survey, three areas have been
chosen for more detailed analysis: the western Pacific
and Indian domain (10°S-40°N 60°E-180°E), the
Atlantic domain (15°S-30°N 90°W-30°E), and the
eastern Pacific domain (10°S-40°N 165°W-75°W),

The leading REEOF in the western Pacific and In-
dian domain is shown in Fig. 8, and is hereafter referred
to as WP1. The three panels in Fig. 8 show the evo-
lution of WP1 within a 3-day time period, with the
upper panel leading the middle and lower panels by
one and two days, respectively. The WP1 mode ex-
plains 2.19% of the total variance. The second REEOF,
WP2 (not shown), explains 2.11% of the total variance,
and has a spatial structure nearly identical to WP1,
except for a quadrature phase shift. The apparently
small fraction of total variance explained by WP1 and
WP2 (4.30%) must be viewed within the context of
the localized nature of the disturbances in the large
analysis domain chosen here. This percentage increases
to 8.87% if we reduce the domain to 10°S-30°N
100°E-160°E, which is just enough to accommodate
the spatial extent of WP1 and WP2. The larger domain
has been chosen here so as to provide the REEOF pro-
cedure with sufficient flexibility in pinpointing the pre-
ferred sites of eddy activity. The phase relationship be-
tween WP1 and WP2, as well as the similarities in the
their spatial structure and explained variances, imply
that these two REEOFs essentially described the same
propagating phenomenon. It is found that all leading
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F1G. 8. Structure of the leading REEOF of bandpass-filtered vor-
ticity fluctuations at 850 mb in the western Pacific and Indian domain
(i.e., the WP1 mode). The panels show the time evolution of WP1
in three consecutive days, with the upper panel leading the middle
and lower panels by one and two days, respectively. Extrema are
expressed in percent. Contour interval is 10%. The zero contour has
been omitted.

EEOFs and REEOFs of the bandpass-filtered dataset
are paired in a similar manner, thus, indicating the
prevalence of propagating disturbances in the chosen
frequency band.

The structure of WP1 in Fig. 8 is very similar to the
one-point lag-correlation maps in Fig. 4. Each panel
is characterized by alternating positive and negative
centers with a characteristic southwest to northeast tilt.
Northwestward propagation is evident from the equa-
torial western Pacific to southeastern China. This track
is coincident with enhanced rms of ¢{, strong telecon-
nectivity, and high temporal coherence (see Figs. 1, 5,
and 6).

The third and fourth REEOFs for the same domain
are localized over southern Asia, and are denoted as
the Indian modes; i.e., IN1 and IN2, respectively. They
explain 1.54% and 1.46% of the total variance. The
structure of IN1, shown in Fig. 9, consists of a north-
westward propagating signal, traveling from the In-
dochinese Peninsula towards northwestern India. Lag-
correlation maps with the base point at 20°N, 90°E
(not shown) show similar horizontal structure and
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FI1G. 9. Similar to Fig. 8, but for the third REEOF of the western
Pacific and Indian domain (i.e., the IN1 mode).

propagation characteristics. In comparison with the
western Pacific sector, the degree of waviness and eddy
anisotropy are considerably weaker in the Bay of Bengal
region.

The first pair of EEOFs for the Atlantic domain,

denoted as AT1 and AT2, explain 2.63% and 2.60%-

of the total variance, respectively. The patterns for AT1,
shown in Fig. 10, are indicative of disturbances prop-
agating from near the Greenwich meridian towards the
eastern Caribbean. A southwest to northeast phase tilt
is evident to the south of 15°N, but no phase tilt is
discernible to the north of this latitude. The structure
is similar to the results obtained by Burpee (1974) and
Reed et al. (1977) for the African easterly waves.
When compared with the unrotated eigenvector in
Fig. 10, the REEOFs for the Atlantic domain (not
shown) are more localized and bear a closer resem-
blance to one-point lag-correlation maps. Three pairs
of REEOFs can be identified. One of these rotated
modes corresponds to a northern track over continental
west Africa; whereas the other two modes portray a
southern track extending from Africa to eastern Atlan-
tic, and a western track extending from the central At-
lantic to the Caribbean Sea and the Gulf of Mexico.
We have chosen to describe the transient behavior in
the tropical Atlantic with EEOFs (instead of REEOFs)
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mainly because the former patterns are more consistent
with earlier synoptic studies (e.g., Carlson 1969b; Reed
et al. 1988a). These results indicate that the easterly
waves are often associated with concurrent paired vor-
tices in the low troposphere over western Africa. These
vorticity centers tend to merge off the Atlantic coast,
and subsequently migrate towards the Caribbean. It is,
hence, more reasonable to represent the Atlantic dis-
turbances using a single mode. In contrast, the distur-
bances in the Indian and the western Pacific regions
appear to be two distinct entities and hence justify the
representation using two separate pairs of REEOFs
(Figs. 8 and 9).

Figure 11 shows the leading EEOF mode for the
eastern Pacific domain, EP1. The first pair of EEOFs
for this region explain 5.06% of the total variance. This
mode illustrates the prevalence of northwestward
propagating disturbances off the western seaboard of
Central America. There is little evidence in Fig. 11 of
any strong connection at the 850 mb level between
disturbances over the eastern Pacific and those occur-
ring east of Central America. Nevertheless, in analyzing
a series of strong disturbances in this region during
July 1975, Shapiro (1986) has shown evidence of vor-
ticity propagation across Central America and the Yu-
catan Peninsula using a complex EOF analysis.

To ensure that the wavelike features found in this
study are not merely artifacts of the spectral truncation
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FI1G. 10. Similar to Fig. 8, but for the leading EEOF of the
Atlantic domain, (i.e., the AT! mode).
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FIG. 11. Similar to Fig. 8, but for the leading EEOF of the
eastern Pacific domain, (i.e., the EP1 mode).

used in archiving the ECMWF analyses, or the data
assimilation procedures used in generating such data
fields, one-point lag-correlation analyses have been
performed with bandpass-filtered NOAA OLR data in
the western Pacific. These computations yield patterns
(not shown) which are nearly identical to the one-point
lag-correlation charts in Fig. 4 based on the ECMWF
vorticity analyses. The close correspondence between
the results derived from these two independent datasets
lends credence to the tropical circulation features ap-
pearing in the ECMWF analyses.

To assess the impact of time filtering on the structure
of the principal of variability, we have applied the
REEOF technique to the unfiltered ECMWF data for
the western Pacific, and also to the unfiltered ¢ time
series derived from the wind analyses produced by the
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Royal Observatory of Hong Kong (ROHK). The first
few EEOFs of both sets of analyses (not shown) are
quasi-stationary on 5-day time scales. This result in-
dicates that much of the variability in the tropics during
the northern summer is associated with low-frequency
fluctuations. Nevertheless, propagating modes resem-
bling the spatial structure of WP1 are still found in the
higher order modes for both sets of unfiltered analyses.
Figure 12 shows the fourth REEOF mode of the un-
filtered ROHK data. It is characterized by elongated
positive and negative perturbations over the South and
East China seas. The characteristic wavelength of
~2800 km is comparable to that of the WP1 mode.
The axes of the extrema in Fig. 12 exhibit a more zonal
orientation than the corresponding features in Fig. 8.
This tendency towards more zonal tilts is common to
other propagating modes based on unfiltered analyses.
In summary, the existence of propagating modes in the
REEOFs of unfiltered ROHK and ECMWF data dem-
onstrates that the bandpass filtering is not the primary
cause for the elongated wavelike disturbances described
in this study. Furthermore, the similarity between the
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FIG. 12. Structure of the fourth REEOF of the unfiltered 850 mb
relative vorticity fluctuations derived from the ROHK summertime
wind analyses. Refer to the caption of Fig. 8 for other details.
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ROHK and ECMWEF results provides additional con-
firmation of the fidelity of the ECMWF dataset.

6. Composite analyses

In this section, the space-time evolution of selected
meteorological variables associated with the distur-
bances in different active regions will be described using
the composites constructed on the basis of the temporal
EEOF/REEOF coefficients. The time coefficients of
WP1 and WP2 for JJA 1980 are shown by the solid
and dash curves in Fig. 13a, respectively. Each time
series is normalized to have unit standard deviation
for the 8-summer duration. It is evident from Fig. 13a
that the two time series tend to be a quarter-cycle out
of phase at most times. Denoting the time coefficients
for WP1 and WP2 as C;(¢) and C,(t), we define the
amplitude A4(¢) and the phase 6(t) for the WP mode
as

2 20\ 1/2

A1) = [W] and
. -1 CZ(t)

6(t) = tan [_Cl(t)] .

The 1980 JJA segment of A(¢) and 6(¢) for the WP
mode are shown in Fig. 13b.

We shall describe the evolution of any variable (say,
{) for each EEOF/REEOF mode by a sequence of 8
phase composites ¢; = {(8;) of outstanding episodes for
the corresponding mode. Here, {; denotes the com-
posite of { at phase § = 6;, where i varies from 1 to 8,
and 6; varies from 0° to 315° in intervals of 45°. We
define an outstanding episode as a collection of con-
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secutive time points through which i) the phase evolves
at least one complete cycle, i1) the amplitude at each
time point is larger than 0.75 standard deviation, and
iii) the average amplitude for the consecutive time
points is larger than 1 standard deviation. For each
episode j satisfying the above criterion, we first obtain
the eight values for {;; = {;(0;) by interpolation of the
time series for {. The phase composite ¢; for a given 6;
is then calculated by averaging the {;;’s over all selected
episodes (j’s). Composite patterns based on different
cutoff amplitudes are essentially similar to those shown
here, indicating that our results are not crucially de-
pendent on the choice of 0.75 standard deviation as
the threshold.

For each EEOF/REEOF mode, an average ampli-
tude and a mean period (time taken to complete one
phase cycle) are calculated, first for each episode and
then averaged over all episodes. After estimating the
wavelength of the disturbances associated with WP,
IN, AT and EP modes from the patterns in Figs. 8, 9,
10 and 11, respectively, the average phase speeds are
also computed. Table 1 summarizes these character-
istics for the four EEOF /REEOF modes discussed in
the last section. The wavelengths of the four tropical
modes are rather similar (from ~2800 km to ~3200
km), but the average period increases from 4.9 days
for the AT mode to 6.8/6.9 days for the WP/IN modes.
These estimates are consistent with the spectral and
lag-correlation results obtained in sections 3 and 4. For
each mode, the total number of days entering into the
composite procedure are shown in the rightmost col-
umn of Table 1. This number is also expressed as a
fraction (in percent) of the total number of days in the
eight summer seasons (736). More days have been se-
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F1G. 13. (a) Time series of the coefficients for the two leading REEOFs of 850 mb bandpass-
filtered vorticity fluctuations in the western Pacific and Indian domain (i.e., WP1 and WP2)
during the summer of 1980. Each time series has been normalized so that the fluctuations for the
entire eight-summer duration have unit standard deviation. (b) Time series of the amplitude and
phase of the combined WP mode during the summer of 1980. The horizontal line in the amplitude
plot marks the 0.75 standard deviation level, which has been chosen as the threshold for selecting

outstanding episodes.
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TABLE 1. Propagation characteristics of various tropical transient modes; the periods and amplitudes for the modes are given in
(mean *+ 1 standard deviation) as estimated from all the selected episodes. See text for details of the averaging procedure.

Period Wavelength Phase speed Amplitude Number of

Mode (day) (km) (ms™) (o) days selected
WP 6.8+ 1.1 ~2800 4.8 1.55 £ 0.46 393 (53%)
IN 6.9+ 1.1 ~3000 5.0 1.47 £ 0.42 395 (54%)
AT 49+1.0 ~3200 7.6 1.31 £0.33 484 (66%)
EP 56+1.2 ~2800 5.8 1.39 + 0.38 544 (74%)

lected for the unrotated EEOF modes (AT and EP)
than the REEOF modes (WP and IN).

In the following subsections, we shail use the phase
composites to show the three-dimensional structure of
selected variables for the WP, IN, and AT modes. The
WP mode will be discussed in greater detail, partly as
an illustration of the composite method, and partly
because the structure of synoptic scale disturbances in
this region is not as well documented as at the other
sites. To limit the length of this paper, the transient
disturbances associated with the EP mode will not be
discussed. Their structure is rather similar to the WP
mode between 5°~15°N, and their amplitude are com-
paratively weaker.

a. Western Pacific mode

Figure 14a~d show four OLR composites of the WP
mode at phases 0°, 90°, 180° and 270°, respectively.
They are characterized by alternating bands of positive
and negative OLR fluctuations extending across the
East and South China seas. It is evident that the per-
turbations propagate northwestward. The fluctuations
are rather weak and disorganized in the southern por-
tion of the propagation path, but become much more
organized as they travel towards the south China coast.
As in the vorticity patterns shown in Fig. 8, the OLR
perturbations also have pronounced southwest to
northeast phase tilts. The prominent OLR signatures
in the composites indicate that the WP disturbances
are closely associated with well-defined convective ac-
tivity.

The horizontal and vertical structures of different
variables associated with the WP mode are presented
in Figs. 15 and 16, respectively. All composites shown
here correspond to the same phase (90°) as the OLR
composite in Fig. 14b. The variables mapped in Fig.
15 include (a) 500 mb ¢, (b) 850 mb ¢, (¢) 850 mb
geopotential height, (d) 300 mb pressure velocity, w,
(e) 300 mb temperature and (f) 850 mb specific hu-
midity. The vertical cross-sections for (a) relative vor-
ticity, (b) geopotential height, (c) pressure velocity,
(d) temperature and (e) specific humidity are displayed
in Fig. 16. The abscissa in the latter plots corresponds
to the propagation path of the most active disturbances,
and extends southeastward from south China (27.5°N,
110°E) in the extreme left to the western equatorial

Pacific (2.5°N, 142.5°E) in the extreme right (see bold
line in Fig. 14b).

Comparison between the horizontal composite pat-
tern for 850 mb ¢ (Fig. 15b) and OLR (Fig. 14b) reveals
that the phase relation between these two variables
changes along the propagation path. In the equatorial
region, negative OLR perturbations lead positive {
fluctuations by as much as a quarter wavelength, in-
dicating the convective activity tends to occur down-
stream of the wave troughs. This result is consistent
with earlier findings [Reed and Recker (1971) and
others] that the heaviest precipitation usually precedes
the arrival of wave troughs over the equatorial western
Pacific. Beyond the Philippine Islands in the north-
western part of the propagation path, negative OLR
perturbations almost coincide with positive ¢ centers,
indicating that the strongest convective activity lies al-
most directly above the lower level troughs.

The vertical section of ¢ (Fig. 16a) indicates a strong
northwestward tilt with height over the equatorial
ocean where initial wave growth is detected (see Fig.
4). This vertical tilt decreases gradually as we scan the
figure from right to left, until there is almost no vertical
tilt as the disturbances approach the south China coast.
Vorticity perturbations are strongest at 850 mb. The
fluctuation amplitude decreases most rapidly with
height near the initial growth region (5°N, 160°E),
where earlier studies by Yanai et al. (1968) and Wallace
and Chang (1969) indicate that the transients tend to
be confined below 500 mb.

The geopotential height composites in Figs. 15¢ and
16b show an expected out-of-phase relation with ¢. It
is evident that geopotential height is not a good indi-
cator for transient activities in the tropics. No height
perturbation is discernible in the equatorial region,
whereas the height signal in the subtropics is over em-
phasized.

Since the pressure velocity is rather sensitive to de-
tails in the data assimilation procedures and in model
physics, the composite patterns for this field must be
examined with due caution. The horizontal composite
pattern for 300 mb « (Fig. 15d) indicates rather weak
organization of this field in the equatorial region, where
initial growth is detected. The w perturbations appear
to be much better organized in the northwestern por-
tion of the track, after substantial growth of the dis-
turbances has occurred. It is seen from Fig. 16¢ that
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FIG. 14. Distributions of the composite patterns of bandpass-filtered
outgoing longwave radiation fluctuations associated with the WP
mode, as constructed on the basis of the REEOF coefficients. The
four panels (a)-(d) show the results at phases 0°, 90°, 180° and
270°, respectively. Contour labels are in units of W m 2, and contour
interval is 8 W m 2. Values less than ~4 W m ™ are stippled. Refer
to text for details of the composite procedure.
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perturbations of pressure velocity attain dual extrema
at 300 and 850 mb. This characteristic has been re-
ported independently by Reed et al. (1977) for the
African easterly waves using observations during
GATE, and also by Nitta and Takayabu (1985) using
FGGE data. Comparison between Figs. 16a and 16¢
indicates the occurrence of maximum upward motion
at 850 mb (and hence near-surface convergence ) near
the low level trough. At the 200-300 mb level, the up-
ward motion tends to lag positive ¢ fluctuations by
about one-eighth of a wavelength. This phase relation-
ship may be interpreted using the simplified barotropic
vorticity equation:

dw d¢
f%%'&"‘V'V(‘('i’f).

Assuming that the beta-effect is small in synoptic scale
motion, and that the wavelike systems propagate with
a characteristics phase velocity ¢, we then have

ow
= ~V,V
op Vi V¢

where V, = V — ¢ is the velocity relative to the prop-
agating wave. Differentiation with respect to pressure
yields

9w a

— ~ —(V,- V).

57~ 35 (VO
Assuming wavelike dependence of w on p, we require
that

4
—w —3’;(—Vr'V5°);

i.e., increasing vorticity advection with height is ac-
companied by rising motion (see similar deduction by
Holton 1979, pp. 136-143). For a mean flow which is
easterly relative to the propagation speed, the advection
term (—V, - V{) attains maximum and minimum val-
ues to the west and east of the troughs, respectively.
Since ¢{ perturbations for the tropical disturbances are
confined to the lower troposphere (see Fig. 16a),
—3(—V,-V¢{)/dp would be negative (positive) to the
west (east) of the troughs, and hence sinking (rising)
motion would prevail in the middle and upper tro-
posphere ahead (behind) the troughs, as shown in Fig.
16c. If the relative mean flow is westerly at the lower
level, the reverse situation (i.e., rising motion to the
west of the trough and sinking motion to the east)
would be anticipated.

Temperature perturbations (Figs. 15¢ and 16d) have
typical amplitudes of less than 1°C. The most notable
features in the temperature vertical cross-section are
the extrema at 300 mb. These warm and cold centers
are located directly above the low level troughs and
ridges, respectively. The warm center is probably as-
sociated with condensational heating accompanying



SEPTEMBER 1990

500mb

JON-

10N+

100E

) g

850mb

30N

(c) Z

100E 120 140 160E

KAI-HON LAU AND NGAR-CHEUNG LAU

_300mb

100E 120 160E

FI1G. 15. Distributions of the composite patterns of bandpass-filtered (a) 500 mb relative vorticity, (b) 850 mb relative vorticity, (c) 850
mb geopotential height, (d) 300 mb pressure velocity, (¢) 300 mb temperature and (f) 850 mb specific humidity, associated with a given
phase (90°) of the WP disturbances. Contour intervals for panels (a)-(f) are 3 X 10™¢s™", 3 X 10™¢s™!, 2 gpm, 1 X 1072 Pas~, 0.1°C,
and 2 X 107, respectively. Stippling in the respective panels indicates negative values less than —1.5 X 107%s7!, —1.5 X 10™¢s™!, =2 gpm,
—0.5 X 1072 Pas™', —0.1°C, and ~2 X 10™* The zero contours are omitted.

the low level convergence. This interpretation is sup-
ported by the almost 180° out-of-phase relationship
between the OLR and 300 mb temperature anomalies
(Figs. 14b and 15e). Also apparent in Fig. 16d is a
shallow cold center extending from the surface to 700
mb, and lagging behind the low level trough.

Moist and dry centers appearing in the patterns for
specific humidity (Figs. 15fand 16¢) tend to lag behind
the 850 mb trough and ridges, respectively, by about
one-eighth of a wavelength. Behind the wave trough,
the prevalent southeasterly trades is strengthened by
the perturbation southeasterly inflow towards the
trough. This effect may increase the surface evaporation
and contribute to the moistening of the lower tropo-

“sphere behind the trough. Analogously, the negative

humidity fluctuation ahead of the trough could be
caused by suppressed surface evaporation due to can-
cellation among the perturbation northwesterly inflow
and the prevalent southeasterly trades. Another con-
tributing factor to the phase relationship between the
perturbations in { and specific humidity is the positive
advection of water vapor by the southerly flow behind
the wave trough, and the negative advection by the
northerly flow ahead of it.

To study the relation between the transients and the
ambient large-scale flows, we have composited the av-
crage flow condition when the WP mode is active. This
is done by first constructing the eight phase composites
of a complete cycle using unfiltered wind data, and
then performing an average over all eight composites.
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FIG. 16. Vertical cross-sections of the composites of (a) relative
vorticity, (b) geopotential height, (c¢) pressure velocity, (d) temper-
ature and (e ) specific humidity, corresponding to a given phase (90°)
of the WP perturbations. The abscissa corresponds to a baseline
(shown as a bold straight line segment in Fig. 14b) extending north-
westward from 2.5°N, 142.5°E at the extreme right to 27.5°N,
110.0°E at the extreme left. The latitudes and longitudes of the selected
points along the abscissa are given below panel (e¢). Only the longi-
tudes are shown under the other panels. An analogous labeling scheme
is used for Figs. 20 and 23. Contour intervals for panels (a)-(e) are
3% 107657 2gpm, 1 X 1072 Pas™!, 0.1°C, and 2 X 1074 respec-
tively. Stippling indicates negative values.
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We shall denote this average as the WP mode mean
Sflow condition. The climatological circulation pattern,
as computed using all available data for the summers
of 1980-1987, and the WP mode mean flow condition,
are shown in Figs. 17a and 17b, respectively. The dif-
ference between these two patterns is displayed in Fig.
17c. It is found that the WP transients occur in con-
junction with strengthening and westward protrusion
of the subtropical anticyclone in the western Pacific,
with the average southeasterly current towards the
south China coast being approximately twice as strong
as its climatological counterpart.

The closed contours in Fig. 17b depict the rms of
the eight individual WP phase composites of bandpass-
filtered 850 mb { data. It is evident that the most active
transient activity is located to the southeast of the mean
easterly maximum. The concurrent changes in both
the level of synoptic activity and the ambient flow field
are suggestive of considerable dynamical interactions
among the high- and low-frequency components of the
circulation over the western Pacific. One of these modes
of interaction is the local barotropic energy conversion
from the mean flow to the transient eddies, as is pointed
out earlier in section 4 regarding the characteristic hor-
izontal phase tilt of the disturbances, and their place-
ment in the shear zone of the southeasterly background
flow.

b. Indian mode

The mean flow structure in which the disturbances
associated with the Indian (IN) mode are embedded
is illustrated in Fig. 18. Similar to Fig. 17b, this pattern
has been computed by averaging the eight individual
phase composites of unfiltered 850 mb wind field for
the IN mode. There are evidently substantial differences
between the ambient circulation for the IN mode and
that in the WP sector. The pattern in Fig. 18 is dom-
inated by a strong westerly monsoon flow extending
eastward from the Somali coast to the South China
Sea. The westerly current shown here is slightly (~2
m s~!) stronger than the climatological mean. From
the distribution of the rms of the eight phase composites
of bandpass-filtered 850 mb ¢ (closed contours in Fig.
18), it is apparent that the most active transients de-
velop on the northern side of the low-level monsoon
current.

To illustrate the convective activity associated with
the IN mode, we show in Fig. 19 the composite of the
OLR data for one particular phase of the cycle. A large
negative OLR perturbation is seen over the Bay of
Bengal, while a positive center is located over western
India. The series of composite charts for successive
phases (not shown) indicate that the disturbances are
rather weak when they make their first appearance near
5°~10°N, 110°E, but substantial growth takes place as
they propagate west-northwestward towards north-
western India. The disturbances in the Indian sector
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FiG. 17. (a) Distribution of the 850 mb horizontal wind in the western Pacific, as
averaged over eight summers. Light stippling is for wind speeds between 2-5 m s™/,
medium stippling for 5-8 m s~!, and dense stippling for speeds larger than 8 m s™'.
Wind speeds less than 2 m s™! are not stippled, and the corresponding directional
arrows are not shown. (b) Similar to (a), but averaged only over time intervals when
WP disturbances are active. The closed contours indicate the distribution of the rims
of the phase composites of bandpass-filtered 850 mb vorticity for a complete cycle of
the WP mode. Contour interval is 3 X 1078 s~', The first isoline corresponds to a value
of 4 X 107%s7!, (c) Difference between the vector wind fields in (b) and (a). The light,
medium, and dense stippling indicate differences of 1-2 m s™, 2-3 m s}, and larger
than 3 m s7!, respectively. In panel (c), the length of the arrows is scaled according
to the differences in wind speeds. Values less that 1 m s~! are not stippled, and the
corresponding arrows are omitted.
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FiG. 18. Similar to Fig. 17b, but for the Indian region, and obtained for time intervals
when IN disturbances are active. The closed contours depict the distribution of rms
associated with the eight phase composites of bandpass-filtered 850 mb vorticity per-

turbations of the IN mode.

generally acquire a less wavelike character as compared
to the features associated with the WP mode.

The vertical cross-sections of the composites of dif-
ferent variables for a given phase of the IN mode are
shown in Fig. 20. The abscissa in these diagrams ex-
tends from 26.4°N, 70°E at the left to 13.6°N, 105°E
at the right, and coincides with the more active portion
of the propagation path for disturbances associated with
this mode (see bold line in Fig. 18). As in the WP
disturbances, the amplitudes of { and geopotential
height for the IN perturbations are strongest at 850-
700 mb, and decrease with height in the middle and
upper troposphere. The ridge and trough axes exhibit
a northwestward phase tilt with height above 700 mb.
However, the panel for geopotential height (Fig. 20b)
indicates that a southeastward tilt prevails below
700 mb.

Similar to the WP mode, dual extrema in the lower
and upper troposphere are found in the vertical cross-
section for « (Fig. 20c). However, in contrast to the
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F1G. 19. Distribution of the composite pattern for bandpass-filtered
outgoing longwave radiation for a given phase of the IN disturbances.
Contour labels are in units of W m ™2, and contour interval is 8 W
m ™2 Values less than —4 W m 2 are stippled.

WP mode, the upper-level upward (downward ) motion
is found to the west of the lower level trough (ridge)
in the IN mode. As noted in the last subsection, this
phase relation may be interpreted as a result of the
differential relative vorticity advection with a low-level
westerly (instead of easterly) mean flow relative to the
propagating disturbance.

For temperature perturbations, a warm (cold) center
develops in the 200-300 mb layer directly above the
850 mb trough (ridge). Similar to the WP mode, these
upper-level temperature perturbations appear to be re-
lated to convective activity, as they are almost exactly
out of phase with the OLR perturbations (not shown).
Near the surface, there is a warm (cold ) center situated
ahead (behind) of the wave trough, implying a net
southward eddy heat transport at the surface. Noting
that the continental area around the Tibetan Plateau
is warmer than the equatorial Indian Ocean during the
summer months, this transport is directed down the
average surface temperature gradient.

Contrary to the situation in the WP mode, the hu-
midity perturbations are seen to lead (rather than lag)
the corresponding { fluctuations by about one-eighth
of a wavelength (Fig. 20e). This relationship may be
partially explained by the respective enhancement and
suppression of evaporation west and east of the troughs
by the combined effect of perturbation inflow and mean
monsoon westerlies [see discussion of the humidity
composite (Fig. 16e) in the last subsection].

c. Atlantic mode

It is well known that easterly waves in the Atlantic
sector are related to the midtropospheric easterly cur-
rent at around 600-700 mb. In Fig. 21 is shown the
average of eight individual phase composites of the 700
mb wind associated with the AT mode. Easterlies are
seen to prevail throughout this region. An enhanced
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Fi1G. 20. Similar to Fig. 16, but for IN disturbances in the Indian
region. The abscissa corresponds to a baseline (shown as a bold straight
line segment in Fig. 18) extending northwestward from 13.6°N, 105°E
at the extreme right to 26.4°N, 70°E at the extreme left.

easterly current originates at about 10°~15°E and ex-
‘tends towards the Atlantic along 15°N. This current
is collocated with the strong latitudinal temperature
gradient south of the Sahara region.

The distribution of the rms of the eight individual
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phase composites of 700 mb ¢, as depicted by the con-
tour lines in Fig. 21, reveals two elongated regions of
enhanced transient activity. One of these active zones
extends from 0°W to 70°W at 5°-10°N. The other,
stronger region of activity spans westward from north-
ern Africa to the Gulf of Mexico at 15°~20°N. Our
EEOF analysis, hence, substantiates the finding by a
numberofearlierresearchers(e.g., Carlson 1969a, 1969b;
Burpee 1972, 1974; Reed et al. (1988a,b) that two pre-
ferred tracks exist in the African/Atlantic sector.

The horizontal structure of disturbances associated
with the AT mode is illustrated by composite patterns
of (a) 700 mb ¢, (b) OLR, and (c¢) 850 mb temperature
for a given phase in Fig. 22. The amplitudes of per-
turbations in the { and OLR composites are weaker
than those associated with the WP or IN modes. Ex-
trema of the 700 mb ¢ perturbation are seen along the
two axes of enhanced variance shown in Fig. 21. The
disturbances acquire a southwest to northeast tilt to
the south of the midtropospheric easterly current, and
a northwest to southeast tilt farther north, thus, im-
plying a local barotropic transfer of kinetic energy from
the mean flow to the eddies. The characteristic hori-
zontal tilt north of the midtropospheric current is no
longer evident over the Atlantic. Over continental Af-
rica, the OLR perturbations are weak ( Fig.22b). Con-
vective activity appears to be better organized over the
Atlantic, and the OLR centers coincide the 700 mb
troughs and ridges.

Vertical cross-sections of the AT disturbances along
the southern axis of maximum variance near 7.5°N
(not shown), as well as horizontal patterns of various
fields indicate that the structure of these disturbances
is similar to (but weaker than) those associated with
the WP mode. The present discussion on the vertical
structure of the AT mode will be focused on the north-
ern track, where significant differences from the WP
mode can be identified along the portion within con-
tinental Africa. Figure 23 shows the vertical cross-sec-
tions of phase composites for the AT mode along the
northern track from 22.5°N, 90°W to 17.5°N, 20°E.
The location of this track is depicted by the bold line
in Fig. 22a. From Fig. 23, it is evident that the distur-
bance undergo substantial changes as they cross the
west African coast into the Atlantic. Hence, we shall
refer to the disturbances situated east and west of 20°W
as the continental and oceanic perturbations, respec-
tively.

The patterns in Fig. 23 indicate a general westward
tilt with height for { and geopotential perturbations
above 500 mb. The geopotential fluctuations in the
continental sector exhibit a slight eastward tilt with
height in the lower troposphere. The continental per-
turbations are strongest at the lower levels, with max-
imum amplitudes being located at the surface or 850
mb. Over oceanic areas, the level of strongest pertur-
bations is raised to 700 mb. The perturbations near
the tropopause strengthen as they propagate westward
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FIG. 21. Distribution of the horizontal wind at 700 mb, as averaged over the time
periods when the AT disturbances are active. Light stippling is used for values between

1

5-7 m s~!, medium stippling for 7-9 m s

, and dense stippling for speeds larger than

9 m s~!. The directional arrows are not shown for speeds less than 3 m s}, and values
less than 5 m s~! are not stippled. The closed contours indicate the distribution of the
rms of the eight composites of bandpass-filtered 700 mb relative vorticity perturbations
associated with the AT mode. Contour interval is 1.5 X 107% s~'. The first contour

corresponds to values of 2 X 1076571,

into the Atlantic, so that secondary extrema appear at
200 mb to the west of 40°W. The intensification of
upper level perturbations in mid-Atlantic has been
noted by many researchers, and is considered to be a
result of the interaction between the semipermanent
upper-level trough and low-level synoptic scale distur-

FiG. 22. Distributions of the composite patterns of (a) 700 mb
relative vorticity, (b) outgoing longwave radiation, (¢) 850 mb tem-
perature, for a given phase of the AT fluctuations. Contour intervals
for panels (a)-(¢) are 2 X 107¢s™', 4 W m 2, and 0.1°C, respectively.
Stippling in the respective panels indicates negative values less than
—1X107%s™", ~2 Wm™2 and —0.1°C. Zero contours are omitted.
Over continental western Africa, two dashed lines are drawn in panels
(a) and (c) to show the locations of the 700 mb trough and ridge
axes.

bances (Reed et al. 1988b). At about 60°W, the AT
mode disturbances start to weaken as they take a
more west-northwestward course into the Caribbean
(Fig. 22).

Over the continent, the upper level vertical motions
are relatively weak, and maximum « perturbations are
found at 700-850 mb. West of 40°W, the strongest
vertical motions appear at 300-500 mb (Fig. 23c), with
rising motion lagging behind the lower level wave
trough. This relationship is similar to that noted in the
WP mode. In contrast to the WP and IN modes, no
dual w extrema are found anywhere along the northern
track. Dual w extrema are found along the southern
track.

Unlike other variables, the temperature perturba-
tions of the continental African waves (Figs. 22¢ and
23d) are stronger than those associated with the western
Pacific and the Indian disturbances. Maximum tem-
perature fluctuations occur in the lower troposphere.
Comparisons among the five panels of Fig. 23 reveal
that surface troughs in the continental sector occur in
conjunction with ascent of warm and dry air, whereas
descent of cold and moist air prevails over surface
ridges. This characteristic thermal-low structure was
noted earlier by Burpee (1974) when he analyzed
northern African wave disturbances at 20°N. Asin the
western Pacific, the surface troughs and ridges in the
Atlantic are accompanied by cold and warm temper-
ature perturbations in the lower troposphere, respec-
tively; whereas the moist and dry centers lag the low-
level troughs and ridges by almost a quarter wavelength.

Finally, we note that the horizontal temperature
structure near 10°N is rather different from that along
the northern track. To highlight such differences, two
dash lines are plotted in Figs. 22a and 22c to illustrate
the location of the continental trough and ridge axes
at 700 mb. We see that the 850 mb temperature fluc-
tuations lead the 700 mb vorticity perturbations only
slightly at 20°N, but by as much as a quarter wave-
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F1G. 23. Vertical cross-sections of the composite of (a) relative
vorticity, (b) geopotential height, (c) vertical pressure velocity, (d)
temperature and (e) specific humidity, corresponding to a given phase
of the AT fluctuations. The abscissa corresponds to the bold baseline
shown in Fig, 22a, which extends from 17.5°N, 20°E at the extreme
right to 22.5°N, 90°W at the extreme left. Contour intervals for
panels (a)-(e)are 2 X 10~6s~!, 2 gpm, 5 X 10~ Pas~, 0.2°C and
2 X 1074, respectively. Dashed contours for values of 0.1 and —0.1°C
are added in panel (d). Stippling indicates negative values.

length near 10°N. The former phase difference is largely
a result of the eastward tilt with height of vorticity per-
turbations from 850 to 700 mb, so that the temperature
and vorticity perturbations are actually more or less in
phase at 850 mb (see Figs. 23a and 23d). The much
more noticeable phase shift near 10°N persists even
for temperature and vorticity perturbations at the same
level.

7. Summary and discussion

This study demonstrates that a considerable amount
of useful information on the behavior of tropical cir-
culation systems may be extracted from the global four-
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dimensional assimilation products currently generated
at operational weather centers. With the ECMWF
analyses, we have documented the preferred locations,
three-dimensional structure, and propagation charac-
teristics of tropical synoptic-scale summertime distur-
bances. Enhanced variability of the 850 mb { field has
been noted over western Africa, the eastern and the
western subtropical Pacific, and the Bay of Bengal/
northern Indian regions. The power spectra of 850 mb
¢ in these regions exhibit pronounced peaks at periods
shorter than ten days. Such characteristic periods range
from 3-5 days in western Africa, to 5~-6 days in the
eastern Pacific, and 6-9 days in the western Pacific and
Indian regions. There is some evidence that the dom-
inant period varies gradually even within a given active
region, with longer periods towards the northwestern
end of each region.

We have also shown that the lag-correlation tech-
niques introduced by Wallace et al. (1988) in their
study of midlatitude cyclones are quite applicable to
the diagnosis of tropical transient activities using global
gridded analyses. We find that normalized measures
such as teleconnectivity or temporal coherence are
useful tools for depicting small amplitude but organized
tropical disturbances. These measures yield informa-
tion which is not evident from the distribution of rms
statistics alone. The products of the lag-correlation
analysis collectively offer a concise description of the
typical horizontal structure, temporal evolution, and
growth /decay behavior of the tropical disturbances. It
is seen that a substantial amount of synoptic-scale
variability in the active regions within the tropical belt
is associated with westward traveling wavelike features.
The properties of these features as deduced in this study
are in agreement with previous synoptic investigations
of such phenomena.

We have also conducted a survey of the transient
activities throughout the tropical belt by using EEOQF/
REEOF techniques. Active transient disturbances are
identified at the same sites as those inferred from the
lag-correlation analyses. Subsequently, an EEOF/
REEOF composite method has been used to depict the
vertical and horizontal structure of the tropical tran-
sients in the western Pacific, the Bay of Bengal /north-
western India, and the western African/Atlantic/Car-
ribbean regions. Strongest vorticity perturbations are
found in the lower troposphere for all tropical tran-
sients. It is also noted that the horizontal phase tilt and
the placement of the transients with respect to the
mean-flow shear generally indicate kinetic energy
transfer from the mean flow to the eddies. There are
substantial variations in the phase relationships among
different variables for tropical wave modes at various
locations. Much of this geographical dependence can
be attributed to changes in the mean atmospheric con-
dition in which the disturbances are embedded. In par-
ticular, the relationship between the fluctuations in
vorticity and vertical motion may be interpreted in
terms of the differential relative vorticity advection by
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the prevalent background flow. Similarly, the modu-
lation of surface evaporation by the combined effect
of the surface mean circulation and the perturbation
inflow or outflow seem to exert a considerable influence
on the displacement of the specific humidity fluctua-
tions from the maritime vorticity centers.

The composite analysis for the AT mode reveals two
preferred paths of propagation in the western African
region. As shown by Burpee (1974), the transient ac-
tivity along the stronger northern track at 20°N ac-
quires many of the characteristics typical for desert-
type disturbances, with dry, warm rising air above the
troughs, and relatively moist, cool sinking air at the
ridges. These disturbances are not associated with any
prominent signal in the OLR composites. The southern
track is located near a zonally elongated region of max-
imum rainfall at around 10°N, Similar to the results
presented by Reed et al. (1977), the thermal structure
of the disturbances in this region is similar to that as-
sociated with maritime disturbances. In particular,
lower level cold centers and upper level warm centers
are typically found above the near-surface troughs.
Moreover, these disturbances are accompanied by bet-
ter organized OLR perturbations. The coincidence of
negative OLR fluctuations with the upper-level warm
centers suggests that organized convection and latent
heating may contribute to the maintenance of these
disturbances.

Our understanding of the dynamical processes that
are responsible for the formation, maintenance, and
decay of synoptic scale disturbances is still incomplete.
Norquist et al. (1977) studied the energy budget of the
African waves and found that baroclinic and barotropic
processes contribute almost equally to the disturbances.
They also concluded tentatively that latent heating and
convective processes are important for African dis-
trubances occurring near the summertime rainfall
maximum. With the availability of the ECMWF anal-
yses, similar budget analyses may be repeated for the
African disturbances, as well as for the wave modes in
other regions. Such calculations should ascertain the
role of various dynamical and physical mechanisms in
the eddy development at different sites.

The sites of active transient activity identified in this
study are well known for their abundance of vortex-
like weather systems in the summer (e.g., monsoon
depressions in the Bay of Bengal and typhoons in the
western Pacific). Elsberry et al. (1987) noted that these
systems often occur in succession within active periods
of about 2-3 weeks. It is conceivable that some of them
may develop from strong episodes of the wavy distur-
bances documented in this study. Further diagnosis is
evidently needed to clarify the relationships between
the wavelike transients and the intense cyclonic vortices
in the tropics.

Furthermore, Lau et al. (1989) noted that westward
propagating disturbances could form as a result of at-
mospheric adjustment processes accompanying the
penetration of the eastward propagating 40-50 day os-

MONTHLY WEATHER REVIEW

VOLUME 118

cillations into the strong convective zone over the
western Pacific. The 40-50 day oscillations have also
been suggested as having a modulating effect for ty-
phoon activity in the western Pacific (Elsberry et al.
1987). It would, therefore, be of interest to explore the
link between the high-frequency perturbations exam-
ined here and other more slowly varying tropical phe-
nomena. Studies on the interactions between the syn-
optic scale transients and other components of the at-
mospheric circulation in the tropics are limited,
probably due to the earlier lack of an adequate obser-
vational database, and the difficulties in identifying
transient features of different time scales. We believe
that the temporal coefficients of the EEOFs/REEQOFs
(section 6) provide a convenient basis for examining
various circulation features of interest, as well as their
mutual interactions.

A better description of the transient structure in-dif-
ferent areas should facilitate modeling efforts aimed at
understanding such tropical phenomena. It is apparent
from earlier African wave simulations [ Holton (1971);
Mass (1979); and Shapiro et al. (1988)] that multilayer
linear models are capable of generating instability
modes that resemble the observed wave structure.
Analogous experiments with prescribed mean flow
conditions corresponding to other active sites should
be helpful for evaluating the relative importance of
various mechanisms in determining the three-dimen-
sional structure as well as the genesis and maintenance
of these tropical transients. It is also noteworthy that
typhoon activity has been reported to occur in simu-
lations with comprehensive general circulation models
(Broccoli and Manabe, personal communication).
Using the methods presented in this study, the tropical
transient behavior in these models can be analyzed
readily. It would be of interest to study the interactions
between the synoptic scale waves and tropical vortices
appearing in the model atmosphere.
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