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ABSTRACT

With the multitude of cloud clusters over tropical oceans, it has been perplexing that so few develop into
tropical cyclones. The authors postulate that a major obstacle has been the complexity of scale interactions,
particularly those on the mesoscale, which have only recently been observable. While there are well-known
climatological requirements, these are by no means sufficient.

A major reason for this rarity is the essentially stochastic nature of the mesoscale interactions that precede
and contribute to cyclone development. Observations exist for only a few forming cases. In these, the moist
convection in the preformation environment is organized into mesoscale convective systems, each of which have
associated mesoscale potential vortices in the midlevels. Interactions between these systems may lead to merger,
growth to the surface, and development of both the nascent eye and inner rainbands of a tropical cyclone. The
process is essentially stochastic, but the degree of stochasticity can be reduced by the continued interaction of
the mesoscale systems or by environmental influences. For example a monsoon trough provides a region of
reduced deformation radius, which substantially improves the efficiency of mesoscale vortex interactions and
the amplitude of the merged vortices. Further, a strong monsoon trough provides a vertical wind shear that
enables long-lived midlevel mesoscale vortices that are able to maintain, or even redevelop, the associated
convective system.

The authors develop this hypothesis by use of a detailed case study of the formation of Tropical Cyclone
Oliver observed during TOGA COARE (1993). In this case, two dominant mesoscale vortices interacted with
a monsoon trough to separately produce a nascent eye and a major rainband. The eye developed on the edge
of the major convective system, and the associated atmospheric warming was provided almost entirely by moist
processes in the upper atmosphere, and by a combination of latent heating and adiabatic subsidence in the lower
and middle atmosphere. The importance of mesoscale interactions is illustrated further by brief reference to the
development of two typhoons in the western North Pacific.

1. Introduction

More than a decade ago, a prescient paper by Ooyama
(1982) discussed the futility of attempting deterministic
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answers to several key questions about the behavior of
tropical cyclones. In particular, he hypothesized that
their genesis and tracks could not be treated as a de-
terministic or initial value problem. A statistical or chaos
approach was needed because of the nonlinear inter-
action of widely differing scales.

Even with perfect data, the mesoscale interactions
involved cannot necessarily be assumed to be deter-
ministic. Ooyama, together with Schubert et al. (1980)
and Schubert and Hack (1982), also noted that for gen-
esis to occur the heat released by moist convective pro-
cesses needed to be confined to a warm core on the
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storm scale rather than diffused away by gravity waves.
This required a substantial reduction of the Rossby ra-
dius of deformation or ‘‘stiffening’’ of the tropical at-
mosphere.

It also has been known for several decades that in-
tense tropical cyclones cannot develop without being
able to tap the ocean for an energy requirement that is
vastly greater than that available in the ambient atmo-
sphere (Riehl 1954; Malkus and Riehl 1960; Emanuel
1986, 1991; Holland 1997). The ambient atmosphere
can only support a 10–30-hPa drop in surface pressure.
Additional deepening requires enhanced surface energy
fluxes that are driven by lowered surface pressure and
increased winds.

Until recently very little data have been available
describing the initial development stages of tropical cy-
clones. Documentation has been largely limited to syn-
optic and larger-scale features of the storm and its en-
vironment (McBride 1996). The importance of asym-
metries has been demonstrated in numerical modeling
studies (Kurihara et al. 1993), but these models have
only recently had the resolution to explore the mesoscale
system interactions associated with cyclone develop-
ment.

In the late 1980s, the availability of mesoscale in-
formation, particularly from satellites, and the increased
application of probability and scale interaction concepts
led to the recognition of the importance of mesoscale
systems in tropical cyclones. A series of studies by Hol-
land and colleagues (Holland 1995; Holland and Lander
1993; Ritchie and Holland 1993; Holland and Dietach-
mayer 1993; Lander and Holland 1993; Wang and Hol-
land 1995) showed that seemingly erratic tracks of trop-
ical cyclones were influenced by interactions with other
cyclones or mesoscale systems in their vicinity. Partic-
ularly important was the finding that while there is a
significant stochastic component of the vortex interac-
tions, many seemingly erratic developments can be both
understood and forecast when couched in vortex inter-
action terms. The application of these ideas has helped
forecasters identify and improve forecasts of ‘‘badly be-
haved’’ cyclones (Carr and Elsberry 1994).

The rapid improvement of radar and satellite data,
and the mounting of several special field experiments
in the 1990s, has provided a number of well-documented
examples of the presence of mesoscale systems in trop-
ical cyclone genesis (e.g., Stewart and Lyons 1996; Rit-
chie and Holland 1997; Harr and Elsberry 1996).

A cloud cluster is a well-known, but indeterminate,
precursor to tropical cyclogenesis (e.g., McBride and
Zehr 1981). Such clusters typically contain several
MCSs (see the appendix for a list of acronyms used in
this paper) of 4–10 3 104 km2 or more in area (Miller
and Fritsch 1991), which are prolific breeders of mid-
level vortices, as has been elucidated in a number of
recent studies (Menard and Fritsch 1989; Raymond and
Jiang 1990; Chen and Frank 1993; Fritsch et al. 1994).
The vortices form in midlevels near the base of the

stratiform cloud region of the MCS. Warming from la-
tent heating in the stratiform cloud combined with cool-
ing by evaporation of rain below cloud base sharpens
the potential temperature gradient near cloud base. Since
the stratiform cloud region is nearly neutral to moist
processes, the local deformation radius approaches zero
and gravity waves cannot be sustained. Thus stretching
and tilting from mesoscale convergence near the cloud
base, with condensational warming above and evapor-
ational cooling below (Houze 1977), produces a poten-
tial vorticity anomaly with relative circulation on the
scale of the stratiform cloud region. In suitable vertical
wind shear conditions, lifting along the isentropes bulg-
ing upward over the lower cold anomaly can trigger
new convection and stratiform anvil development. This
cycle can reinforce the preexisting vortex or lead to new
developments in the vicinity.

The scale-interaction discussion by Holland (1995) is
extended here to the mesoscale, leading to a hypothesis
for the importance of mesoscale vortex interaction in
tropical cyclone genesis. The analysis is confined to
monsoon environments, where about 85% of the world’s
tropical cyclones develop, but parts of it may be ap-
plicable also to trade-wind developments. Mesoscale
convective systems are shown to spawn mesoscale vor-
tices, whose interaction with each other and the mon-
soon environment is crucial to the initial development
of the nascent eye and inner rainband. Evidence is
shown that interactions between mesoscale vortices (R
; 100 km) and with the monsoon environment are an
essential component in the development of an eye and
inner rainbands. It is useful to divide tropical cyclone
genesis into three stages.

1) Establishment of suitable climatological conditions:
These necessary, but not sufficient, requirements
have been summarized by Gray (1968). They are
met over the monsoonal genesis regions much of the
time and are not considered further here.

2) Preformation: During this period, which may last
several days, the local environment becomes more
favorable for cyclone development, as described by
Holland (1995). The development and interaction of
mesoscale convective systems predominates during
this stage.

3) Initial development: Formation of a nascent eye and
an inner rainband as a result of the mesoscale in-
teractions initiated during stage 2.

The analysis approach and datasets used in this study
are described in section 2. Section 3 proceeds through
a detailed study of the formation and initial development
of Tropical Cyclone Oliver in the western South Pacific.
The findings in section 3 are confirmed by brief case
studies of Supertyphoon Ed and Typhoon Irving in sec-
tion 4. Conclusions are presented in section 5.
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FIG. 1. Flight tracks of the NASA DC-8 and ER-2 aircraft superimposed on NOAA-12 IR imagery for 2100 UTC 4
February 1993. Also shown are the locations and times (UTC) of the DC-8 aircraft way points.

2. Analysis approach and data

A range of observational tools provided the basic
information for this research. Satellite imagery was
largely derived from the Japanese GMS-4, as archived
at the Australian Bureau of Meteorology Research Cen-
tre, and the NOAA-9 and NOAA-12 satellites. Synoptic
analyses have been taken from operational archives in
the Australian Bureau of Meteorology and the Joint Ty-
phoon Warning Center at Guam. Other data used have
been derived from the following special observational
programs. The special Willis Island (14.88S, 1508E) ob-
servations for Tropical Cyclone Oliver consisted of
10-min PPI scans from a C-band radar and 6-h rawin-
sonde soundings using radar wind tracking and a Vaisala
RS-80 sonde.

The reconnaissance patterns for the NASA DC-8 and

ER-2 aircraft are shown in Fig. 1 superimposed on the
NOAA-12 IR image made at 2100 UTC (LST ; UTC
1 10 h) on 4 February. Of the comprehensive suite of
instrumentation on board the NASA DC-8 and ER-2
aircraft (TOGA COARE International Project Office
1993), we primarily used the in situ temperature and
wind measurements from the aircraft, obtained from the
NASA/Goddard Space Flight Center’s Distributed Ac-
tive Archive Center, together with 14 dropwinsonde
soundings between 1500 and 2200 UTC (splashdown
locations shown in Fig. 9) furnished by the National
Center for Atmospheric Research (Miller 1993). Careful
checking and analysis of the dropwinsonde data pro-
vided a detailed snapshot of the mesoscale thermody-
namic and kinematic structure of the developing Trop-
ical Cyclone Oliver.
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FIG. 3. Best track of severe Tropical Cyclone Oliver.

Except for the Willis Island radar, all the data used
for the Oliver study are either in the archives of TOGA
COARE or at the Australian Bureau of Meteorology.
The Willis Island radar data were recorded especially
for this study and are located at the Bureau of Mete-
orology Research Centre in Melbourne.

To improve identification and tracking of mesoscale
systems, we constructed an animated set of overlays of
the Willis Island radar remapped onto the GMS satellite
image, as shown by the example in Fig. 2. The actual
loop consists of 1–2-h intervals (depending on avail-
ability of GMS imagery) from 0140 UTC 4 February,
when the cyclone was in genesis stage 2, to 1200 UTC
7 February, when Oliver moved out of radar range at
maximum intensity of 950 hPa central pressure (45–50
m s21 maximum winds). We have overlaid pseudo–rain
rates from the radar in cool colors with bright colors
for the satellite-derived cloud-top temperatures for ease
of intercomparison. The calibration of the radar reflec-
tivity versus rainfall rate is approximate. It is clear from
Fig. 2 that it would have been impossible to see the
mesoscale details, including Oliver’s eye formation,
from just the satellite data.

The analysis of the development of Supertyphoon Ed
utilized a series of PPIs of Doppler and radar reflectivity
from the WSR-88D radar located at Guam. The details
of the radar and archival procedure is discussed in Stew-
art and Lyons (1996). For Typhoon Irving, three re-
connaissance flights were made by a USAF C-130
equipped with the IWRS observing system as part of
the TCM-92 field program (Elsberry et al. 1992). Data
have been used from both flight-level observations and
the series of dropsondes that were deployed (see Ritchie
and Holland 1997 for complete details).

3. Development of Tropical Cyclone Oliver

Tropical Cyclone Oliver (Fig. 3) developed in full
view of the Willis Island C-band radar. Six-hourly ra-
diosonde soundings also were made from Willis Island
during this period, and a detailed reconnaissance was
made by the NASA DC-8 and ER-2 during genesis stage
2. Oliver developed during the active phase of the Mad-
den–Julian oscillation (Velden and Young 1994) in the
eastern extremity of a well-defined Southern Hemi-
sphere monsoon trough (Fig. 4). The location and am-
bient conditions were typical of cyclone genesis in the
Australian region (McBride and Keenan 1982). This is
also the region of the monsoon trough identified by
Holland (1995) as being favorable for interactions on
several scales leading to enhanced cyclone development
potential. Earlier, a number of weak monsoon depres-
sions had moved eastward across Australia, then weak-
ened as they crossed the east coast.

By 2 February, a large-scale monsoon low lay 300
km offshore, with a double-branched, divergent upper
outflow overlying the eastern part (Figs. 4a,b). This ba-
sic pattern remained and strengthened during the next

few days (Figs. 4a–f). Such divergent upper outflows
have long been associated with tropical cyclone devel-
opment (Depperman 1947; McCrae 1956). Holland
(1995) has discussed in detail the important scale in-
teractions occurring in the eastern monsoon trough ex-
tremity. Oliver developed out of a complex interaction
of cloud clusters and vortices in this region, to reach
tropical cyclone strength on 5 February and a final max-
imum intensity of 950 hPa at 0600 UTC 7 February
with winds of about 45–50 m s21.

a. Preformation stage

The preformation stage for Oliver extended from the
establishment of the monsoon trough east of Australia
in late January, through 3 February. After a period of
weak and disorganized convective activity, two MCSs
developed on 2 February in low-level convergence on
the northwest side of the surface low. When the main
convection had died away on 3 February, some cyclonic
curvature was observed in the residual clouds. Small-
scale vortices also were found in the Oliver genesis
region as early as 3 February by tracking echoes from
the Willis Island radar. These shallow vortices moved
around the monsoon low, crossing the Willis Island ra-
dar range for short periods. However, there was no ev-
idence of significant mutual interaction or development
of any of these vortices.

Sustained cyclonic vorticity and convergence below
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FIG. 4. Large-scale environment in which Oliver formed, with 850-hPa streamlines on the left and 200-
hPa streamlines on the right: 1200 UTC 2 Feb (a) 850 hPa, (b) 200 hPa; 1200 UTC 3 Feb (c) 850 hPa, (d)
200 hPa; 1200 UTC 4 Feb (e) 850 hPa, (f) 200 hPa.

500 hPa, together with upper anticyclonic vorticity and
divergence, were present throughout the preformation
stage (Fig. 5). The upper-level anticyclonic vorticity
(Fig. 5a) remained quasi-steady during the whole period,
while the lower-level cyclonic vorticity steadily in-
creased. This is consistent with the nonlinear nature of
the Rossby wave source discussed by Holland (1995).
In essence, the advection of vorticity by the divergent
component of the wind concentrates the cyclonic vor-
ticity developed by stretching in the lower levels but
spreads the upper anticyclonic vorticity over a large
region.

We suggest that the marked increase in low-level cy-
clonic vorticity, combined with the sustained upper di-
vergence, set the scene for enhanced development and
interaction of the two major MCSs shown in Fig. 2 and
their associated mesoscale vortices. These interactions
were directly responsible for the birth of the nascent
eye and local rainband structure during the next stage.

b. Initial development stage

Four significant mesoscale vortices of around 100-km
horizontal dimension were identified during 4 February
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FIG. 5. Time–height sections of (a) vorticity and (b) divergence
(after Ritchie 1995) using the BMRC Tropical Analysis System (Da-
vidson and McAvaney 1981). The numbers are areal averages taken
over a box 58 by 108 latitude centered on 15.58S, 1508E and encom-
passing the monsoon low (Fig. 2).

FIG. 6. Tracks of vortices observed prior to and during the MCS
interaction. Positions are indicated at irregular UTC times corre-
sponding to observations from radar (V), aircraft/satellite (n), and
interpolated (M).

FIG. 7. Centroid relative position of the major mesovortices
(A squares, B circles) tracked in Fig. 6.

by tracking echoes on the Willis Island radar. Their
tracks are shown in Fig. 6 with letters designating each
vortex. Vortex A was first observed at 0100 UTC near
14.48S, 150.38E and followed a cyclonically curved
track, moving south, west, and north before moving out
of radar range. It merged with two other small-scale
vortices (C and D) at approximately 0600 and 0800
UTC. Another, stronger vortex (B) was observed at 0600
UTC near 14.58S, 1498E. This vortex propagated north,
then east in a much tighter cyclonic curve than that
followed by vortex A.

Fritsch et al. (1994) and Raymond and Jiang (1990)
suggested that new MCS development could be ex-
pected when the midlevel mesoscale vortices were em-
bedded in a flow with winds decreasing with height.
The faster low-level flow overtakes the vortex and is
forced aloft along isentropes over the cold anomaly,
leading to reinitiation of convection. Depending on the
precise flow conditions, this new MCS could maintain
and intensify the existing vortex, or develop a new vor-
tex. The required vertical structure in the wind field did
not exist early in the preformation stage. The gradual
subsequent development of the monsoon trough (Figs.
4 and 5) led to establishment of a suitably sheared flow

by 4 February, enabling both of the observed midlevel
vortices to develop sustained and vigorous MCSs.

At 1230 UTC the western MCS in Fig. 2b began to
develop in the vicinity of vortex A. The eastern MCS
in Fig. 2b also developed in the same location as vortex
B and was collocated with the vortex throughout the
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FIG. 8. DC-8 flight track (thin solid line) between 1830 and 2145 UTC 4 February, with vector winds at 5-min
intervals (full barb—5 m s21) and streamline analysis (heavy solid lines). Since the aircraft changed altitude several
times, this analysis is indicative of the general flow in the 10–13-km altitude range. The large vortex is denoted by B
in Fig. 6. The zone of shear vorticity associated with vortex A is located by the dashed cross section XY.

remainder of the analysis period. Vortices A and B in-
teracted quite strongly, rotating through 2008 over a
period of 12 h (Fig. 7). This rotation was initially quite
fast but slowed down as the convection associated with
the MCSs developed (Fig. 2). Vortex B subsequently
became the eye of Oliver, and vortex A sheared into the
developing circulation to form a major rainband.

The transformation of vortex B to become the eye of
Oliver can be seen in the series of overlays of radar
data on IR satellite data in Fig. 2. A semicircular eyewall
at the western edge of the eastern MCS had developed
by 1540 UTC 4 February (Fig. 2b). This extended
around the vortex to form a nearly enclosed eye by 0540
UTC 5 February (Fig. 2d), at which stage Oliver was
developing into an intense tropical cyclone. There is a
suggestion of a double-eyewall structure in Fig. 2d, with
diameters of 100 and 35 km. This double structure was
intermittent in nature, and the smaller eyewall domi-
nated for only short periods.

Aircraft data provided a detailed snapshot of the de-
velopment late on 4 February, near to the time of trans-
formation of vortex B into a nascent eye. The streamline
analysis derived from flight track winds at 12 km in
Fig. 8 clearly shows the strong vortex B that has become
the center of Oliver’s circulation. Vortex A appears as
a region of pronounced shear vorticity on the edge of

vortex B (cross section XY in Fig. 8) and near to the
downstream end of the former MCS (Fig. 2) that sheared
into a major rainband. Analysis of surface pressures and
winds from DC-8 dropwinsondes (Fig. 9) shows that
the main vortex B had extended down to the sea. An
elongated low pressure zone was collocated with the
radar center. Also present just downstream of the main
convective region was a sharp surface ridge (see X in
Fig. 9), which probably arose from cool downdrafts.
Vortex B seems to have developed to the surface in the
subsidence region around the edge of the convection,
not in the saturated downdraft area associated with this
mesoscale high pressure region. Although this happened
6 h prior to tropical cyclone designation, observed cen-
tral pressure was near 990 hPa, with maximum surface
winds exceeding 20 m s21.

c. Thermodynamic evolution

The evolution of the thermodynamic fields during the
initial development of Oliver can only be inferred, as
sufficient data for proper analysis were only available
during the aircraft reconnaissance period. Combined
streamline and isotherm analyses of dropwinsonde data
for the DC-8 flight are shown at eight levels in Fig. 10
and these are complemented by four levels of streamline
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FIG. 9. Dropwinsonde surface pressure analysis (hPa) and vector winds (full barb—5 m s21) superimposed
on GMS infrared image at 1740 UTC 4 February; C denotes the location of the vortex center, and the X
indicates the sharp ridge (see text). UTC times of dropwinsonde splashdown are indicated at the head of
each wind vector.

and isodrosotherm analyses in Fig. 11. We have taken
the dropwinsonde observation of a central pressure of
992 hPa, together with relatively light winds of 5 m s21

at the center (Fig. 9), and indicated this by C on all
analyses in Figs. 9–11. We also indicate warm anom-
alies by W1 and W2, and moist/dry anomalies by
M1/D1.

Since the 14 dropwinsondes used in this analysis were
released over a 7-h time interval, spatial gradients an-
alyzed in the temperature and moisture fields may reflect
some contributions from horizontal advection and local
time change effects. Dropwinsonde releases made dur-
ing the latter part of the period probably reflect some
strengthening of Oliver’s winds. Oliver was nearly sta-
tionary through this period, so the center location should
be accurate and advective effects due to system trans-
lation are likely to be small.

A deep and well-developed main vortex is obvious
in Figs. 9, 10, and 8. While the location of the secondary
vortex (A in Fig. 6) is clear in the flight-level winds of
Fig. 8, the dropwinsonde resolution is insufficient to
locate it as more than a broad expansion of the stream-
lines at lower levels. Two bands of strong winds are
evident at most analysis levels. The strongest winds lie
along the southern side of the vortex, with maxima of
35 m s21 at 2.5 km (750 hPa) observed in one drop and

47 m s21 at 3.5 km (650-hPa level) observed at another
nearby site 30 min later. A secondary band of winds
exceeding 25 m s21 lies to the north of the main vortex
in the vicinity of the deformation shearing of the sec-
ondary MCS and associated vortex.

A broad warm anomaly covers the vortex region (Fig.
10). The main warm core, W1, is rather compact, rel-
atively contiguous in the vertical, and generally located
to the south-southwest of the main vortex up to the
8.0-km level. Above 8 km, this main warm core shifts
eastward and becomes more established slightly north-
east of the vortex center. Maximum temperature anom-
alies range from 138C at 1 km to 158C at 2.5 km.
There is a smaller positive anomaly of 128C at the
7.5-km level, then a second maximum of 148C at the
8.0- and 9.6-km levels. The lower-level warming is lo-
cated on the edge of the main convective region, while
the upper anomaly is well within this convective region.

A secondary warm core, W2, also is evident at the
2.5-, 4.3-, and 9.6-km levels. This feature is located
along the southern edge of the western MCS (Fig. 9)
in the low levels and within the main convective region
at upper levels. The smaller amplitude and lack of well-
defined vertical contiguity is consistent with our analysis
of the western MCS and vortex being sheared into and
consumed by the more vigorous eastern MCS and vor-
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FIG. 10. Mesoscale temperature and wind analysis with vector winds (full barb—5 m s21), streamlines
(solid lines), and temperature (8C, dashed contours) for constant height surfaces of (a) 1.0, (b) 2.5, (c) 4.3,
(d) 5.0, (e) 5.8, (f) 7.5, (g) 8.0, and (h) 9.6 km. Here, C denotes the location of the main vortex center at
the surface.

tex. The moisture analysis in Fig. 11 has a well-defined,
deep moist region (M1) associated with the eastern MCS
and a secondary, weaker moisture maximum (M2) as-
sociated with the western MCS. A large dry zone is
collocated with the convectively suppressed region be-
tween and poleward of the two MCSs with dewpoint
reductions of over 58C from the moist maximum. The
transition from moist to dry zones is very sharp, and a
dry slot extended around the western and northern edge
of the main convective system. The dry zone is indic-
ative of a local subsidence regime.

However, analyses of integrated column divergence
in the zones indicated by A, B, and C in Fig. 10a by
G. Mace (1996, personal communication) indicate a
more complex process. Mace estimated divergence in
25-hPa increments between 900 and 300 hPa using a
piecewise linear regression technique, then integrated
to obtain column mean values. The southern triangle,
A, contained divergence of 2.3 3 1025 s21, whereas both
B (526.6 3 1025 s21) and C (522.7 3 1025 s21) were
convergent. These coarse calculations link implied sub-
sidence with initiation of the dry slot, which then seems

to be largely maintained by advection and shearing de-
formation around the developing cyclone vortex.

The vortex tilts slightly in a cyclonic spiral, first to-
ward the north, then to the southeast, so that the upper-
level center is located almost due east of the surface
one (Fig. 10). This tilt is mirrored by the main warm
core, which executes a large spiral while remaining at
the edge of the vortex at all levels. The surface pressure
analysis in Fig. 9 clearly places the vortex center and
warm core in the relatively cloud-free region. The warm
core lies just downstream of the convective band and
the vortex lies within its crook, both within relatively
dry air. At the highest analysis level of 9.6 km (Fig.
10h) the vortex center becomes collocated within the
very active convective region (cf. Fig. 9). The warm
core at upper levels extends across both the moist con-
vective region and the adjacent dry, suppressed region.
The warm core at 5, 7.5, and 8 km (Figs. 10d, f, and
g) broadly encompasses both the moist convective re-
gion and the adjacent dry, suppressed region (Figs. 11b,
c, and d). The moist anomaly, M1, at these three levels
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FIG. 10. (Continued)

may in fact indicate a partial eyewall segment in its
formative stage.

These features indicate that both adiabatic and diabatic
processes are contributing to the warm-core development.
Subsidence is the only viable process for maintaining the
low-level warm anomaly in almost entirely clear air. At
intermediate and upper levels both adiabatic subsidence
and latent heating appear to contribute. At the top analysis
level (Fig. 10h) almost all of the main warm-core anom-
aly is located in convection, indicating a dominance by
diabatic heating. Calculations of equivalent potential tem-
perature in this region support vertical transport of high
enthalpy air from near the surface to this level. Malkus
(1958) calculated these relations for two mature storms
with physically similar results.

The offset relation between the warm anomaly and
vortex center and their consistent change of orientation
with height is curious and worthy of further investi-
gation beyond the scope of this analysis. The offset,
plus the highly asymmetric winds with a midlevel max-
imum is indicative of a system in an unbalanced state
during a phase of rapid transition. The following section
examines some of the dynamical processes during the
initial development of Oliver.

d. Dynamical processes

Holland (1995) provided an overview of the complex
scale interactions that lead to cyclone formation in the
monsoonal western North Pacific. He concentrated on
interactions occurring at the synoptic to subsynoptic
scale, but also hypothesized that mesoscale vortices on
the scale of approximately 100 km play a crucial role
in storm genesis once the larger scales have been es-
tablished. In this scenario, the commencement of stage
2 of tropical cyclone development resembles the ‘‘land
hurricane’’ cases documented by Fritsch et al. (1994).
The Oliver case provides strong support for this hy-
pothesis.

While there are uncertainties in the analysis, there is
no doubt that several mesoscale vortices developed in
the pregenesis environment. These vortices interacted
strongly and were associated with subsequent regener-
ation of MCSs and ultimately the formation of the nas-
cent eye.

The rotation and merging interaction of the two vor-
tices has been shown in Figs. 6 and 7. The actual merger
process can best be visualized from the time history of
the cloudy region outlines for the two major MCSs in
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FIG. 11. Mesoscale dewpoint and wind analysis with vector winds (full barb—5 m s21), streamlines (solid
lines), and dewpoint temperature (8C, dashed contours) for constant height surfaces of (a) 1.0, (b) 5.0, (c)
7.5, and (d) 8.0 km. Here, C denotes the location of the main vortex center at the surface.

Fig. 12. The MCSs initially develop as two distinct
structures that rotate cyclonically around each other and
the ambient monsoon low. As the eastern MCS becomes
dominant, the western system undergoes strong shearing
deformation and evolves into the major rainband. The
barotropic mechanisms involved have been extensively
investigated by Lander and Holland (1993), Ritchie and
Holland (1993), Holland and Dietachmayer (1993), and
Holland and Lander (1993).

In essence, the circulation from each vortex both ad-
vects and exerts a shearing strain on the other. De-
pending on the conditions, this may lead to merger in
which one vortex is sheared into the other. Wang and
Holland (1995) have also shown that tilting of the vor-
tices by the vertical wind shear enhances the merger
process, with influence extended over larger ranges.
This tilting also inhibits development during the inter-
acting phase by offsetting the warm core. However, rap-
id development then follows the initiation of merging.

An additional level of interaction is evident in Fig.
12 and especially in the more detailed composite im-
agery in Figs. 2 and 9. The main vortex (B in Fig. 6)
remains on the side of the major convective region at

lower levels. This apparently leads to a shearing defor-
mation of the convective region to form first a hooked
cloud band (Figs. 2b and 9) and ultimately an eyewall
(Figs. 2c, 2d, and 12f).

A further requirement that has received scant atten-
tion is the method whereby the midlevel vortices can
extend to the surface to set off the ocean interaction
that is crucial to development of a severe tropical cy-
clone. The development of the surface vortex to one
side of the main convective region in a region of gen-
erally warm anomalies (Fig. 10) indicates that the in-
hibiting effect of low-level cold pools may not have
been significant. This process is clarified by use of the
baroclinic model of Wang et al. (1993). This is a five-
layer primitive equation model run on an f plane valid
at 158N. The detailed numerics and model construction
are described in Wang et al., and the method of con-
structing the midlevel vortices is described in Ritchie
(1995).

The effect of background vorticity is illustrated by
Figs. 13a,b and Fig. 14a. When equal midlevel vortices
merge without diabatic heating or imposed background
vorticity, the process can be divided into two stages:
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FIG. 12. Outline of the main cloud regions indicating the history of the interaction between the
two major MCSs involved in the development of Tropical Cyclone Oliver during 4–5 February:
(a) 1200, (b) 1500, (c) 1800, (d) 2100, (e) 0000, and (f) 0300 UTC.

merger and axisymmetrization. No intensification oc-
curs during merger, although there is some downward
development (Fig. 13a). The initially asymmetric system
then continues to relax back to symmetry, evacuating
mass by shedding fluid filaments and contracting in size.
The resulting vortex is deeper and stronger than either
of the original vortices (Fig. 13b), but it does not pen-
etrate down to the surface. Placing the vortices in a
stronger background of 3f substantially improves the
efficiency of the merger, as shown in Fig. 14a. The
increased background vorticity provides an environment
for more rapid and efficient merger of the vortices with
little horizontal filamentation. Thus mass evacuation is
increased into the adjoining layers, increasing the ver-
tical extent of the vortex. In this case merger increases

the vertical extent of the resulting vortex such that a
connection with the surface was established. If one of
the vortices is stronger than the other, barotropic results
show that the stronger vortex dominates the interaction.

Inclusion of a simple diabatic heating in this model
considerably enhances the interaction process. This is
illustrated by repeating the above experiment but allow-
ing heating in the model to switch on after a threshold
of surface vorticity is exceeded. This results in rapid
development of the vortex through the troposphere with-
in 72 h (Fig. 14b). Merger occurs at all levels and is
followed by a rapid return to a symmetric, vertically
coupled vortex. Compared with the adiabatic case, the
asymmetric stretching term in the diabatic case acts to
bring the vortices together more rapidly in the lower
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FIG. 13. Radial average of vorticity for merger of midlevel vortices in the baroclinic model
with no background vorticity and no diabatic heating: (a) 72 and (b) 120 h (contours: 2.0 3
1025 s21).

levels. The merged vortex shrinks, markedly intensifies,
and develops a maximum amplitude near the surface.
Horizontal advection also provides a smaller, but sig-
nificant, contribution to the merger and vertical advec-
tion helps maintain the vertical structure.

These baroclinic results are indicative of the pro-
cesses occurring and elucidate the sequence of events
observed for Tropical Cyclone Oliver. Additional work
is needed using more sophisticated models to examine
the detailed processes involved. Nevertheless, the fore-
going Oliver analysis illustrates an important mesoscale
consequence of the increase in background vorticity by
the development of the monsoonal trough (Fig. 5). Tra-
ditionally, this has been associated with increased heat-
ing efficiency by moist convection following the as-
sociated reduction of the deformation radius. Devel-
opment of the monsoon trough also has an important
role in enhancing the potential for merger, vertical de-
velopment, and intensification of mesoscale vortices.

4. Other examples of mesoscale processes in
tropical cyclone development

While this study has concentrated on Tropical Cy-
clone Oliver, we suggest that the mesoscale vortex in-
teractions are crucial to the majority of, if not all, cy-
clone developments in monsoon environments. To em-
phasize this point, we present here brief analyses of two
other cyclone development cases. These storms were at
opposite ends of the intensity spectrum. Supertyphoon
Ed (1993) was developing rapidly through the genesis
stages as it crossed the northern tip of Guam on 30
September 1993, while minimal Typhoon Irving strug-
gled for 5 days of vortex interactions before reaching
tropical storm intensity on 2 August 1992 and a mini-
mum-strength typhoon the following day. The best
tracks of both cyclones are provided in Fig. 15.

a. Supertyphoon Ed

Supertyphoon Ed (Fig. 15a) was the first tropical cy-
clone to be observed by one of the new WSR-88D
Doppler radars when it developed through genesis
stages 1–3 within view of the Guam (KGUA) radar
during 30 September 1993 (Stewart and Lyons 1996).
The surface synoptic maps (not shown) indicate that
Guam was in a confluent flow with cyclonic shear vor-
ticity on 26 September. This was followed by a weak
col between two lows until 29 September, when the col
had drifted to the northwest and low-level cyclonic in-
flow was covering the region. Low-level winds were
weak and variable. Late on 29 September, the mesoscale
convective complex that was to become Ed moved out
of an upper-level col into a region of strong diffluent
flow. The easterly upper-level winds also decreased to
5–8 m s21, permitting Ed’s circulation to remain more
vertical and the deep convection to remain more cen-
trally concentrated around the circulation center. Ed de-
veloped to tropical storm strength on 30 September and
then into a supertyphoon with intensity of 72 m s21

maximum winds on 4 October.
With enhanced hourly GMS images and the radar,

we were able to identify 100–200-km mesoscale vor-
tices starting on 29 September during the early devel-
opment stage of Ed. By looping these images, vortices
could be seen rotating around each other. Some clearly
merged, but the time resolution on the available sat-
ellite and radar pictures precluded clean tracks and
merger locations. The presence of mesovortices in the
developing eyewall has been documented by Stewart
and Lyons (1996). Once the typhoon developed, vor-
tices associated with convective bursts were on the
scale of 2–5 km across. These bursts cause eye asym-
metries and higher wind gusts that may occasionally
penetrate the eye.
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FIG. 14. Radial average of vorticity for merger of the same midlevel vortices used in Fig. 13
but with a background environment equal to 3f and with heating turned on at 72 h: (a) adiabatic
merger to 72 h and (b) diabatic intensification to 120 h (contours: 2.0 3 1025 s21).

b. Typhoon Irving

Typhoon Irving (Fig. 15b) developed in late July 1992
during the TCM-92 field experiment (Ritchie and Hol-
land 1997). Identification and examination of the impact
of mesoscale systems was a primary aim of TCM-92.
Three air force C-130 research flights were made into
the pre-Irving system during the week preceding trop-
ical-storm designation (Elsberry et al. 1992; Dunnavan
et al. 1992). Irving developed in a relatively hostile
environment by climatological standards. Anomalously
high pressures of 1010–1012 hPa extended over the
entire monsoon trough region east of the Philippines for
all of July. There was no evidence in the charts (not
shown) of the large-scale region of enhanced low-level
cyclonic vorticity usually associated with the western
North Pacific monsoon trough, and upper-level condi-
tions were generally nondivergent.

The systems giving rise to Irving were first observed
as two weak, synoptic-scale, low-level circulations more
than a week before Irving developed. These are shown
as LLC1 and LLC2 in Fig. 16a for 29 July. Both had
strengthened gradually over the previous few days,
while propagating slowly poleward, rotating cycloni-
cally about each other, and converging. They merged
in the next 24 h to form the pre-Irving depression (Fig.
16b). Vigorous convection developed during this pro-
cess and was marked by growth and interactions of a
number of MCSs within the tropical depression circu-
lation. The aircraft reconnaissance centered on 0800
UTC 1 August confirmed the presence of several regions
of enhanced midlevel vorticity embedded in a broad,
elongated, low-level cyclone (Fig. 17).

Ritchie and Holland (1996) have documented the
development of the initial disturbance to tropical-storm
strength, including several ‘‘snapshot’’ views of the
associated interactions between both synoptic-scale
and mesoscale vortices. Their analysis suggested that
the overall flow structure at 500 hPa developed as a

result of mesoscale vortex development and interaction
associated with the development and decay of MCSs
over several days (Fig. 17). This interaction and its
downward penetration was enhanced by the increased
background rotation provided by the merger of LLC1
and LLC2. Thus, although Irving was never located in
a favorable environment for tropical cyclone devel-
opment, vortex interactions enabled the slow devel-
opment of a minimal typhoon. This type of situation
is encountered several times per season in the North
Pacific.

5. Conclusions

The scale-interaction study of Holland (1995) has
been extended to the mesoscale. The strongest evidence
was provided by Tropical Storm Oliver. To our knowl-
edge, Oliver was the first cyclogenesis in stages 2 and
3 caught by research aircraft. A major finding relates
to the role of the mesoscale vortices that are spawned
by MCSs in a region with strong background vorticity.
These mesoscale convective vortices, or MCVs, develop
primarily in midlevels near the base of the trailing strat-
iform anvil of the MCS. As described by other authors
(Raymond and Jiang 1990; Fritsch et al. 1994), latent
heating occured in the stratiform cloud and evapora-
tional cooling was caused by failing rain below cloud
base. Thus, stretching and tilting from mesoscale con-
vergence, combined with sharpening of the potential
temperature gradient near the cloud base, produced a
potential vorticity anomaly. When more than one vortex
forms in a region of several MCSs, they interact in a
complex and stochastic manner with each other and with
the monsoonal environment. Examples of the complex-
ity of this behavior may be found in Holland and Lander
(1993), Ritchie and Holland (1993), Holland and Die-
tachmayer (1993), Lander and Holland (1993), and
Wang and Holland (1995).
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FIG. 15. (a) Enlarged view of Supertyphoon Ed’s
track across Guam with date–time in UTC, 6-h
speed of motion (kt), and intensity (kt), from Stew-
art and Lyons (1996); (b) best track of Typhoon
Irving with across indicating 0000 UTC positions
and dates and indicating 1200 UTC positions.

Several short-lived MCVs were observed in the early
preformation stage of Tropical Cyclone Oliver. The
vertical wind shear in the weak monsoon trough was
not suitable for regeneration of convection by these
vortices, which passed in and out of radar range and
seemed to have little direct contribution to the cyclone
development. After a period of several days during
which the monsoon trough strengthened, four vortices
were observed to interact and develop. Three of these
vortices initially merged, leaving two strong systems
that continued to orbit around each other and around
the broad monsoon low in which they were embedded.

Following a period nearly free of associated convec-
tion, these vortices initiated two very active MCSs.
The vortices and MCSs subsequently merged, with one
becoming the nascent eye of Oliver and the other ex-
periencing strong shearing deformation to become the
major spiral band.

The interacton between these mesoscale systems was
shown as inherently stochastic, with the degree of de-
terminism established by the environment. An impor-
tant environmental condition was the favorable low-
level vertical wind shear over the MCVs that enabled
the development of the large MCSs. Further, the grad-
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FIG. 16. Vector and streamline analyses at 950 hPa for 0000 UTC on (a) 29 July and (b) 30 July 1992 showing the merger of synoptic-
scale vortices prior to the development of Typhoon Irving.

FIG. 17. The 500-hPa streamline analysis of vortices associated with several MCSs within the
pre-Irving depression superimposed on infrared satellite imagery at 0600 UTC 1 August. The flight
data were collected over a 12-h period centered near the time of the satellite image. Shading is
for cloud-top temperatures less than 208 K (2658C). Note again that eye forms at edge of MCS.

ual spinup of the monsoon trough led to an increase
of cyclonic vorticity in low and midlevels, and an as-
sociated reduction of the local Rossby radius of de-
formation. Earlier studies (Ooyama 1982; Schubert et
al. 1980) have noted the importance of the reduction

of the deformation radius in suppressing gravity waves
and enabling convective heating to be transferred to
local rotation and vortex spinup. In the Oliver case,
this also provided enhanced conditions for the devel-
opment of the midlevel vortices down to the surface
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APPENDIX

List of Acronyms.

BMRC Bureau of Meteorology Research Centre
COARE Coupled Ocean–Atmosphere Response Experiment
GMS Geostationary Meteorological Satellite
IR Infrared
IWRS Improved Weather Reconnaissance System
LLC Low-level cyclone
MCS Mesoscale convective system
MCV Mesoscale convective vortex
NASA National Aeronautics and Space Administration
NOAA National Oceanic and Atmospheric Administration
PPI Plan position indicator
TCM Tropical cyclone motion
TOGA Tropical Oceans Global Atmosphere
USAF U. S. Air Force

to initiate cyclogenesis, a process that was aided by
suitable upper divergence and lack of strong vertical
wind shear.

In conclusion, the development of, and interactions
between, mesoscale vortices and associated convec-
tive systems was an integral component of the genesis
of Tropical Cyclone Oliver. These interactions are es-
sentially stochastic in nature but are enhanced by the
presence of a monsoon trough with its low-level cy-
clonic flow. Importantly, the intense MCSs that were
associated with the development of Oliver, and which
have been associated with most cyclone development
(Ritchie 1995), were generated by preexisting me-
soscale vortices. The results for Oliver have been
shown to be applicable to the development of two
tropical cyclones in the western North Pacific. These
mesoscale processes combined with the larger-scale
interactions described by Holland (1995) may be in-
tegral to nearly all tropical cyclone genesis in mon-
soon environments. Additional early development
cases should be sought and investigated for these
types of vortex interactions.
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