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Abstract

The characteristics of the upper (200 mb) and the lower (850 mb) tropospheric wind fields for the
period between July and October 1980 over the tropical western Pacific are analyzed, focusing on
typhoon formation. GMS satellite wind data and rawinsonde data are used to produce the grid point
wind fields. The MASCON model (Dickerson, 1978) was used to adjust the interpolated lower wind
fields,

Most of the typhoons and tropical storms that occurred during 1980 originated from easterly wave
disturbances in the ITCZ. The easterly wave disturbances move in a westward direction before re-
curving and propagating north and northeastward along the region of large high cloud amounts in
which they develop into storm intensity. The origin of the wave disturbances is traced back to as far
as near or east of the international date line. The intensity of a given wave disturbance in its early
stage is not related to the intensity at its most developed stage, Whether the disturbance develops
to tropical storm intensity or not is related to the large scale wind fields surrounding the disturbance.
Development of easterly wave disturbances into tropical depressions and storms ocenrs around the
area where the easterlies from the east are confluent with both the westerlies from the west and the
southerly winds form the southern hemisphere. This confluence area moves eastward and westward
over a period of 10 to 30 days and most of the typhoons and tropical storms appear when the westerly

wind region expands eastward.

1. Introduction

The formation of typhoons, in spite of enormous
efforts of past researchers, has not been clearly un-
derstood due to the deficiency of observational sta-
tion data over the tropical region. Recent devel-
opments in wind vector analysis from geostation-
ary meteorological satellite (GMS) images have in-
creased the amount of wind information in this re-
gion.

According to early studies by Yanai (1961, 1968)
and other research works. typhoon formation is con-
sidered to be correlated with easterly wave distur-
bances. while Fett (1968) examined the relationship
with the intertropical convergence zone (ITCZ). In
a more recent study the role of cloud clusters was
investigated by Muramatsu (1985). and upper-level
phenomena such as wave disturbanees (Kuroda,
1981), the cold vortex (Shimamura, 1981) and the
tropical upper tropospherie trough (TUTT; Sadler,
1976, 1978) were also examined. Love (1985) ex-
amined the cross equatorial flow in relation to ty-
phoon developments while Nakazawa (1986) studied
intraseasonal variations of cloud activities. Typhoon
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development related to the amplitude modulation
phenomena of short-term tropical disturbances was
investigated by Yamazaki and Murakami (1989). All
of the above factors relating to typhoon development
may not be independent of each other. However,
fromn present knowledge, it is difficult to say which
one or ones are the most important for typhoon for-
mation.

In the present paper, typhoon formation in the
equatorial western Pacific area was analyzed to elar-
ify what factor is most closely correlated with ty-
phoon formation, using the more reliable wind fields
as the composite of the GMS wind vectors ana-
lyzed by the Japan Meteorological Satellite Cen-
ter (JMSC) and land station data for 1980. This
year was not an El Nifio vear and was classified into
cold SST summer by Nitta (1987). Most of tropical
storms, including typhoons, are generated in low lat-
itudes of 8N~16N and this can be regarded as nor-
mal conditions, The development of 11 typhoons
(maximum wind speed >64 knots) and 5 tropical
storms (34 63 knots) occurred from July to October
of 1980. Besides these, during this period, thirteen
tropical depressions (<33 knots) appeared over the
western North Pacific area but did not develop into
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tropical storms.
2. Data and method of analysis

GMS cloud wind vector data were acquired at
the cirrus and the cumulus levels which correspond
to the 200 mh and 850 mb level wind, respectively
(Hamada, 1982). The station rawinsonde data at
the 200 mb and 850 mb levels were incorporated into
the upper and lower level satellite wind data. The
wind fields at 00Z were mainly used for analysis dur-
ing the period from July to October of 1980. When
the number of observations at 00Z was sparse, the
data at 12Z were additionally analyzed and substi-
tuted. On the average there were 250 wind data at
the upper level and 290 data at the lower level for
every map time in the equatorial area (20S-30N and
90E- 1T0W). Approximately a half of them were land
station wind data. Since the spatial distribution of
the data was not uniform, they were interpolated to
grid point data of 1°x1” in latitude and longitude
using the interpolation method shown by Dickerson
(1978). The interpolation formula for the wind field
is as follows,

N N
Vi=2_ Vieap(—fr;*)/ 3_exp(=pr)?). (1)

i=1 j=1

Where V; is the calculated i-th (east-west or north-
sonth) component of the wind velocity estimated at
the grid point, Vj; is the i-th component of wind
velocity at j-th station and r; the distance from the
grid point of j-th data of N closest observations.
The constant 4 is the weighting parameter. After
several numerical trials, values of 10-'? for 3 and 5
for N were chosen for the present study.

The interpolated fields of upper wind vectors were
directly used for analysis. However, the lower level
wind field obtained by the above mentioned manner
is irregular owing to the low level wind complexity
caused by the surface topography of large islands or
continental peninsulas. Therefore, the lower level
wind fields were readjusted or smoothed indepen-
dent of the upper wind fields using the Mass Con-
sistent Atmospheric Flux (MASCON) model devel-
oped by Dickerson (1978). based on the variational
technique of Sasaki (see the lecture note, 1979).

This model basically adjusts the initial field to
satisfy the mass continuity equation by a variational
method. The variational function is expressed as

T 1o (4 = ug)? + oy % (v — vy)?

+ o (w — wo)® + MO(hu)/Ox
+  O(hv)/0u + w}] dedy

I

where A is the Lagrangian multiplier, which is a
function of the observational errors and deviations
from the constraint. The Gaussian precision moduli
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ay? and as? are related to the effects of horizon-
tal and vertical velocities, respectively. The initial
zonal, meridional and vertical velocity are given by
thy, Vo, Wy, Tespectively, and u, v, w, are the adjusted
velocities. The depth of inversion layer is given as
h=H,,,—H, . where H,,, is the height of the inver-
sion layer and H,, the height of surface topography.

In this formulation, w represents outflow through
the base of the inversion. The initial vertical veloc-
ity wyg is assumed to be zero over the entire domain
and values of uy, vy are interpolated using Eq. (1).
The height of the inversion layer is not measured
and is assumed to be a constant value of 3100 m,
slightly higher than the highest mountain in the do-
main. The lateral boundary condition is such that
the adjusted velocities are equal to the observed val-
ues, which is satisfied by making A to vanish at the
boundary. The Gaussian precision moduli whose
ratio is used to simulate the atmospheric stability,
must be decided in advance. Although the results
are very sensitive to the value of the ratio, (a;/ag)?,
there is no clearly formulated method to decide this
value. After the following consideration, the value
of 0.01 was adopted for the ratio (a;/a3)? in this
study.

Statistically, a;? and as? correspond to the re-
ciprocal of the sum of the error variance of the ob-
served and analytical values. Therefore, as? is es-
timated from the integral of the square of the dif-
ference between the adjusted and observed vertical
velocity, where the adjusted value is calculated with
the proper initial value of as. Further, a;? is es-
timated from the sum of the meridional and zonal
components of the wind velocity in the same manner
as the vertical component. The process was iterated
several times, and the final values of oy? and ay?
were obtained,

On the other hand, the values of &y ? and as? can
also be determined by minimizing the error variance,
by changing the ratio of (a;/ag)?. This method of
determining the ratio is considered to be similar to
that of Barnard and Weglay (1987). They found
values of these parameters through an optimization
procedure, In their results, the optimum values had
an obscure relationship to the actual atmospheric
stability. and the parameters varied with different
cases. In the present study, however, the values of
oy and ey are chosen to be constant as shown above,
for every case, since the scale of the grid in this study
is larger than theirs.

3. Typhoon tracks and flow patterns during
July-October 1980

The distribution of four-month averaged amount
of high cloud during the period from July to Oc-
tober, 1980 is shown in Fig.1. This is obtained
from the 5-day mean high cloud amounts derived
from a histogram of infrared equivalent Black Body
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Temperature (Tgg) data by GMS within a 17 lati-
tude/longitude area. Cloud amount is given as the
ratio (multiplied by ten) of the number of cloud pix-
els to the total number of pixels in the area. The
amount of high cloud is estimated from the cloud
pixels whose Ty are lower than the air tempera-
ture at the 400 mb level. The amount of high clond
defined m this way is shown to be a good indica-
tor of convective activity and the rate of precipi-
tation over the tropical oceans (Nitta, 1987). The
high convective activity area ( >2 ) extends zonally
between 5N~10N, corresponding to the ITCZ. A
branch of high clouds extends south-eastward cross-
ing the equator to the east of New Guinea (around
58, 155E). This branch is a part of the so called
South Pacific Convergence Zone (SPCZ). Another
high cloud is located in the Bay of Bengal.

Fig. 1. Four-month mean high cloud amount
over July, August, September and Octo-
ber 1980. Contour interval is 0.5 and the
contours greater than 2.0 are drawn.
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During the period of the present analysis, 29 trop-
ical depressions were formed with 16 developing to
ahove tropical storm intensity (T5), 11 of which
reached typhoon intensity (T). The tropical storms
(including typhoons) are numbered by the JMA for
each calendar vear. The 13 tropical depressions
(TD) which did not develop to tropical storm inten-
sity were labeled separately from A to M for the pur-
poses of this paper. They are hereafter termed “non-
developing cyclones™, while both typhoons and trop-
ical storms are termed “developing cvelones”. De-
veloping and non-developing cyclones are together
termed “tropical eyclones” in this paper. The paths
and the positions of all of the tropical cyclones at
09JST are shown in Fig, 2.

Most of the tropical eyclones first appeared in the
area around 140E-160E, 5N- 20N and moved west-
nort hwestward and then recurved to the east around
20N~30N. Some non-developing cyclones appeared
in the far west area of 140E compared with other
eyclones and move west-northwestward, and tracked
over land and weakened, It required about 1 to 3
days for tropical depressions to develop into trop-
ical storm intensity and about 2 days for tropical
storms to reach typhoon intensity. The tropical de-
pressions traveled less than 10° of longitude along
the northwestward path before they developed to
tropical storm intensity.

In order to study the relationship between the
wind field and tropical cyclone formation, 10-day
mean wind fields were compiled from the daily wind
fields described above. The 10-day mean was cho-
sen ta be long enongh to eliminate the effect of small
scale tropical disturbances on the mean fow. They

Fig. 2. Tracks of tropical evelones between July and October in 1980, Large open circlos, closed cireles and
circles with a dot show the position where the wave disturbance develops into a tropical depressions,
tropical storm and typhoon intensity, respectively. Small open circles show the positions at 007Z.
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are shown in Fig. 3 for both the 850 mb and 200 mb
levels. In this figure the area of 10-day mean high
cloud of amount greater than 4 is also shown by
contour lines with the wind fow pattern.

The upper level wind fields reveal conspicious an-
ticyclonic outflow from regions of large high cloud
amounts. In general, the center of the outflow is
located near the equatorial region east of the 140E
line, except for the cases when the cloud regions
shifted northward (Fig. 3g, 3i). At the end of July
(Fig. 3¢), the cloud area around 10N is broken and
a new cloudy area is seen around 22N, 153E, There
appear two centers of outflow in this case. One is
around 28N, 150E and one is around 10N, 170E. In
Angust(Fig. 3d, 3e, 3f) and early October (Fig. 3j)
the upper tropospheric trough can be distinguished
around the north-east region of the analyzed area.
This trough was located north or northwest of the
center of the outflows.

On the other hand, the lower wind fields are char-
acterized, as seen in the beginning of the analyzed
period in July (Fig. 3a, 3b), by westerlies from the
western part of the analysis area, easterlies from
the eastern boundary and southerly winds from the
southern hemisphere. These flows converge in the
area 0~20N and 120E~140E, and then propagate
northward, forming the cloudy region that extends
from the sontheast to the northwest in the equato-
rial region. lu early September (Fig. 3g), the west-
erly wind region together with sonth-westerly region
is located to the norch and as far east as the 140E
line, while the cloudy region moves slightly north.
During mid October (Fig. 3j) the westerly wind re-
gion is no longer observed, and the area is domi-
nated by easterly wind at the end of October. In
this period, southerly winds increased and the con-
vergence area shifted to 0~10N and 120E~160E. In
October it appears that the position of the cloudy
region and the centers of outflow in the upper layer
shift slightly south, however, the seasonal changes
are not very pronounced,

4. Variations in the wind fields and formation
of tropical cyclones

4.1 Zonal wind in the zone around 10N

In the previous section it was found, in most
cases, that low level westerlies and easterlies in the
zone S5N~15N along with the flow from the southern
hemisphere converge at a certain point and flow into
the higher latitudes. This convergence area mostly
coincides with the center of high clouds. From this
high clouds region anticvelonic outflows are seen in
the upper level wind field. The time-longitudinal
sections of the averaged zonal wind between 5.6N
and 12.5N for lower and upper wind fields are shown
in Fig. 4. The thick lines in these figures indicate the
longitudinal positions of tropical cyclones within the
zone from 5N to 30N. The small closed circle is the
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point of first appearance of a tropical depression.
This occurs at the time of the intensification of the
lower westerly wind, near the eastern boundary of
the westerly region. The large closed circle is the
point where a tropical depression developed into a
tropical storm, which is seen near the boundary in
lower westerly region. On the other hand, in the
upper wind fields, it is in the easterly wind region.
Slightly east of the convergence zone in the lower
wind field, a divergence point in the upper wind field
can be found.

4.2 Dwergence and vorticity fields

In the preceeding subsection, it was shown that
the majority of tropical depressions develop into
tropical storms at the eastern boundary of the west-
erly wind region in the lower wind fields. The
boundary of westerlies and easterlies in lower wind
fields may be considered as the boundary of tropical
zonal circulation cells. Most of the tropical cyelones
propagate westward, even in the region with west-
erly winds at the lower level. The majority of the
developing cyclones can be traced upstream in the
zone of casterly wind. Therefore, the origin of the
tropical cyclones should be located in the easterlies,
even though their development is affected by large
scale tropical zonal circulations,

Divergence and vorticity fields are compared for
the lower and upper wind fields in time-longitude
sections in Figs. 5 and 6. From these figures, west-
ward propagation of divergence and convergence
zones can be seen crossing the boundary of the lower
westerly and easterly winds. Around a tropical cy-
clone, convergence at lower level and divergence at
upper level are seen. Most of tropical cyclones can
be traced far to the east, and some of them to the
eastern boundary of analysis region at 170E. The
westward propagation is more clearly seen in the
relative vorticity fields. Lower positive and upper
negative vorticity regions are moving westward with
tropical cyclones, and these regions are seen before
their appearance as tropical depressions such as the
cases for TS8007, T8008, T8009. These regions ap-
pear at the same longitudinal position with an inter-
val of 3 to 6 days and move westward with a speed
of about 5~10° longitude per a day. These distur-
bances appear to have similar characteristics of hor-
izontal divergence, relative vorticity and meridional
wind distributions (not shown) that may correspond
to those of the so-called easterly wave disturbance
shown in Reed and Recker (1971).

4.8 Day to day changes m the westward moving
disturbances

The horizontal structure of the wave disturbance

is seen in the daily position of its vorticity and diver-

gence fields shown in Fig. 7 for the case of Typhoon

RB009. An example of divergence and vorticity fields

at 200 mb is shown in Ta and Tb, respectively. The
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Fig. 3. (Continued)

daily positions of regions of divergence greater than
a threshold value at 200mb is shown in Fig. 7c.
while Fig. 7d and Te show relative vorticity at 200
mb and 850 mb, respectively. The daily positions

of the tropical cyclone are superimposed on these

figures. As suggested by the cross sectional analy-
sis, the disturbance can be traced back to the region
around 170E, 5N on September 17th, about 3 days
before the reported formation of the tropical depres-
sion shown in Fig.2. A small westward moving re-
gion of upper divergent and lower positive vorticity

is seen corre-

sponding to a large cloud cluster found in ¢lond im-
ages. The upper negative relative vorticity region
is found several degrees east of the location of the
tropical depression on September 20th and moved
to 5% ~10° north of the tropical cyclone’s positions
on the 21th, At 200 mb, positive vorticity regions
are located northwest of negative vorticity regions,

The positions of the disturbance shown in the up-
per and lower divergence and vorticity fields (Fig. 7)
do not strictly coincide with the position of the cy-
clone, but are seen to move westward together with
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Fig. 4. Time-longitude sections of the zonal wind component averaged between 5.5N and 12.5N at 850 mb
(left) and at 200 mb (right). The contour interval is 5 meters. Regions of positive values are shaded.
Thick lines denote the longitudinal positions of tropical cyelones during the period. Symbols are the
same a8 in Fig. 3, but large open circles are replaced by small closed circles,

the tropical cyclone, Accordingly, the rough trace of
the initial disturbance before developing to a tropi-
cal depression is defined from the movement of these
regions for most developing cyclones and two non-
developing cyclones, These trace give rough paths

of the initial wave disturbances which later develop

to tropical depressions. They were plotted in Fig.
8, distinguishing typhoons from other tropical cy-
clones that did not develop to typhoon intensity.
Most of the initial disturbances of tropical cyclones
are seen first near the date line along 5N~15N zone,

and move westward. Some initial disturbances such
as TR010, T8011 are seen first near 30N and move
southwestward. The tracks and the intensity of
the initial disturbances of non-developing cyclones,
tropical storms and typhoons, shown in Fig. 8, are
not distinet enough to predict whether or not they
later develop into typhoons.

5. Discussion

In the previous section it is shown that most of
the initial wave disturbances of tropical cyclones are
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first seen around the international date line and.
moving westward along the I'TCZ, develop into trop-
ical depressions near the convergence region of the
zonal circulation at lower level, This zonal cirenla-
tion is similar 1o one shown by Madden and Ju-
lian (1971, 1972). although they studied deviation
tields. The axis of the ascending current. suggested
by convergence and divergence of the lower and up-

per zonal wind fields (Fig. 4), tilts to the east with
height.

The trajectories of the initial wave disturbances
which later develop to tropical depressions are seen
in Fig. 8. In relation to the path of the most in-
tense tropical cyclone, Nitta and Takayabu (1985)
analyzed wave disturbances in the tropics. using the
1979 FGGE IIIb data, and suggested the existence
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Thick lines and symbols are same as in Fig. 4.

of two generating regions for tropical cyclones in the
western Pacific. One is located in the area centered
around 5N and 170E and the other is in the central
Pacific east of the date line. They indicated that
tropical disturbances generated in the former region
eventually develop to tropical storm intensity, while
those in the latter region did not. They also stated
that the disturbances accompanying cyclones that
develop into tropical storms are not connected with
the easterly waves propagating along the [TCZ in
the central Pacific. The trajectories of initial wave
disturbances in the present analysis are shown in

Fig. 8, distinguishing typhoons from other tropical
eyclones that did not develop to typhoon intensity.
However, it is not clear from this figure that the
trajectories of the two types of wave disturbances
can be separated. Judging from the streamlines and
clond distribution, there is no reason to suppose that
tropical storm generation is not connected with the
ITCZ for the cases in 1980. The track and the in-
tensity of initial disturbances before they develop
to the level of tropical depressions are not distinct
enough to predict whether or not they later develop
into typhoons. Foster and Lyones (1988) stressed,
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KIM (8009). The solid line indicates the trajectory of the typhoon.
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through case studies of tropical ¢yclones which ap-
peared during the austral summers of 1979/1980 and
1980/1981, that disturbances having a stronger low-
level cyclonic circulation often did not develop after-
wards. Their results are consistent with the present
findings that the values of relative vorticity of the
disturbances are not related to later development.

In the present study the origin of the trajectories
of the wave disturbances is near the eastern edge of
the present analysis region, and some of them may
originate further east, Studies over a larger region
are required to clarify the origin of these wave distur-
bances. These easterly wave disturbances are closel y
related to the tropical cyclones as shown above by
the time longitude sections of meridional wind, di-
vergence and relative vorticity fields.

In the formation of a tropical cyclone, it is sug-
gested that the features of the wind fields surround-
ing the area where the wave disturbance grows into

a tropical depression play an important role in its
development, even though the very origin of the dis-
turbance may be related to an easterly wave distur-
bance. From the analysis of the daily 850 mb wind
field, the positions at which tropical disturbances de-
velop into tropical cyclones are classified into three
cases. (a) The most typical case is the location
where the easterlies, westerlies and south-westerly
winds converge. These conditions are often found
together with wave disturbances propagating from
an eastern area. (b) The region west of 120E and
north of the lower westerly region. Many of the dis-
turbances appeared in this area were non-developing
cyclones. (c) The area north of the easterlies near
20N. Fig. 9 displays a schematic view of these posi-
tions along with the average wind field pattern.
These areas locally correspond to those shown by
Muramatsu (1985) for tropical storms during 1978
and 1979. In his study, the cases corresponding to

Fig. 8. (a) Trajectories of wave disturbances
which later developed into typhoons dur-
ing the period from July to October
1980.  Open circles denote the location
where they became tropical depressions
and closed circles denote the position
where they became tropical storms. Nu-
merals denote the number of the tropical
storms,

(b) As in (a), except for those which did not
develop into typhoons.

(c) are explained in relation to the upper cold vor-
tex while the cases related to (a) are explained as a
coupling of the upper level easterly waves along 20N
and a cloud cluster within the ITCZ. Pertaining to
the upper level easterly wave development, Kuroda
(1981) suggested that when an upper level cold vor-
tex moves south, intensifying the ridge, the wave is
strengthened. In the present study, the structure of
temperature fields is not analyzed, leaving a more
detailed study to the future.

In relation to type (a), the tropical cyclones ap-
pear when the region occupied by lower westerlies
extends eastward. The point of lower convergence
or upper divergence changes its position with a pe-
riod of 10 to 30 days. This fact is thought to coin-
cide with the results by Nakazawa (1986) that the
tropical cyclones form during the active phase of
the intraseasonal variations of outgoing long wave
radiation (OLR). Tropical depressions develop into
tropical storms (shown by large closed circles in Fig.
4) when they encounter the lower westerly wind re-
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pearance of tropical depressions translate eastward
with a constant interval, such as the series TD C -
TRO08-T8009, and TS8015-T8014-T8016. The lower
southwesterly maintained and enlarged eastward by
the tropical cyclone at the western position might
be favour to the development of another tropical cy-
clone in the east.

Low level south-westerly winds flow from the
southern hemisphere, turning from a south-easterly
direction around the equator. As pointed by Love
(1985), these southerly winds are thought to be
important in typhoon development. The position
where these southerly winds change their direction
is west of 140E and tropical cyclones develop over
the regions where these southerly winds and zonal
winds converge. There may be some local effects
caused by the mountain range of New Guinea on
southerly wind flow. Analysis of a larger area that
includes the southern hemisphere as well as the east-
ern Pacific is expected to support the above results.

6. Conclusions and remarks

The results of the present analysis of typhoon for-
mation in the western North Pacific can be sum-
marized as follows. The origin of most tropical cy-
clones are easterly wave disturbances in the ITCZ
which can be seen as the areas of large amounts of
high cloud. Their origin can be traced back to near
the date line. Their paths change north or south,
following the region of large high cloud amounts.

The intensity of the initial wave disturbance of a
tropical cyclone is not related to its most developed
level of intensity, but the large scale wind field sur-
rounding the wave disturbance is related to its de-
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velopment to tropical storm intensity. The point at
which a disturbance develops is where the easterlies
from the east are confluent with both the wester-
lies from the west and southerlies from the southern
hemisphere. This convergence point moves eastward
or westward with a period of 10 to 30 days and trop-
ical eyclones often develop when the region of west-
erlies expands eastward. South-westerly winds are
observed, especially west of 140E where many trop-
ical storms develop into typhoons.

Relating the results with the points of tropical
cyclone formation mentioned in the introduction, it
reveals that easterly wave disturbances along the
[TCZ are important as the origin of the tropical
cyclones. Cross equatorial How in the form of a
southerly wind is often found in the region where
the disturbances develop into tropical depression or
storm intensity and appears to be quite important
for typhoon development. The area where the east-
erlies, westerlies and southwesterly winds converge
moves to the east and west. Many of the east-
erly wave disturbances develop info tropical depres-
sions when the region of westerlies expands east-
ward. These facts may be related to intraseasonal
variations and the amplitude modulation of short-
term tropical disturbances.

Further analysis over a larger area, including the
southern hemisphere, central Pacific and mid lati-
tudes is required to confirm the present results and
to clarify the mechanism of typhoon formation.

Acknowledgements

The author would like to thank Professor Y. Mit-
suta for his continuous guidance and encourage-
ment. The author is also grateful to Professor Y.K.
Sasaki, University of Oklahoma, for his valuable sug-
gestions concerning the parameters of the MASCON
model. Thanks are due to Dr. N.K. Sanga and Mr.
N. Nishi for their help in compiling the satellite wind
data and rawin sonde data. The author is indebted
to the Japan Information Service Co. for their sup-
port in the MASCON programing,.

References

Barnard, J.C. and H.L. Wegley, 1987: Improving the per-
formance of Mass-Cousistent Numerical Models us-
ing optimization techniques, J, Clim. Appl. Met., 28,
G75-686.

Dickerson, M.H., 1978: MASCON-Mass Consistent At-
mospheric Flux Model for regions with complex ter-
rain. J. Appl. Meteor., 17, 241-253.

Fett, R.W., 1968: Typhoon formation within the zone of
the intertropical convergence. Mon. Wea. Rev., 96,
106-117.

Vol. 68, No. 1

Foster, 1.J. and T.J. Lyones, 1988: The development of
tropical cyclones in the northwest of Australia. Quart.
J. Roy. Meteor. Soc., 114, 1187-1199.

Hamada, T., 1982: Representative heights of GMS satel-
lite winds. Meteor. Satellite Center Technical Note,
6, 35-47.

Kuroda, Y, 1981: Convective cloud band associated with
easterly wave, Meteor. Satellite Center Technical
Note, 4, 21-42 (in Japanese).

Love, G., 1985: Cross-equatorial interactions during trop-
ical cyclogenesis. Mon. Wea. Rev., 113, 1499-1509.

Madden, R.A. and P.R. Julian, 1971: Detection of a 40-
50 day oscillation in the zonal wind in the tropical
Pacific. J. Atmos. Sci., 28, T02-708.

Madden, R.A. and P.R. Julian, 1972: Description of
global-scale circulation cells in the tropics with a 40-
50 day period. J. Atmos. Sei., 29, 1109-1123.

Muramatsu, T., 1985: A study on the changes of the three
dimensional structure and the movement speed of the
typhoon through its life time., Tech. Rep. Meteor. Res.
Inst. No.14, 117pp.

Nakazawa, T., 1986: Intraseasonal variations of OLR in
the tropics during the FGGE year. .J. Meteor. Soc.
Japan, 64, 17-34.

Nitta, T., 1987: Convective activities in the tropical west-
ern Pacific and their impact on the Northern Hemi-
sphere summer circulation. J. Meteor. Soc. Japan,
65, 373-390.

Nitta, T. and Y, Takayabu, 1985: Global analysis of the
lower tropospheric disturbances in the tropics during
the northern summer of the FGGE year part I1 : Re-
gional characteristics of the disturbances, PAGEOPH,
123, 272-292.

Reed, R.J., and E.E. Recker, 1971: Structure and proper-
ties of synoptic-scale wave disturbances in the equa-
torial western Pacific. J. Atmos. Sei., 28, 1117-1133.

Sadler, J.S., 1976: A role of the tropical upper tropo-
spheric trough in early season typhoon development.
Mon. Wea. Rev., 104, 1266-1278.

Sadler, J.S., 1978: Mid-Season typhoon development and
intensity changes and the tropical upper tropospheric
trough. Mon. Wea. Rev., 106, 1137 1152,

Sasaki, Y.K., 1979: Lecture notes on variational methods
for enwironmental analysis and prediction problems.
Severe Storm Research Notes, 1, Disaster Prevention
Research Institute, Kyoto University, 174pp.

Shimamura, M., 1981: The upper-tropospheric cold lows
in the northwestern Pacific as revealed in the GMS
satellite data. Geophys. Mag., 39, 119-156.

Yamazaki, N. and M. Murakami, 1989: An intraseasonal
amplitude modulation of the short-term tropical dis-
turbances over the western Pacific. J. Meteor. Soc.
Japan., 67, 791-807.

Yanai, M., 1961: A detailed analysis of typhoon forma-
tion. J. Meteor. Soc. Japan, 39, 187-214.

Yanai, M., 1968: Evolution of a tropical disturbance in
the Caribbean Sea region. J. Meteor. Soc. Japan. 46,
85-109.

February 1990 Y. Heta T

ARARLEIZEFRT IHHHOMNOEOMRNR
BHFEL
(ot B0 A2 0 SERE AT

BHEACEIE o) |83 X O Pt o it o B3 BT & 5 BURE & il L <7 - 2o WIRIEL 1980 47

ML, FiIc2w T 2 e MASCON EF v ic X MIER A TR, 2 ICICHRTL 7.

7 HEEE. 1980 ED L ¢ OB R L ITCZ 1% fhith+ 2 i i Mg I SLIc £ ORI E RO b, BELILT
HEEE T £ CHIM IS ST X2 Aol R . BT 2 LUATOEIL oM X 3£ O @ Lo R ic El
¥, BRCBELTW AL I MCEZOMEE E D ES KRB ABATETHL T EHRARI L.
% ¢ O EABBEGIE, SR~ REL T O, FROMHO R, 4o kEUR A A 5 A
. 2 O~ EER A 6 [T B K AL T W A HELRRUE O RER L 10 B A5 30 B O RIT AN
CBELCTHh, HRMAEAND N -k & FHBRAREERET 22k bh e,



T - 2

The Origin of Tropical Disturbances
in the Equatorial Pacific

By Yurie Heta
Disaster Prevention Research Instutute, Kyoto University,
Uji, Kyoto 611, Japan

(Manuscript received 30 July 1990, in revised form 29 March 1991 )

Journal of the Meteorological Society of Japan
Vol. 69, No. 3
Meteorological Society of Japan



June 1991

Y. Heta

The Origin of Tropical Disturbances in the Equatorial Pacific

By Yurie Heta

Disaster Prevention Research Institute, Kyoto Universaty, Up, Kyoto 611, Japan
(Manuscript received 30 July 1990, in revised form 29 March 1991)

Abstract

Tropical wave disturbances, which later developed into tropical storms over the equatorial Pa-
cific (110E~90W. 30S~30N). are analyzed using the satellite and rawinsonde wind data in July and
September. 1980. Daily wind fields at upper (200 mb) and lower (850 mb) levels on grid of 1°x1°
are composed and analyzed in relation to tropical storm development. There were 10 tropical storms
during these two months in the western Pacific, and 5 of them are analyzed, their initial wave distur-
bances coming from a far-eastern area in the western hemisphere, except one which appears in higher
latitudes. The four tropical storms developed from the easterly wave disturbances, which travel with
easterly wave of about 5 day in period along 10N line from the eastern Pacific, around 150W. With
the westward movement of easterly wave disturbances, the upper cold lows are cut off from the Mid
Pacific Trough in the middle latitudes at about 150W and move westward along 20N. The upper cold
low is located north to north-east of the easterly wave disturbances in the early stage, but it is seen
in the north-west portion of the easterly wave disturbance in the western Pacific.

These tropical disturbances in the western Pacific, as well as those in the eastern Pacific around
110W, develop into tropical storms when they encounter the ascending motion of the zonal circulation
cells, which are seen around 140E and 110W. The position and the strength of the zonal circulation
cell changes with some periodicity in relation to intraseasonal variation. The subsidence motion is
suggested around 140W for the western cell, and the initial wave disturbances of typhoons are first
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recognized to the west of this subsidence.

1. Introduction

It has been recognized and widely accepted. since
the early studies of Riehl (1948, 1954), that not a
small number of tropical eyclones develop from pre-
existing disturbances such as easterly wave distur-
bances. Yanai (1961, 1963, 1968) made case studies
of the development of tropical storms from easterly
waves, Many kinds of studies have been done to ex-
plain the wave-like disturbances using a variety of
analytic methods. Reed and Recher (1971) showed
the vertical structure of the wave disturbances in
the equatorial western Pacific using the composite
method. In their results, convergence predominates
at low levels, upward vertical motions and strong di-
vergence centered at the upper level were reported
near the trough axis. As for vorticity fields, posi-
tive vorticity in the trough in the lower troposphere
(900~700 mb), and negative vorticity above the sur-
face northerly wind area west of the trough axis were
shown,

The rapidly increasing quantity and quality of
wind data from satellites provides invaluable infor-
mation for understanding the tropical phenomena
over the stationless ocean area. Nitta and Takayabu

©1991, Meteorological Society of Japan

(1985) analyzed the characteristics of the wave dis-
turbances in the tropical lower troposphere using the
First GARP Global Experiment (FGGE) analyses
for 1979. From the 850 mb analyses, clear north-
westward propagation of disturbances are shown
from about 5N, 165E toward the East and South
China seas. They also studied the trajectories of cy-
clonic vortices at 850 mb and recognized two kinds
of paths of disturbances, one is located along the In-
tertropical Convergence Zone (ITCZ) and the other
located from near equator around 165E extending
northwest., Their developments into typhoons are
more often recognized for the northwestward propa-
gating disturbances. Lau and Lau (1990) described
the tropical wave disturbances during the north-
ern summer with twice-daily ECMWE global grid-
ded analyses for the 1980 1987 period using various
techniques, such as lag-correlation and regression
statics and Extended Empirical Orthogonal Fune-
tion (EEOF) techniques. In their results, clear
northwestward propagation of disturbances are re-
vealed west of 160E in the 850 mb level analyses.
Muramatsu (1985) showed as the result of detailed
case studies of the characteristics of cloud clusters of
many tropical storms, that there are close relations
between cloud clusters along 10N and wave distur-
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bances in the upper troposphere along 20N, These
upper trapospheric wave disturbances are aceom-
panied with the westward-moving upper cold lows
(Sadler. 1976, 1973, Shimamura. 1981, 1982) with
periods of 4--5 day and wavelengths of 3000~-4000
km. These cold lows were ent from the westerly
trough (Shimizu, 1983) or the Mid Pacific Trongh
(MPT). Muramatsi (1985) showed that cloud clus-
ters in the (I'TCZ) had organized in the southern
extension of the ridge area of a westward-traveling
easterly wave along 207~25° latitude.

In the previons paper, Heta (1990) analyzed trop-
ical eyelones, which appeared during the summer
of 1950 over the western Pacific, based mainly on
the Geostationary Meteorological Satellite (GMS)
wind data. The disturbances were detected from
the mean position of the [‘uﬁiti\«'u vorticity and con-
vergence regions at the 850 mb level and negative
vorticity and divergence regions at the 200 mb level.
It was shown that westward-moving easterly wave
disturbances along the I'TCZ from the region near
the date line, the eastern end of GMS visual field,
are the initial disturbances of most of those tropical
cyclones, However. there remained sorme uncertain-
ties about the origins of these initial disturbances.
The easterly wave disturbances originate in a far
castern equatorial aren. Analysis including the data
over the central Pacific east of 170W in both the
npper and lower troposphere was performed.

The main purpose of the present study is to clar-
ify the trajectory and the origin of easterly wave dis-
turbances in the eastern part of the Pacific. which
later develop into tropical storm intensity or above.
and to determine the horizontal structure of the dis-
turbances for both divergence and vorticity fields at
upper and lower tropospheric levels,

The second purpose is to study the relations be-
tween wave disturbances usnally analyzed at 850 mb
level and the wave-like disturbance in the upper tro-
posphere along 20N north of the ITCZ in the upper
troposphere shown by Murmmatsu (1985). and de-
termine whether the wave disturbances along 20N
make any contribution to the development of ty-
phoons or not.  On this point, Shimamura (1981)
showed as the results of case studies that one of
the cold lows eventually became a warmn core dis-
turbance, and pointed out that the upper cold low
and the low-level disturbances were interacting with
each other, The aunalysis for the whole Pacific area
at the 200 mb level may reveal interactions between
initial disturbances and disturbances located about
107 north.

The third purpose of the present study is to re-
analyze the large-seale wind fields surrounding the
development of tropical storms over the whole Pa-
cific. In the previous analysis (Heta, 1990). it was
shown that the development of the tropical stornis
into typhoon intensity ocoured near the area of as-
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Fig. 1. Distributions of observational wind
data at (a) the 200 wb level and (b) the
850 mb level at 00Z on 14 July, 1980,

cending motion of a large-scale zonal wind cell.

These points are analyzed using the Geostation-
ary Observational Environment Satellite (GOES) at
135W and GMS at 140E wind data for the whole
equatorial Pacific area (110E~90W. 30S~30N) and
others in July and September. 1980 as shown in the
next section,

2. Data and analysis

The data and the method of analysis are simi-
lar to those in Heta (1990), except for enlarging the
area of analysis toward the east by adding the GOES
satellite wind data. The upper (200 mb) and lower
(850 mb) tropospheric wind fields at 00 GMT were
mainly prepared based on GMS and GOES cloud
wind veetors and the station rawinsonde data at the
200mb and the 850 mb levels, respectively. GOES
wind data at 21 or 22 GMT of the previous days were
mingled with other data without correction. The an-
alyzed area of the present study has expanded to the
whole equatorial Pacific, 30S~30N and 110E~90W.

Figure 1 shows an example of the distribution
of the original wind data in the area 35N~35S,
105E~85W used to interpolate the wind fields on
the grid of 1% <17 in longitude and latitude. On av-
erage, there were original 550 wind data points at
the Jower level and 370 data points at the upper
level. The interpolation formula was based on Dick-
erson [(1978). The interpolated felds of upper wind
vectors were directly used for the analysis. How-
ever the lower level wind fields were readjusted using
the MASCON model (Dickerson. 1978). This model
produces an adjusted wind field in such a way that
the mass is conserved and the observational data
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Fig. 2. (a)lnterpolated wind field at the 200 mb level and (b) adjusted wind field at the 850 mb level using

llu MASCON model at 00Z on 14 July, 1950,

are changed in a minimal way. using spatially sparse
wind data interpolated and /or extrapolated to the
grid point. The acenracy of the wind fields are based
on the number and distribution of observed wind
data. which changes from day to day. The wind
fields thus obtained are as shown in Fig. 2.

The averaged fields of sea surface temperature
(SST). and water vapour transport over the same
area and the same period are analyzed in another
paper (Heta. 1991). The distribution of Outgo-
ing Longwave Radiation (OLR) data obtained from
NOAA polar orbiting satellites, that indicates high
clond activity, is used as the information on the con-
vective activity. In 1980, equator crossings of the
NOAA satellite were at abont 7:30 aan. and pan.
local sun time (Graber and Krueger. 1984). Daily
OLR data are caleulated from these twice-daily data
by averaging.

In Fig. 3. the distributions of mouthly averaged
OLR are shown with trajectories of tropical cyclones
in July and September. 1980, The I'TCZ is recog-
nized as the low OLR region (<240 W/m?) along
the 10N zone. From 160E. another branch of low
OLR regions extends southeastward, which indi-
cates the South Pacific Convergence Zone (SPCZ).
On July (Fig. 3a). cloud activity on the 1'TCZ 15
weak at OW compared with western and eastern

regions, Trajectories of tropical eyelones are located
at the northern edge of the highest cloud activity re-
gions,

Figure 4 and Fig. 5 show the monthly-averaged
wind divergence ficld at the upper and the lower tro-
pospheric level, respeetively. At the 200 mb level,
the divergence zone along 10N is prominent espe-
cially in September. The distribution of the diver-
genee ared is coineident with high cloud activity ar-
cas in Fig. 3. A southeastward-stretching branch of
divergence area is notable centered at 160E. Conver-
gence areas are located around FOW. 20N and from
150W to 90W along 108 in July and from 170W to
100OW in September. On the other hand, at the lower
level (Fig. 5), many convergence areas are seattered
along the 1ON zone. In the western region of 160E,
the centers of convergence arcas are located more
equatorward compared with the ecastern Pacific re-
gion. Roughly speaking, 850 mb and 200 mb levels
have opposite values, which snggests the existence
of Hadley Cells with upward motion along 10N and
subsidence motion along 105 and 30N.

Figure 6 shows the mont hily-averaged relative vor-
ticity at the 200 mb level. A negative vorticity zone
(shown by dashed lines) is extending on the western
side of I8OE along 10N, Positive vorticity areas are
seen i the sonthern hemisphere and northemn part
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Fig. 3. Distribution of Ouigoing Longwave Radiation (OLR) and trajectories of tropical storms on (a) July
and (b) September, 1980. The contour interval is 20 W/m?, Open circles, closed circles and circles
with a dot indicate the positions where the disturbance reached the tropical depression (TD), tropical
storm (TS) and Typhoon (T) or Hurricane (Hu) intensity, respectively.
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Fig. 4, (a) Upper-level monthly-averaged divergence fields for July, 1980. The contour interval is
2%10 “sec ', The shaded area indicates a divergence area (>2x10 "sec™').
(b) As in (1), except for September, 1980.
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Fig. 6. (a) Upper-level monthly-averaged relative vorticity fields for July, 1980. The contour interval is

2%10 "sec™!. The shaded area indicates a positive vorticity area (>2x 10 %sec™'),
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from 150W, 30N to 150K, 20N in July and from
LHOW, 30N to 150E. 20N in September. The pos-
itive vorticity areas are thought to show the MPT
and/or the trajectories of upper cold lows. The neg-
ative vorticity zone (< —4x10"%sec™ ') is extending
from 140W. 15N to 160E, 10N in July and from
120W. 30N to 150E, LON in September at a distance
of 107 or 157 in latitude sonthward of the northern
positive vorticity zone. The monthly-averaged rel-
ative vorticity at the 850 mb level is shown in Fig.
7. m which a strong positive vorticity zone is seen
from 160E. 10N to 120E, 15N in July and 180E. 10N
to LIOE, 15N in September. This zone has a width
of 107 especially in September, and the location of
this positive vorticity region agrees with the result
by Lau and Laun (1990). [t is interesting that the
positive vorticity zone at the 850 mb level is clearly
seen from the region where upper negative vortic-
ity zone along 10N and positive vorticity zone along
20N are poorly defined,

3. The origin of easterly wave disturbances

There appeared 4 tropical storms (TS) in July,
1980, and 6 appeared in September in the west-
ern Pacific in 1980, Six of them developed into ty-
phoons (T), and 4 of them were traced far back to
the origin of the initial casterly wave disturbances
near the south of Hawaii: the other 3 are of the
same tature but originated in the earlier month.
The casterly wave disturbances could be recognized
on the daily map of divergence and relative vortie-

. The shaded arex indicates a positive vorticity area (> 1310 %sec '),

ity field as the negative vorticity (< —2x10"% sec™1)
and divergence (>22x10 % see ') area at the 200 mb
level and the positive vorticity (= 1x 10~ “sect) and
convergence (< —1x10 7 see ') area at the 850 mb
level. These areas were successtully traced back to
the east.

As an example. the positions of the early distur-
bance at O0Z for Typhoon 8009 (Kim) are shown in
Fig. 8. which is the same case as shown in the previ-
ous study (Heta, 1990, Fig. 7). Figure 8a shows posi-
tions of the 200 mb negative relative vorticity regions
ou alternate days (thin solid lines). and axes and
centers of positive regions (thick solid line and closed
circle). Contours of =2x< 107" sec ! are shown. Fig-
ure 8b shows the positions of the 200 mb divergent
regions (>2x 107" sec ') on the same days. Figure
8¢ and 8d show the positions of the 850 mb positive
relative vorticity and 850 mb convergence regions.

Comparing these figures Fig. 8a~8d, the positions
of negative vorticity regions at 200 mb. the diver-
genee region at 200 mb, positive vorticity region at
850 mb and convergence region at 850 mb are close
to each other, with some exceptions. The position
of the disturbance may be determined as the aver-
aged position of these four kinds of regions shown by
thin closed curves in Fig. 8a~8d; the positions are
shown by a small open circle for each day. These
open circles are linked together by a broken line.
which shows the trajectory of the disturbance. The
regions are not found on the fields for some cases,
such as the negative vorticity region on 12 July (Fig.
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84}, For some other cases one kind of region is far
fraom the other three kinds of regions. On 14 July.
only the negative vorticity region is located near
equator, far from the other regions. For these cases,
the distributions of the observed data are so poor
that we ean not find any data near the disturbance.
Figure 8¢ shows positions of the OLR negative
anomaly [rom the monthly mean value on the same
days. This figure shows that the disturbances de-
tected by divergence and vorticity fields are thought
to coincide with the region of high cloud activ-
itv. The magnitnde of the OLR anomaly is smaller
around 160W compared with regions in the west-
ern area, indicating that the disturbance has & less
developed clond system in early stage.  This dis-
turbance traveled about 7000 km in 10 days before
it developed into a tropical storm. The disturbance
was first recognized on July 10 and it developed into
a tropical storm intensity on July 22, and info a ty-
phoon intensity on July 23. Development from July
22 to 24 was very fast, the central pressure decreas-
ing fram 1000 mb to 950 mb within two days.
Figure 9 shows the positions of the OLR anomaly
for other typhoons. T8008, T8016 and T8O17. They
are traced back to around 150W along 5~10N,
though the absolute valne of the OLR anomaly is
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smaller in the region 170W~150W. For these ty-
phoons, the positions of the easterly wave distur-
bances were decided to be the averaged point of the
upper and lower divergent and vorticity regions for
each day, just the same as for T8009 (Fig.8). The
summarized results of trajectories of all of the east-
erly wave disturbances, which later developed into
tropical storms, are shown in Fig. 10. For typhoons
T8O08, T8009, T8016 and T8017, the initial east-
erly wave disturbances were traced back to aronnd
150W.

T8010 was formed a little north compared with
other typhoons, Its initial disturbance was traced
back to around 170E, 30N, near the northern end of
the analyzed area. During the period when TS010
was formed and developed the cloud band of the
ITCZ along 10N was not clear, and the cloud band
extended west-southwestward from north of 30N
(Heta, 1990, Fig. 3¢). The upper cold low could not
be analyzed in relation to T8010, and might be lo-
cated beyond the analyzed area.

Other tropical storms, which appeared in the
same months in 1980, were all included on Fig.
10. Several tropical storms were formed in the east-
ern Pacific around 110W. 15N, moving westward or
northwestward, and disappeared over the cold SST
area in the north-eastern Pacific (Heta, 1991).

For many tropical storms in the eastern Pacific,
the westward propagation of divergence and nega-

tive vorticity regions at the 200 mb level. and con-
vergence and positive vorticity regions at the 850
mb level were also analyzed from 90W. For the hur-
ricanes in the eastern Pacific, the existence of the
initial wave disturbances similar to the wave dis-
turbances in the western Pacific are also inferred,
but their origins are outside and to the east of the
boundary of the present analysis.

Westward propagation of the easterly wave dis-
turbances was seen over a wide area, 90W~120W
and 150W~110E, but they developed into tropical
storms only in the area around 140E and 110W. In
the next section, the characteristics of the positions
where the tropical storms developed into hurricanes,
and the points of origin of the easterly wave distur-
bances, were discussed for the whole Pacific region.

4. The origin and development of a tropical
storm in relation to the large-scale wind
field

In the previous section it was shown that the ini-
tial wave disturbances of tropical storms in the west-
ern Pacific were first seen around 150W. 10N and.
moving westward along the ITCZ, developed into
tropical storms around 140E. On the other hand.
for the tropical storms in the eastern Pacific, west-
ward moving initial wave disturbances were recog-
nized from the eastern boundary of the analyzed
area and developed into storms around 110W. In
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Fig. 11, The time cross section of temperature anomaly at (a) Hilo, and (b} Lihue, Solid and dashed lines
show temperature positive and negative anomaly from the monthly mean for each island in July, 1980,

The contour interval is 0.2°C.

this section the relation between the easterly wave
disturbances along the I'TCZ and disturbances along
20N at 200 mb level are first analvzed, and then the
large-scale wind fields surrounding the easterly wave
disturbances and tropical storms are studied.

As shown by the thick lines in Fig. 8a, the pos-
itive relative vorticity regions are recognized over
the northern part of disturbances at the upper level.
They were considered to denote the positions of the
MPT or the upper-level eyclonic cell eut off from the
extended trough. For the case of T8009. the easterly
wave disturbance was located at the southern end of
the upper trough in the period July 10 to 16. Af-
ter July 17, the upper-level cyclonic cell was located
to the northwest of the easterly wave disturbance
and moved westward along 15~20N with almost the
same speed as the easterly wave disturbance along
5~10N,

Figure 1la shows the time cross section of the
temperature anomaly from the monthly mean value
of July 1980 at Hilo (19.43N, 155.04W), which in-
dicates the existence of a cold core of —0.,4°C at
500 mb at12Z, July 13 and 400 mb at 00Z, July 14,
and an intense warm core of +0.8°C at 100 mb at
00Z July 14. At Lihue station (21.59N. 159.21W)
shown in Fig. 5b, the cold core of —0.4°C at 300 mb

was seen on July 14, and an intense warm core of
+0.6°C at 100 mb on July 13 and 15. The axis of the
positive relative vorticity area extended far south-
westward from the mid latitude as shown in Fig, 8a
by the thick solid line, This temperature straeture
may correspond to the upper cold low discussed by
Shimamura (1982). The vertical structure of the
temperature anomaly shown in Fig. 11 was thought
to be the structure of a part of the MPT. On the 500
mb map, we could identify a cut off of the trough
on 13 July.

Westward motion of upper cold lows can also
be recognized for three other tropical cyelones, as
shown in Fig. 9. The axis of the paositive vorticity
regions are first detected around 150W. 25N, mov-
ing southwestward and then west or northwestward.
The trajectories of these upper cold lows are also
recognized as the positive vorticity region on the
monthly averaged relative vorticity fields shown in
Fig. 6. The upper cold lows are located in the north-
western portion of wave disturbances in the western
Pacific by, at the latest, two days before the develop-
ment into a tropical depression. This pattern of lo-
cation is quite common for the development of trop-
ical cyclones (Sadler, 1976, 1978, Shimamura, 1981,
1982). Positive vorticity regions become smaller and
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Fig. 12, Time-longitude sections of the zonal
wind component averaged between 5N and
13N at 200 mb. The contour interval is 10
m/s. Regions of westerly wind are shaded.
Thick lines and svimbaols are the same as in
Fig, 4,

rounder with the westward motion of the regions,
and their value increases beyond 63107 sec™ !

In the large-scale wind fields, as discussed in Heta
(1990) for the western Pacific. the strength of ini-
tinl wave disturbances was not related with their
later development into typhoons. The development
of tropical storms was generally recognized around
the triple confluent point of the easterlies from the
past, the westerlies from the west and southerlies
from the southern hemisphere at the 850 mb level.

Figure 12 shows the time-longitude sections of
zonal wind at the upper level, At this level, the
contour of 0m/s between westerlies in the east and
casterlies in the west is seen around 150E in the
western Pacific, and 100W in the eastern Pacilic.
The points where the tropical depressions (TD) were
formed and developed into storms (TS). are located
in the easterly wind region a little west of the west-
erly wind region in both the castern and the west-
ern Pacific. On the other hand, at the 850 mb level
(Fig. 13). these positions of storm development in
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Fig. 13 As in Fig. 12 except at the 850 mb
level.

the western Pacific are near the contour of Om/s
between westerlies in the west and easterlies in the
east. However, in the eastern Pacific, only weak
easterly winds are recognized.

Figure 14 shows the monthly mean zonal verti-
cal wind shear between 200 mb and 850 mb for July
and September, 1980, The points, where the ini-
tial disturbances develop into the tropical storms,
locate in the areas of small zonal vertical wind shear
in both the eastern and western Pacific. Along the
zone of 10N, there are three points where the shear is
zero. around 150E. 140W and 100W. But no tropical
storm developments are seen around 140W. where
convergence at the upper level is expected (Fig. 12).
The existence of east west circulations is snggested
along 10N zone from Fig. 12, Fig. 13 and Fig. 14.
Two zonal cells are seen over the Pacific, as sug-
gested by Krishnamurti (1971) and Krishnamurti ef
al. (1973). The eastern cell is small and weak com-
pared with the western cell. The development of
the tropical storms is detected around the ascend-
ing motion of these zonal circulations.

The zero vertical shear around 140W is located
ronghly on the sontheastward extension of the MPT.
There are convergence areas around this point at
the 200mb level in July as shown in Fig. 4a. and
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Fig. 14. Monthly mean values of the vertical zonal wind shear between 200 nth and 850 mb. Positive vitles

indicate that the zonal wind at 200 mh is stronge

¢ from the west or weaker from the east than the zonal

wind at 850 mb. Units are 5m/s. Thick lines and symbols are the same as in Fig. 3.

the subsidence of air is suggested around this point.
For September, however, there is the divergence re-
gion around T40W at 200 mb (Fig. 4b). At the 850
mb level (Fig, 5), a divergence area can not be seen
hecause of strong convergence caused by the merid-
ional wind confluence, Distinguishing the zonal di-
vorgenice (du/dr) and meridional divergence (v /dy)
separately, in the same way as Sanga (1990). the re-
gion aronund 140W. 10N is the region of the conver-
gence at the lower level and divergence at the upper
lovel for the meridional component. but is the re-
gion of the divergence at the lower level and the
convergence at the upper level for zonal cirenlation,
Tropical storms or wave disturbances are not clearly
identified around this area. where the I'TCZ spreads
over a relatively warm SST region. On the other
fiand, the regions centered 140E. 10N and 11I0W,
10N are the regions of the convergence at the lower
Jevel and the divergence at the upper level for both
zonal and meridional components. Development of
the tropical storms is seen around the large-scale as
cending area of the zonal circulation along 1ON over
hoth the western and eastern Pacific.

This fact indicates that the wave disturbances ini-
tiating to the west of decending zonal circulation
and moving westward along the ITCZ begin to de-
velop into tropical cyclones when they move into the
area of ascent of the zonal circulation.

5. Discussion

Summarizing the present results, the Jower and
upper wind fields over the equatorial Pacific are
schematically shown in Fig. 15, The middle figure
shows the zonal and meridional cirenlation around
the 10N zone, based on Figs. 4, 5. 12, 13 and 14. The
origin of the initial wave disturbance in the western
Pacific is fonnd around 150W. 10N, near and west
of the subsidence point of the zonal circulation cell
and also 1o the south east of the MPT. The subsi-
dence region of the zonal cells around 140W, 10N
is related with the boundary between the cyclonic
cell in the Mid Pacific (Mid Pacific Trough) and the
anticyclonic cell around 120W, 20N at the 200mb
lovel. We found both sonthiwestward-moving posi-
tive vorticity regions from around 150W, 30N at 200
mb and westward-moving disturbances along 10N
from 150W. 10N moving in time with each other.
The starting point of rapid development into a trop-
ical storm and typhoon is located around the lower
converging and upper diverging point of the zonal
circulation cell along the ITCZ, which is also on the
lower converging zone of the meridional cirenlation
cell. The same situation is also seen for the tropical
storms in the castern Pacific. The disturbances from
the vast of 90W develop into tropical storms at the
ascending point of zonal circulation at 110W. When
the initial wave disturbances move into the regions
of ascending motion. they might gain the condition
for fast development into tropical storms.
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The regions of the ascending air, which were rec-
ognized as the 0m/s contour of the zonal wind
around 140E in the time-longitude sections, moved
west and east with some periodicity as shown in
Figs. 12 and 13. Madden and Julian (1971, 1972)
have shown that the global scale zonal cirenlation
cells in the tropics change with 40-50-day period.
Their result suggests that the intensity and the po-
sitions of zonal circulation cells or the positions of
ascending motion are changing with an intraseasonal
time-scale. The change in the positions of tropi-
cal eyclone development are thought to be strongly
related to the intraseasonal variation of the large-
scale wind field. Yamazaki and Murakami (1989)
analyzed the intraseasonal change of the activities
of tropical disturbances by the aid of the idea of
amplitude-modulation of the easterly wave, They
described from the composite analysis how the lower

tropospheric westerly and the upper-level easterly
are enhanced at the time of the enhanced activity
of the tropical disturbances. This idea can be re-
expressed in terms of the composition of the zonal
circulation and meridional cirenlation in the present
analysis. The forecasting of tropical cvelone devel-
opment might be done by watching the daily change
of the large-scale tropical wind field.

Love (1985) pointed that the southerly wind from
the winter hemisphere influences the genesis of trop-
ical cyclones in the summer hemisphere. He sug-
gested in his scenario that a cold surge in the win-
ter hemisphere, caused by mid-latitude cyclogenesis,
propagates equatorward enhancing equatorial west-
erlies, and converges at a lower level, The southerly
wind in the southern hemisphere might reinforce
the east-west circulation. In the present analysis,
a stronger southerly wind at the lower-level is rec-
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ognized three to five days before the appearance of
a tropical depression on daily wind fields (figures
are not shown). Before the appearance of tropical
depressions. a strong southwesterly is recognized to
the southwest. Because of this strong southwest-
erly, convergence regions at 850 mb are extended not
only along 10N but also southeastward to the south
of the equator (Fig.5). The convergence regious
and positive vorticity regions at the 350 mb level
are sometimes noticed to spread equatorward near
about 160E (Fig. 8) about two or three days before
the rapid development into tropical storms. This
fact suggests the influence of the winter hemisphere
on the development of tropical storms across the
equator around 160E. These results are not incon-
sistent with Love's scenario. However. more anal-
yses are expected to improve the understanding of
the relations and the mechanisms of tropical cyclone
development including the winter hemisphere.

In the present study. in the case of Typhoon 8009,
it is clear that the upper cold low is cut off from the
Mid Pacific Trough around 160W and moves west-
ward along the 20N parallel with a nearly constant
intensity. accompanying the easterly wave distur-
bances moving along the 10N parallel. For other
cases. upper cold lows are also analyzed and shown
as the positive vorticity region in Fig. 9.

The existence of the upper tropospheric cold low
has been analyzed since as early as Palmen (1949)
and Palmer (1951). From some case studies Sadler
(1976, 1978) stressed the role of the upper tropo-
spherie cold low in the development of the tropi-
cal storms. His analyses indicated that westward-
moving upper cyclonic cells in the extension of the
MPT furnish the developing low-level eyclones with
an outflow channel to the north. He also suggested
that north to northwest of the tropical cyclones is
the optimum position of the upper cold cell for ef-
ficient mass and heat evacnation, In the present
study, it is seen that upper cold lows are located
almost north or northeast of the lower initial east-
erly wave disturbances in the early stage, and later
they move northwestward of the wave disturbances,
keeping almost the same distance from them. The
position of the upper cold low, being to the north
west of the wave disturbance along the 10N parallel,
is also said by Muramatsu (1985) to be favorable
for development of the wave disturbances. In the
present analysis, large values of the OLR anomaly
are found when the disturbance moves to the west
of 1TOW line. At that time the upper cold lows are
located at the north-western portion of the distur-
bances, This fact suggests that the south east of the
upper cold lows are favorite positions for the main-
tenance and the development of the disturbances.

When the upper cold low is cut off from the MPT
aronnd 160W, 25N, easterly wave disturbances are
first recognized southeast of the upper cold lows

around 150W, 10N. Though they move westward to-
gether. the regions of positive vorticity at the 200 mb
level. which indicate the MPT or upper cold low,
change meridionally. They extend southwestward
and then move westward or northwestward. On the
other hand, easterly wave disturbances move west-
ward along the I'TCZ. At first, in the central Pacific,
the position of the upper positive vorticity region is
about north or northeast of wave disturbances along
10N. However, later in the western Pacific, they are
located in the northwestern portion of the easterly
wave disturbance.

From the analysis, mainly for the 850 mb level. Tai
and Ogura (1987) suggested that wave disturbances
in different tropical regions have different origins,
rather than globally similar ones. The present anal-
ysis shows that the origin of the wave disturbances
in the western Pacific is located around 150W, 10N,
which is west of the zonally subsiding region south of
the MPT. For many studies of the lower troposphere
(Nitta and Takayabu. 1985, Lau and Lau, 1990),
wave disturbances are clearly recognized especially
to the west of the date line. On the other hand,
the result of the present analysis which includes the
upper troposphere strongly indicates that the trajee-
tory of westward-moving disturbances is along 10N
from & more easterly region. In the eastern Pa-
cific area, the wave disturbances originate from the
area east of the present analysis region of 90W. The
three-dimensional analysis of the wave disturbance
can demonstrate a clear relation between upper level
disturbances and easterly wave disturbances along
10N.

Futher analyses are necessary to clarify the mech-
anistm of the formation of the easterly wave distur-
bances and the relation between the easterly wave
disturbances and the upper cold lows, including the
cut off of the MPT.

6. Conclusions

The initial wave disturbances, which later devel-
oped into tropical storms in the equatorial Pacific,
were analyzed using the GMS and GOES satellites
wind data in July and September, 1980. The lo-
cations of the wave disturbances were determined
from convergence and positive relative vorticity at
lower level, and divergence and negative vorticity at
the upper level. Easterly wave disturbances origi-
nating around 150W traveled with an easterly wave
of about 5 days in period along the 10N parallel and
rapidly developed into a tropical storm or typhoon
around 150E. The westward-moving initial wave dis-
turbances were also analyzed for the hurricahes in
the eastern Pacific and came from the eastern edge
of the analyzed area or central America.

The intensity of the initial wave disturbances was
not related to the intensity of their later develop-
ment. These wave disturbances developed into trop-
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ical storms when they encountered the region of as-
cending motion in the large-scale zonal cireulation

along the I'TCZ. In the time-longitude sections of

the zonal wind fields, the double cells of the zonal
circilations were analvzed over the Pacifie, though
the subsidence motion area and the eastern cell were
not clearly defined by comparison with the west-
ern cell.  The ascending motion was seen around
140E and 110W. The subsiding motion was inferred
around 140W . where no disturbances were seen. The
easterly wave disturbances originated to the west of
the subsiding area. traveled along the lower branch
of the zonal cirenlation cells toward the ascending
motion area, and they developed rapidly soon af-
ter they encountered an ascending-motion area with
small zonal vertical shear,

The positions of this ascending motion and the
intensity of the zonal civenlation ehanged their posi-
tions with a periodicity related to intrascasonal vari-
ations.

In the mid latitnde of about 160W, there usually
exists the MPT and the upper eold lows are eut off
and move westward along the 20N parallel accompa-
nied by easterly wave disturbances along 10N. The
casterly wave disturbances are located around south
to southwest of the south-westward-extending MPT
or the npper cold lows in the central Pacific, but
they change their locations to southeast of the up-
per cold lows in the western Pacilic. An interaction
between these extratropical phenomena and easterly
wave disturbances is suggested.
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Abstract

Assimilation of tropical wind fields was developed using the three-dimensional
MASCON model based on Sasaki's variational method(1970). Variational calculus
techniques are used to adjust the spatially sparse wind data set of satellite
cloud and rawinsonde to satisfy the continuity equation. Three-dimensional wind
fields (u,v, @) are provided over the whole troposphere using g coordinate,
which is a hybrid of p and o - coordinate. This model can give us the fine-mesh
three-dimensional wind field in the tropical region.

Reanalysis of the tropical wind field surrounding tropical disturbances
indicate the similar characleristics with the previous two-dimensional MASCON
model (Heta, 1990, 1991). Moreover vertical velocity is calculated directly in the
three-dimensional model. Upward motion area is recognized around the pre-
typhoon disturbance and upward motion increases with the development of the

disturbance.



1. Introduction

In the area with sparcee observational data such as over tropical Pacific
Ocean, the data should be assimilated before applying advanced analysis technics
or progonostic computation. The global scale assimilation systems have been
developed by the European Centre for Medium Range Weather Forecasts (ECHWF) and
the Geophysical Fluid Dynamics Laboratory(GFDL) and others using governing
equations of motion(Bengtsson et al, 1982, Lorenc,1981, Daley et al, 1985,
Trenberth et al,1988). And many researchers have analyzed the tropical wave
disturbance using gridded wind fields assimilated by these methods(Nitta and
Takayabu, 1985, Lau and Lau, 1990 and Liebmann and Hendon, 1990). However, these
assimilation methods are laborious to complete and implicates difficulties in

applying the governing equation in the equatorial area(llollingsworth et al, 1986)

The purpose of this paper is to describe the new simple three dimensional
assimilation method using simple governing equation of continuity for equatorial
wind field, which is an extension of two dimensional method developed by the
present author(lleta, 1990) following MASCON method to obtain 1 ° X1 ° mesh wind

field from station and satellite cloud wind informations.



2. Model description

Based on Sasaki's variational method(1970), Dickerson(1978) developed two
dimensional Mass Consistent Atmospheric Flux Model (MASCON) model using the
equation of continuity as the constraint condition, which the first model of
the present author (Heta, 1990) has followed to. In extending the model into three
-dimensions, there may be various kind of vertical coordinates for numerical
calculation, as shown by Kasahara(1974). The simplest one is the z-coordinate
used by Sherman(1978) who developed the mass-adjusted three-dimensional wind
field (MATHEW) model for lower tropospheric wind fields over the complex terrain.
The present system adopted pressure coordinate pt to include the whole

troposphere of equatorial area difined by

p=((po —pm = (pm —p) / (pm —ps) +pm (p>pm (1)

P (p<pm)

where ps is the surface pressure atz = zs and po being a constant presure
corresponding to the bottom of the model. As shown in Fig.l, only the layers
below pm is affected by the orography, which is relatively low in the tropics.
This coordinate is a hybrid of p- coordinate and o- coordinate, and was
chosen to incooperate the topography of tropical Pacific in the model, where

the highest point is about 700mb in New Guinea.
In this coordinate, we define the time change of g5 as
S=dp/dt= (po —pwX(w—v- Ve p) / (ps —pm (2

where w=dp/d t.

Then the continuity equation of ( x, vy, P‘) becomes,



a( eu)/ ax +a( ev)/ ay +a( e¢&)/ad=0 3)

where,

£={(ps —pm/(po —pm) (p>pm) (€))

1 (p<pm)

As p* is basically pressure coordinate, the whole troposphere can be handled
without assumptions about air density, and the p* coordinate also has an

advantage for wind analysis because the usual wind observation are reported at

standard pressure levels.

Even though the pressure of the ground surface, ps is strictly a function of
time, fixed values are used in this study following climatological relations

with heights in the tropical atmosphere given by
ps = 1016.17 (exp (-0.11746% Zs)—1) + po (mb) (6)

The specific functional of three-dimensional variational analysis(Sasaki,1979)

used in the present study is

E,v,of =3 [ {a:?@DH alv-3+ a2 d- @)%} +

A( du/dxiav/dytd @/ ap)) dxdydp* (7)

where x,y are horizontal coordinates, u,v, @ adjusted velocity components in
the x,y,p* directions respectively, U,V, @‘ the observed variables, A (x,y.d')
the Lagrange multiplier and ay being Gaussian precision moduli for

horizontal (k=1) and vertical (k=2) directions.



The associated Euler-Lagrange equations whose solution minimizes Eq.(7) are,

u=u+1/ (2 a:?r) - 34/ ax @®
v=V+1/ @ a:?1) - 31/ ay ©)
S-S+1/ @ air) -9/ ag (10)
du/dxtav/dyidd/ap=0 an

The bottom and upper boundary condition is & A/ d n= 0, which means "no-
flow-through” boundaries, while the lateral, on the x -direction and y-direction,

boundary conditions are open boundary or A-=0.

In this formulation, from the initial wind field(u,V, &) at each grid point,
we can obtain adjusted wind field(u,v, "), which satisfies continuity
equation and also fits the observation in a least squares manner, using MASCON
model. In this process, it is important to interpolate the proper initial wind
field (U,9; Zi*) from the observation. In the next section, the interpolation

method is described in detail.



3. Interpolation method

Randomly distributed observation must be spatially interpolated to the grid
points as the initial condition to apply the MASCON model. Since measurement of
the vertical velocity @ is not available, they are initially set to zero,
similar as the MATHEW model. Initial values of u and v at the grid point(x,y,p*
) above pm (500mb) level were prepared in two dimensional interpolation scheme
without respect to adjustment layer similar to that of Dickerson(1978), shown as

fol lows,

Vi=ESVij ew (~8rj 9/ ESew (-BriH 1D
N i
where Vi is the interpolated east-west(i=1) or north-south(i=2) velocity
compornent at the grid point, Vij and rj are the i-velocity component and
distance to the grid point of the j-th closest observation, and N is the
number of the closest observations to the grid point that are used for
interporation. B is the weight depending on horizontal distance being 107'2
same as the previous two- dimensional MASCON model (Heta,1990,1991). For this
study we have chosen a value of 5 for N in usual. In addition,we have added the
weight,S , which varies with the kind of observation. After several trials
changing S, we decided S=1 for sonde and S=0.9 for satellite wind data. In Fig.
2 ,there is an typical distribution of wind observations. The satellite wind is
included only in the 850mb and 200mb layers following the results of comparison

with the rawin sonde data( Hamada, 1982) .
Below the layer of pm, we adopted the three-dimensional interpolation. Then
the distance of the grid point of the j-th closest observation, rj in eq(l2) is

given by

Fi 2= (x—%Xoj) 2+ (y—5%i) 2+ (F—poi) 2 xWz 2 (13



where ?oj. ?uj, 3’93 is the position of j-th nearest observational point. W
z is the vertical weight to represent the heterogeneousness of vertical
coordinate. The vertical weight Wz has much effect on the resultant wind
fields especially for layers of sparse data, such as 1000mb or 700mb. If the
value of Wz is larger, the interpolation is horizontal, but if it is smaller,
the resulted wind fields show more similar pattern for all layers . After
several trials, the value of Wz was desided to be 50 for all layers below pm,
that minimizes the root mean square difference between obseravational wind and
interpolated wind at the nearest grid point. The values of root mean square

differences are about 2 ~5m/s.

The interpolated method stated above is quite dependent of wind data on the
adjacent observations. We examined the possibility to improve the interpolated
wind field by using the data at the previous time especially in the area of
sparse data, such as the case that only m( <N) observation existed within a
certain radius of rm. In this test case the adjusted wind data at the

previous time, Vpi at the same grid point was used for the interpolation;

Vri=m+N-1 jf_ﬁll\e’ijSexp(—,&’rj ) N+1—m Vpi (15)
2N ji" Sexp(—Brj ? 9N

As the results, this treatment has not so significant effect on the results,
because data was also sparse at the previous time for many cases of 24 hours
interval calculation. But for the case that the data density is high at the
previous time, this treatment is useful, however in the present paper this
process is not used except for the case the observation is quite poor compared

with the previous day.

Fig.3 shows an example of the distribution of the number of observational



points within the radius of rm =10" from the grid point for 18 July,1980. The
regions of the smaller number such as centered at 170W,0ON(Fig.3(a)) have lower
data accuracy compared with the region where the number is five(=N). Data sparse

area is often located along the equator where are no islands and no clouds.



4. Parameters in the MASCON model.

The ratio of Gaussian precision moduli (a,/a2)? in eq(7) affect the resulted
wind field very much, though there is no clearly formulated way to settle the
value. In the present paper we determine the value of ( a,/a:2)? after the
similar trials as the previous study( Heta,1991), to be a/a. =0.08, which

minimize the absolute error from continity equation |Ef(5asaki,1979).

The absolute values of adjusted @ are also dependent with the ratio of «,
because the observational @ are set to be zero in the present study. If
smaller value of a /a2 is chosen, the absolute value of the resulted @ get
smaller. However, horizontal and vertical pattern of @ is independent with

the ratio of «.

The overrelaxation facter was determined experimentally to be 1.98 in most
caliculations minimizing the caliculation time. All the parameters are
determined experimentally for the case of July,1980. The area is with 120 X60X
6 grid points Ax=Ay=110km and six layers (1000mb,850mb, 700mb, 500mb, 300mb,
200mb) butAp is not constant. The analyzed area covers 120E~120W, 30S ~30N.
The data of July,1980 are chosen to compare with the previous result(Heta, 1990,

1991). Fig.4 shows the topography of the analyzed area.



5. Results

The adjusted three-dimensional MASCON model has been applied to assimilation of
the wind field of July, 1980. Fig.5 shows the results of the horizontal wind
fields at the 200mb and 850mb levels at 0Z on 18 July, 1980. A tropical
depression located on 13.4N, 138.9E at this time, which later developed into
Typhoon Joe. There is a cyclonic circulation around the tropical depression at
850mb level (Fig.5(a)). The south-east of tropical depression northward current
across the equator and easterly wind are converging. At 200mb level (Fig.5(b)),
on the other hand, anticyclonic outflow toward west is clearly seen from a
little east of the location of tropical depression. There are counter-
clockwise circulations centered at 20N, 170W and at 55, 173W. We recognized
strong southwesterly around 160W, 20N ,which is thought to be current along the
edge of Mid Pacific Trough. The horizontal wind fields at the 850mb and 200mb
levels, such as shown in Fig.5(a) and (b), are almost similar to the result
from the previous two-dimensional analysis(not shown). Fig.5(c) shows longitude-
height section at 10N, and Fig.5(d) latitude-height section at 139E. Strong
upward motion is recognized around the tropical depression in both figures. @
shows its maximum value at 500mb or 300mb levels. The absolute value of w at
lower levels is small compared with the upper levels and the distribution of @

is quite smooth compared with upper ones.

Fig.6 shows distribution of @ at 200mb and cloud activity, which is shown by
the TBB anomaly from the monthly mean. They are quite good coincident with each
other. Upward motion area corresponds to the TBB negative anomaly area, that is
the area of high cloud activity. The upward motion area is recognized around the
areas centered at 138E, 15N and 160E,5N in Fig.6(a). These locations coincide
with the area of horizontal divergence at the 200mb level in the previous two-

dimensional analysis( Heta, 1990, Fig.7@)).
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Fig.7 shows the results of analysis of Typhoon 8009 using the three-
dimensional MASCON model. The broken line with small open circles indicates the
track of pre-typhoon disturbance, which is difined by the mean positions of
lower convergence, positive vorticity and upper divergence and negative
vorticity regions just the same as the two dimensional MASCON model in the
previous study(Heta, 1991,Fig.8). Fig.7(b) show the negativew regions of 200mb
of every other day. The upward motion area is also analyzed about the position
of disturbace for other levels. Fig.7(a) show the positive @ regions. The
subsidence motion is recognized around the upper positive vorticity area or

upper cold low.

Fig.8 shows the time change of @ values for three-different levels. The
development of typhoon is recognized by the change of @ value, though small
changes of the values may come from noises caused by the change of accuracy of

analysis.

These figures show that the pre-typhoon disturbances or the upper cold low
analyzed by the previous two-dimensional study are also analyzed by the three-
dimensional MASCON model. Moreover we can directly know the vertical motion of

disturbances in this three-dimensional study.

11



6. Conclusion

The assimilation method using the three-dimensional MASCON model provides us
the tropical wind fields which enable us to analyze tropical disturbances in
more details than the two dimensional method(Heta,1990,1991). The vertical
velocity is directly obtained in this model. The three-dimensional wind fields
adjusted in a least-squares sense to satisfy the continuity equation are

provided.

Reanalysis of the Typhoon 8009 using the three-dimensional MASCON model
indicates the similar characterisitics of the disturbance with the previous
study by two-dimensional MASCON model for the same data. Moreover, vertical
velocity is directly calculated in the present study. Upward motion (negative o
) areas are recognized around the pre-typhoon disturbance and the value of @

decreadsed with the development of the disturbance.
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Figure Captions

Fig.l. Vertical grid structure of the model. Solid lines show main levels

(O-uv, 2 and B- ).

Fig.2. Distribution of observational wind data at (a) 200mb, (b)300mb,
(C) 500mb, (d) 700mb, (e)850mb and (f)1000mb levels at 00Z on 18 July,
1980.

Fig.3. Numbers of observational points which is located in the redius of 10°
longitude (10X 110km) at each grid point at (a)200mb and (b)850mb
levels at 0Z on 18 July, 1980.

Fig.4. Topography of the analyzed region.

Fig.5(a) Horizontal wind field at the 850mb level adjusted by the three-
dimensional MASCON model at 0Z on 18 July, 1980.
(b) As in (a), except for 200mb level.
(c) Vertical-longitudinal structure along 10N zone.
(d) Vertical-latitudinal structure along 139E. Upward arrows indicate

negative values of w.

Fig.6(a) The distribution of @ values at the 200mb level at 0Z on 18,July,
1980. Solid lines show the negative values and broken lines show the
positive values. Contour interval is 0.05Pa/s.

(b) The distribution of anomaly of TBB grid point data from the monthly
mean values at 0Z on 18 July,1980. Solid lines indicate the negative
values and broken lines show the positive values. Contour interval

is 15K.



Fig. 7(a) 200mb positive vertical velocity regions (dotted lines) and
position of the axis and center of 200mb positive vorticity regions
(thick solid lines) analvzed in the previous study(Heta,1991).
Small open circles with smaller numerals show the daily positions of
tropical disturbances at 0Z from the previous two-dimensional analysis
Numerals mean day of July. Large open circle and large closed circle

indicate the positions where the disturbances had Tropical Depression

and Tropical Storm intensity, respectively.

(b) Position of 200mb negative @ regions(thick solid lines).

Fig. 8 Time change of the @ values at 200mb,850mb and 1000mb levels

at the center of the wave disturbances detected by the previous

analysis.
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Abstract

The process of the eye formation was analyzed using the hourly infrared
radiometer measurement from the GMS satellite for two typhoons in September, 1990.
T9019 Flo showed typical development with the formation of a clear eye. While
T9018 did not have a clear eye but finally had a banding-type eye. T9018

weakened a little in the middle of development because of the effect of the

Philippine Islands.

For both typhoons, the eye first appeared not at the central part but at the
edge of a convective cloud, as the deep convective cloud cyclonically
circumscribed the warm region. This eye did not continue to be observed from
the IR data, alternatively appeared and disappeared. This is thought to be
caused by the cirrus cloud. The rapid developing of T9019 was recognized after

the complement of a clear eye with subsiding.

The typhoons had the axis-asymmetric structures in the intensifying stage. And

the hourly change of the cloud features were unexpectedly conspicious for both

typhoons.



1. Introduction

The typhoon eye is an important part of the structure of the tropical cyclone
relating to the development of the typhoon. Weatherford and Gray(1988) reported
based on the aircraft reconnaissance that the percentage of typhoons with eye
increases with the decrease of the central pressure in the western Pacific.
Especially in the intensifying stage, about 60 percents of typhoons whose
central pressure are 980mb have eyes and one hundred percents of less than 950mb.
Mitsuta et al(1987) explained the tornado and the tropical cyclone as the only
vortices which develop into two-cell vortex type or which have an eye among the

weather systems.

Although there is no accepted theory to explain the formation and the
maintenance of the typhoon eye, many studies have been done(Malkus, 1958, Smith,
1980 and Kurihara and Bender, 1982 etc.) and are reviewed clearly by
Anthes (1982). Anthes presented a conceptual model of the eye formation, in which
a positive perturbed pressure at high levels, produced by horizontally
spreading air provided by rising in vigorous cloud, is considered to accelerate

a downward motion next to the convection.

Eye formation is considered to be the development of vortices from one-cell
into two-cell structure. It is suggested that the evolution of a vortex from one
-cell to two-cell and then to multiple vortices is a common feature in a natural
vortex(Mitsuta et al,1987). For typhoons, eye formation is the indication of
the evolution from the one-cell cloud cluster into two-cell vortices with eye,
while elliptic and polygonal eyes(Mitsuta and Yoshizumi, 1973 and Muramatsu, 1986)

are considered of multiple vortices which is more evolved form of vortices,

Kakimoto and Mitsuta(1984,1985) analyzed the process of the eye formation

using three- hourly Geostationary Meteorological Satellite (GMS) infrared(IR)



data for the two cases. As to the rapidly developed T8305(Abby), a small
circular dip appeared in the cold and flat cloud system, Central Dense
Overcast(CDO), when the central pressure became less than 970mb. This dip
deepened its depth, widened its horizontal scale and resulted in a clear eye as
the storm intensified. At the mature stage of T8305, the cloud system was the ”
Banding Type Eye”. There was a band-like cloud area surrounding the eye. While
for Typhoon 8013(0rchid), though a dip was also analyzed, the cloud feature was
not clear compared with T8305. The satellite observed TBB is thought to be
linearly related with the altitude of cloud top for cumulonimbus which overshot
into the troposphere( Adler et al,1983). These results suggest that the eye is
made by a cloud subsidence at the center of the CDO. However, for the case of
T8305, an eye with diameter of 48.0km was already reported about 15 hours
before the appearance of the dip by U.S.Air Force aircraft recconaissance at
the 700mb level. Eye formation is thought to have a more complicated process

than previously considered.

In the present study, the process of the eye formation is analyzed in detail
using the GMS hourly infrared data for T9019, Flo and T9018, Ed in September,
1990. In this period, Special Experiment Concerning Typhoon Recurvature and
Unusual Movement (SPECTRUM) was carried out and we could get the six-hourly

central pressure data measured by drop sonde for these typhoons.

In addition to IR data, the three-dimensional wind fields surrounding the
typhoons were calculated using the three-dimensional MASCON(Mass Consistent
Atmospheric Flux) model based on the satellite wind and rawin sonde data(Heta,
1991h). Data density was so poor that we could not gain the wind fields
indicating the eye structure, However, the change in synoptic scale wind

features in the period of six hours was usable in this case.

The process of typhoon development including the eye formation is analyzed



mainly for Typhoon 9019, which developed rapidly. Its minimum pressure was
890mb. T9018 is also analyzed to show the complex process of development under

the influence of the Philippine [slands.



2. Data

The equivalent blackbody temperature(TBB) data as observed by Visible and
Infrared Spin Scan Radiometer (VISSR) of the GMS in September, 1990 mainly used
for the analysis. This data has the resolutions of Skm at subpoint. To make the
best use of high resolution, each pixel data is directly used with no
interpolation. TBB data are gained every hour, excluding 14 and 15GMT because of
the eclipse. TBB distribution maps are drawn for some constant pixels and lines.
With the increase of distance from the subpoint, one pixel covers a larger area,

However, for typhoons in the tropics, this change is considered to be less than

10 %.

In order to see the change of cloud features, four kinds of rectangular areas
with different size( 720%240, 540% 180, 360%120 and 180 X60 in pixcels and
lines) are selected depending on tyhoon cloud size around the eye. However, in
some cases, we guess the eye as the center of circulation obtained from the

cloud patterns.

The wind fields are calculated using the three-dimensional MASCON model (Heta,
1991b) ,which provides us three-dimensional wind component(u,v, @) at the grid
point(l ° X1 ° ) from satellite cloud wind and rawin sonde data for six levels

in every six hours(0, 6, 12 and 18GMT).



3. The life cycles of Typhoon 9019(Flo) and Typhoon 9018(Ed)

Typhoon 9019(Flo) first appeared as a tropical depression at 10.8N and 148.7E
at OGMT on the 12th of September, 1990. Its location of appearance was about
1000km departed from the Typhoon 9018 (Ed), which appeared as a tropical
depression at 182 on the 9th of September and moved westward. Fig.l shows the
tracks of both T9019 and T9018. T9018 and T9019 had been recognized as tropical
disturbances, before the appearance as tropical depressions. They came from the
east of the date line as the horizontal divergence and relative vorticity

region as similar to typhoons in 1980( Heta, 1990 , 1991a).

Typhoon 9019 moved north-westward and developed into typhoon intensity at 02
on the 15th of September. This typhoon decreased its central pressure to 890mb
at 0Z on the 17th and turned toward the northeast and landed in Japan on the
19th of September, while T9018 moved westward developing slowly and weakened a
little near the Philippine Islands. After moving into the South-China Sea, it
developed again. T9018 showed its minimum pressure of 965mb at 0Z on the 16th.

T9018 landed on the Indo-China peninsula and disappeared there.

[R analysis of the cloud features of T9019 was mainly done from OlZ on the
13th to 18Z on the 15th of September. During this period, T9019 developed from
a tropical storm to a typhoon and the central pressure decreased from 998mb to
950mb (Fig.9). 187 on the 15th was the time when cloud system first had a clear
eye region on the IR pictures. After that time, it continued to have a clear eye.
On the other hand, T9018 shows a more complicated cloud feature. A small warm
region sometimes appeared similar with T9019, however it did not get clear
during this period. Instead of clean round eye, it featured by a banding type
clear sky region surrounding the small convective cloud cluster as shown at 182

on the 15th of September(Fig.7). These are analyzed in the next sections.



Fig.2 shows the 200mb and 850mb horizontal wind field analyzed using the
method developed by the present author (Heta,1991b) at 0Z on the 13th of
September, when T9019 developed into tropical storm intensity as well as T9018.
79018 was located to the west of T9019. At the 850mb level an elliptical
cyclonic flow is circulating round both T9018 and T9019. Before 18Z on the 12th,
a cyclonic flow centered at T9018 was clearer and T9019 was located at the
point where southerly wind converged with easterly wind to the east of cyclonic
flow. With futher development of the vortices, the wind fields changed a little
and two separated circulations became analyzed from 18Z on the 14th of September.

At the 200mb level, both typhoons were located at the weak diverging col (Fig.2b).

Fig.3 shows the wind fields at 18Z on the 15th of September, when T9019 had a
clear eye. Cyclonic circulations centering in the two respective typhoons were
recognized at the 850mb level. The distance between T9018 and T9019 increased
with their separate developments. At the 200mb level, the outflow from a little
east of T9019 was clearly seen, while T9018 was located at the northerly wind
region. To the east of T9019, there was a small cyclonic circulation, which was
thought to be an upper cold low. Fig.3(c) shows the vertical P velocity, @ at
the 200mb level. Upward velocity areas were recognized around the two typhoons.
The subsiding region was seen at the upper cold low. The upward motion area
around the typhoons was recognized from their tropical disturbance stages, and

the value of @ was about -0.1Pa/s at the 200mb level with some variations for

both T9018 and T9019.

The time when T9018 closely approached the islands of Philippine was about 172
on the l4th. Before and after this approach, the value of the upward motion was
almost a constant value of -0.1Pa/s. However, T9018 weakened a little and its
central pressure increased to 975mb from 970mb at 18Z on the 14th of September.

[t was thought that the water vapour supply from the ocean was prevented near



the islands because the southerly wind flows at lower levels from the islands.



4. Eye formation as observed from the IR imagery

4.1. The process of the eye formation of Typhoon 9019

Fig.4 shows a series of cloud features for Typhoon 9019 from 01Z on the 13th
to 182 on the 15th of September, 1990. The deep convective regions whose TBB
values were less than -60C, are colored black, and the contour of -30 T is
drawn. At 01Z on the 13th of September, a small cloud as shown in Fig.4 was
recognized at the center of two broader banding clouds. It enlarged and split
into small clumps at 08Z on the 13th. Then at 10Z on the 13th, a small round
cluster reappeared at the centeral part and enlarged rapidly. At 16Z a so-
called "comma shape” cloud was recognized. The head of the comma shape was
thought to be a central dense overcast(CDO) as observed in many typhoon
systems (Dovorak, 1975). The low TBB regions (TBB<-60 C) of both the head and the
tail part of the comma cloud continued to enlarge and shaped a large circle
around 237 on the 13th. The deep convective regions decreased gradually and the
head was clearly seen at 0lZ on the 13th. The head clouds appeared to be
angular and oval in shape during 02Z and 07Z on the 14th of September. This is

of ten observed during the early stage of cyclones by Dovorak(1975).

At 08Z on the 14th the head cloud was surrounded by a low TBB cloud
cyclonically. Fig.5 shows magnified maps of the cloud systems( 200 pixels X80
lines) from 07Z to 16Z on the 14th of September. The region of TBB<-70 T
rotated cyclonically and a closed eye, whose TBB indicated -39 T, was
recognized at 16Z on the 14th of September. This process of the eye formation is
different from the deepening of a small dip at the center of the CDO reported

by Kakimoto and Mitsuta(1985) for Typhoon 8305.

Fig.6 shows the change of cloud features after the appearance of the eye from
172 on the 14th to 182 on the 15th. The warm region, considered to be an eye,

was located not at the center but at the edge of the CDO. At 21Z on the 14th,



the CDO looked like an oval lacking the northwestern edge, where a "mushroom”-
shape warm area was located. After one hour, the warm area was separated into
two parts by a low TBB cloud, and resulted in an eye inside the CDO and the

warm area outside. At 23Z on the 14th, the eye disappeared by spreading a deep

convective cloud less than -80T.

It is interesting that the cloud top was quite uneven. Closed warmer regions
or the spiral-shape warmer region appeared within the CDO near the edge. The
CDO cloud consisted of not one round and flat cluster but several cloud clusters.
And the warmer regions were recognized at the edge of the deep convective
cluster or the opening space of several cloud clusters. There often appeared a

spiral patterned groove between the higher cloud tops.

The warmer region at the center of the round convective cloud appeared clearly
and deepened from 10Z on the 15th to 17Z on the 15th. The warmest value of -11.
3 T was observed inside the eye at 17Z, which suggests that a clear eye was
completed in this time with almost no cloud inside the eye. This eye continued
to be present clearly until a little before landing on the Japanese Islands from

the IR images.

4.2 The process of development of T9018

Typhoon 9018 developed into a tropical storm intensity at 0Z on the 12th of
September. There appeared the round CDO from cloud pictures at 03Z on the 12th.
In Fig.T cloud features for T9018 were drawn from 017 on the 13th to 182 on the
15th of September. At 01Z on the 13th, a small convective cloud surrounded by a
larger banding cloud was recognized. The convective cloud enlarged and changed
into the comma shape cloud with a round head cloud and tails at 10Z on the 13th.

A central angular clump of cloud and surrounding banding type clouds appeared at

10



16Z on the 13th. At the north-eastern edge of the central convective cloud, a
warmer region appeared and then seemed to spiral counterclockwise into the
center of the CDO, dividing the clump of cloud into two parts. In other words,
low TBB regions cyclonically extended surrounding the warm area. At 08Z on the
14th of September, a small elliptic warm region of -30.5C was recognized
surrounded by high convective cloud less than -80 T especially in the north-
western part. A clear warm area which showed an eye disappeared after 127 on
the 14th. However, a warm region in spiral shape appeared inside the low TBB
cloud mass. The area of deep convective cloud( TBB<-60 T) decreased from 127
on the 14th to 0lZ on the 15th. This decrease was thought to be related to the
weakening of the typhoon because of the nearing approach to the Philippine

[slands.

However, at 01Z on the 15th, a small eye of -28.3 C appeared again surrounded
by a "C”"-shaped low TBB cloud as shown in Fig. 8. This eye disappeared and a
clump of c¢loud with about a one degree diameter continued to stay at the center
changing its shape. Surrounding the cloud, the cloud- free banding area spread
spirally and at 187 on the 15th of September, a spiral cloud and a clear sky
spread alternately. This crescent- shaped or ring- shaped clear area was
observed until 03Z on the 16th, and at 03Z on the 17th, a banding type eye
appeared in the IR pictures. Comparing the cloud features of Typhoon 9018(Fig.7)
with T9019 (Fig.4), T9018 had a small change in this period, though the process

of the eye formation was not clear.

The process of the eye formation was not simple but complicated for both T9018
and T9019 changing their figures from hour to hour. However, for both cases, an
eye first appeared in the edge of the head region of the CDO, where the warm
region spiraled into and was surrounded by deep convective clouds cyclonically.
The eye was not thought to be formed as a dip of the CDO. After an eye was

recognized first, the warm TBB area indicating an eye often disappeared and

11



sometimes changed its location toward the edge of the cloud in the deep
convective cloud mass. In the next section, these complicated processes of eye
formation will be discussed in the next section in relation to the central

pressure change, as the measure of the typhoon intensity.

2



5. Development of the typhoon and its eye

Fig.9 (a) and (b) show the time change of the central pressure and its time
change rate for Typhoon 90139 in the developing period from 0Z on the 13th to 182
on the 15th September. T9019 continued to develop in this period gradually with
increasing the rate of central pressure deepening. Fig.9(c) shows the warmest
TBB region in or near the center of deep convective cloud, which suggested the
temperature of the eye region. TBB was very warm at 127 on the 14th when an eye
appeared for the first time. However after a closed eye was recognized at 162,
TBB increased about -30°C when the eye was recognized at the edge of the CDO.
The spiral warm region showed a colder TBB, and after 10Z on the 15th, The TBB
increased and a clear eye appeared at 17Z on the 15th. The time change rate of
the central pressure rapidly decreased after 97 on the 15th when a clear eye
formation began. Before then in the period when an eye appeared and disappeared
alternately from the infrared images, the rate showed a constant value of about
-5mb/hour. This period was thought to be the evolution of a two-cell type vortex
cloud with an eve from a one-cell type cloud cluster. It was interesting that a
rapid intensifying occured not the first appearance of an eye about [2Z on the

14th but after the complication of a clear eye on the 15th of September.

Fig.9(d) shows the time change of the percentage coverage of the area colder
than -30 C isotherm within four rectangular areas of different sizes. For the
largest rectangular(about 1150kmx 1300km ), there is a tendency for the areas
of convective cloud to decrease constantly with development. This was thought
to be the result of systematization of the clouds. At 0lZ on the 13th, there
were many cloud clusters which were not clearly systematized as the clouds of
typhoon 9019. However at 18Z on the 15th, there was left only the clear eye wall
cloud and the rainbands of typhoon 9019. The percentage coverage within the
narrowest rectangular, started to decrease around 167 on the 14th, when an eye

appeared first.

I 3



For T9018. similar figures are shown in Fig.10. The central pressure decreased
to 06Z on the 14th. However, after that time the pressure increased a little
and decreased again. Fig.10(c) shows the distance from the Philippine Islands.
The typhoon closely approached the island around 17Z on the 14th. With this
approach, the percentage coverage of the cloud for the -30 T TBB threshord
decreased to the minimum values around 21Z on the 14th at the time going away
from the islands(Fig.10(e)). The areal decrement was also reported by
Muramatsu(1983) when the mature typhoon passed across or over the rather large
island, though the time lag as this, was not shown. The value of the upward
motion around the typhoon was almost constant in this approaching period as
stated before. However, the water supply from the ocean was thought to be
decreased because of the island. The time lag of the minimum area was considered
to occure because southerly inflow in the east of typhoon center passing over

the island had less water vapor after the passage of the nearest point.

Subtracting the effect of the islands, there was not a clear tendency for
19018 (Fig.10e) different from T9019(Fig.9d), that the percentage coverage within
the largest rectangular decreased with the development. The percentage coverage
was already less than 30 % at 01Z on the 13th and decreased further to 13Z on
the 13th and then increased gradually to 13Z on the 14th within the rectangular
of 720 pixelsx 240 lines. Comparing the cloud features between T9018 and T9019,
T9018 had a more constructed cluster from the beginning. The cloud of T9018

shows rather constant structure in size and shape in the analyzed period.

Fig.10(d) shows the time change of the warmest TBB value within the CDO, which
suggested an eye. The value of almost -30C were recognized around the period
centered at 227 on the 13th, 97 on the 14th and 0Z on the 15th of September.
These warm regions were not thought to be a clear eye with no cloud inside from

the tropopause to the ocean. After the appearance of an eye at 09Z on the l4th,

14



approaching the islands, the comma-shape CDO cloud became smaller and smaller
until 00Z or 01Z on the 15th. At 01Z on the 15th, a small eye, less than Skm in
diameter, appeared surrounded by a C-shaped deep convective cloud of -T70TC.
Comparing Fig.10(d) and (e), an eye appeared when the area of low TBB areas less
than -30 T showed a smaller value. This feature was also recognized for
Typhoon 9019. The eye often appeared when the deep convective cloud was tightly

reduced rather than in the period when the cloud was roundly enlarging.
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6. Discussion

The process of the eye formation of T9018 and T9019 was analyzed from the
satellite infrared data. For T9019, the eye first appeared not at a center of
the CDO but the edge of deep convective cloud which was cyclonically spiraling
into a high cloud. The deep convective cloud cyclonically circumscribed the
warm region to make an eye. In the case of T9018, an eye also formed at the
edge of the deep convective cloud. According to a laboratory simulation by Wei
and Wang(1982), the process of the eye formation may be caused from several
convective towers located in suitably close distance began to turn cyclonically
surrounding a cloud free region resulting an axis-symmetric vortex with the eye
or warm core, This result suggested the process of eye formation of these
typhoons. The eye first recognized is the place where there are no convective
cloud and following the development subsiding motion occured at the eye and this

is thought of as a clear eye.

The time changes of the warmest TBB for T9019 indicated the warm region of 12.
2 T first but surrounded by deep convective cloud and cooled to -30TC at 16Z on
the 14th and then get indefinite compared to the deep convective cloud. After
10Z on the 15th, the eye got clearer again. This complicated eye formation can
be interpretted in two ways. One is that the eye first recognized was
disappeared actually after moving toward the edge of the CDO and a new eye
appeared at the center of the CDO as a dip. The another interpretation is that
an eye continued to stay within the CDO, but the cirrus covered the eye and TBB
changed with the thickness of the cirrus cloud. Finally because of the
strengthening of subsiding motion, the cirrus disappeared and clear sky

appeared in the eye.

Judging from the analysis by Kakimoto and Mitsuta(1985) that an eye already

existed at the 700mb level 15 hours before the appearance of a dip from the

16



satellite IR data in the case of T8305, the latter hypothesis seems more

probable.

The central pressure of T9019 was less than 980mb after 15Z on the 14th.
Weatherford and Gray(1988) reported that about sixty percent of typhoons with a
central pressure of 980mb have an eye in the intensifying process. This fact

also supports the latter thought stated above.

The process of eye formation for T9019 is thought as follows from these
considerations: An eye formed at the edge of the convective cloud, cyclonically
surrounded by convective cloud, and disappeared on the IR imagery because of the
cirrus clouds spreaded from the neighboring high convective clouds. After 102
on the 15th, the eye became clearer and the cirrus disappeared because of the
warming with subsiding motion and a clear eye appeared on the IR imagery. Rapid
intensifying of the typhoon began after the completement of the clear eye with
strong subsiding motion and the central pressure decreased to 830mb at 0Z on the

17th of September.

In this study, we used hourly cloud data. However, remarkable changes occurred
within this short time period. The cloud of the CDO which looks round and flat
at a glance, consisted of several cloud masses and changed its shape and
location considerably. An eye appeared at the edge or the opening space of
those small convective clouds in the CDO, which looked like a spiral shape
groove with warmer TBB from the satellite. The process of this eye formation

was quite assymmertic.

Diurnal variations of the satellite measured TBB have been reported by many
researchers ( Browner et al, 1977, Muramatsu, 1983, Steranka et al,1984 and Lajoie
and Butterworth,1984). Diurnal variations of typhoons are large especially in

the early stage for the percentage coverage within some threshold values.
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However, the diurnal oscillation of cloud features such as the area of the mean
temperature are less clear in both T9018 and T9019(Fig.9 and Fig.10) This is
because they were in the intensifying stage in which diurnal change of cloud
heights becomes neglegible, as suggested by Lajoie and Butterworth(1984) and

Hobgood (1986) .

138



7. Conclusions

The process of the eye formation of the two typhoons has been analyzed using
the satellite infrared data. T9019 finally had a clear eye in the center of the
deep convective region of the CDO, while T9018 indicated the feature of a
banding type eye after all, although in the middle of its development a small
warmer region, which suggests an eye, appeared several times. For both typhoons,
the eye first appeared at the edge of a convective cloud as the warmer region
cyclonically spiraled by the deep convective cloud. In these intensifying stages,
diurnal oscillation of the cloud heights was small but the change in hourly

cloud features was unexpectedly conspicuous. Axis-asymmetry was also marked.

The eye observed from the satellite often disappeared because of the cirrus
cloud. T9019 developed rapidly after the completing of a clear eye with
subsiding. Although a completed eye and an eye at first appearance have similar
features from the IR data, they are considered to be differentiated whether they

have strong subsiding or not.

The development of T9018 interferred with the effect of the Philippine Islands.
This was because of insufficient water vapor supply, especially after T9018
passed the nearest point. Although the convergence at lower level was almost

constant, the southerly inflow across the island was considered to be dry.

Al though we can gain much information from hourly infrared data, the process
of the eye formation seems quite complicated from the present analysis. Much
more analyses with other kinds of data clarifying the structure at lower levels

is desiravle.
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Figure Captions

Fig.1. The tracks and central pressure at 0Z of each day shown by large

closed circle with numerals for Typhoon9018 Ed and Typhoon 9019 Flo.

Fig.2(a) Horizontal wind field at the 850mb level adjusted by the three-
dimensional MASCON model at 0Z on the 13th of September, 1990.
(b) As in (a), except for 200mb level.

Fig.3(a) As in Fig.2, but for at 18Z on the 15th of September, 1990.
(b) As in (a), except for 200mb level.
(c) The distribution of @ values at the 200mb level at 182 on the 15th
of September. Solid lines show the negative values(upward motion) and

broken lines show the positive values(subsiding motion).

Fig. 4 The time sequence of cloud features of Typhoon 9019 between 01Z on the
13th and 18Z on the 15th of September, 1990. The isotherms of -30C are

drawn and the regions cooler than -60 C are colored by black.

Fig. 5 Magnified maps of cloud of the central part during the period of
eye appearance of T9019. Black areas and shaded areas demarcate the
infrared pixcels whose cloud tops are colder than -80C and warmer
than -30 C, respectively. Isotherms of -40,-50,-60 and -70C are

drawn by solid lines and those of -75C are drawn by broken lines.

Fig.6 As in Fig.5 but the period from 17Z on the 14th to 18Z on the 15th.

Fig.7 As in Fig.4 but for Typhoon 9018.



Fig.8 As in Fig.5 but for Typhoon 9018 from 16Z on the 13th to 18Z on the

15th of September.

Fig.9 Temporal changes of (a)central pressure, (b) the rate of central
pressure change, (c)the maximum TBB values in the deep convective cloud,
which indicate the temperatures of the eye and (d) parcentage coverage
of the regions of the cloud (TBB <-30 ), within the four kind of
rectangulars for Typhoon 9019 from 0Z on the 13th to 18Z on the 15th
of September, 1990.

Fig.10 As in Fig.9 except for Typhoon 9018. (c) shows the distance from the

Philippine Islands.
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