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Simultaneous airglow observations of medium-scale traveling ionospheric disturbances and
mesospheric gravity waves at equatorial latitudes

“D. Fukushima, K. Shiokawa, Y. Otsuka (STEL, Nagoya University), M. Nishioka (NICT)
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Simultaneous measurement of vertical air velocity, particle fall velocity, and hydrometeor sphericity
in stratiform precipitation using the Equatorial Atmosphere Radar and 532-nm polarization lidar
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Abstract

Results from simultaneous measurements of vertical air velocity (W), particle fall velocity, and hydrometeor sphericity in stratiform
precipitation are reported for the first time. A case of decaying stratiform precipitation on 8 December 2008 (case A) and that of
active stratiform precipitation on 16 December 2008 (case B) observed at Sumatra, Indonesia (0.2°S, 100.32°E) are described. A
47-MHz wind profiling radar measured W and reflectivity-weighted particle fall velocity relative to the air (V) simultaneously.
Upward I above the melting layer (ML) in the case B (> 0.2 m s™) was greater than the case A (< 0.1 m s™). ¥, at 300 m above the 0
°C altitude in the case B (1.6 m s™) was greater than that in the case A (1.3 m s™). The thickness of ML in the case B (900 m) was
greater than the case A (300 m). The results suggest that the size growth of hydrometeors under the presence of upward W
contributed to the formation of thicker ML in the case B. Lidar measured an increase of linear depolarization ratio (6) and lidar dark
band in the ML, and their thickness were consistent with the ML thickness determined by 7. ¢ of raindrops was 0.08-0.10 in the case
B, while it was close to zero in the case A. Multiple scattering occurred under the presence of large-sized raindrops explains the ¢
increase in the case B. In the case B, a dip of 6 was measured at the bottom of ML.
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Fig. : Altitude profile of (a) W, (b) ¥z, (c) P, and (d) 6 averaged from 2014 to 2141 LST on 16 December 2008. Positive
W values indicate that wind velocity is upward, and positive V7 values indicate that hydrometeors fall toward the ground.
Arrows at the right of each panel show the altitude of 0 °C estimated by the radiosonde soundings. The thick curves
show the average values, and the dotted curves on the both sides of the averaged values show disturbance determined
by the standard deviation.
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1. Introduction

Clouds of various types are frequent in the tropical tropopause layer (TTL) and play a
critical role in the dehydration of the stratosphere (Fueglistaler et al. 2009) and
troposphere—tostratosphere transport by modulating the local radiative heat balance (Corti et al.
2006). These clouds in the TTL may also contribute to the radiative budget of the tropical
atmosphere (e.g., McFarquhar et al. 2000). The variability of TTL clouds depends on cloud
microphysics (Peter et al. 2006), cloud dynamics (Boehm et al. 1999), and large—scale dynamics
(Fujiwara et al. 2009).

On synoptic to subseasonal time scales, equatorial Kelvin waves are one of the most
influential disturbances in the TTL (Suzuki and Shiotani 2008; Suzuki et al. 2010), significantly
affecting the cirrus variability there (Boehm and Verlinde 2000; Immler et al. 2008; Fujiwara et al.
2009). Ground-based lidar and cloud radar measurements are useful for studying clouds in the TTL
at high temporal and vertical resolutions; however, it is difficult to measure the horizontal
distribution of cloud layers. Satellite—borne lidar and radar measurements satellites, it is difficult to
detect the temporal evolution of clouds at sub—diurnal time scales. Infrared brightness
temperature (Tb) data from geostationary satellites have been used to estimate the cloud top
height in the tropics over a wide area at a high temporal resolution. However, it is known that, even
for deep convective clouds, the estimated cloud top height (CTH) has negative biases compared
with lidar measurements (Sherwood et al. 2004).

Recently, Hamada and Nishi (2010) (hereafter referred to as HN10) constructed a look—up
table for estimating the CTH by regressing the echo—top heights measured with the CloudSat
satellite cloud radar over Tb measurements at 10.8 ' m and 12 ¢ m with the geostationary
satellite MTSAT-1R (covering "70° E to "150° W at a spatial resolution of 0.05° ). The vertical
temperature profiles, such as those obtained by radiosonde measurements and analysis data, were
not used in constructing the table. This table can be adapted for all upper clouds, including
non—precipitating clouds. This new CTH dataset makes it possible to monitor a particular cloud
system over a time interval of 1 hour.

In this study, we investigate a case of CTH variations associated with the passage of
Kelvin waves in the TTL over the tropical Indian Ocean in October—December 2006. We use the
CTH data based on HN10 taken during the Mirai Indian Ocean cruise for the Study of the
MJO-convection Onset (MISMO) field experiment (Yoneyama et al. 2008). In this campaign, regular

3—hourly radiosoundings, 15 chilled—mirror hygrometer soundings, and continuous 95—-GHz cloud



radar measurements were conducted on the R/V Mirai We first compare the satellite—based CTH
data with the ship—borne cloud radar data. Then, we present the longitudinal and temporal
variability of the CTH in association with Kelvin waves over the tropical Indian Ocean, where the
Kelvin wave activity is highest in the TTL throughout the year (Suzuki and Shiotani 2008).

2. Data

During the MISMO field campaign from late October to early December 2006, the research
vessel Mirai sailed in the Indian Ocean, between 4.0° S—3.0° N and 78.8° E—82.2° E during
22—27 October, stayed at 0° N, 80.5° E from 28 October to 21 November, and then cruised to
Singapore at 103° E (Yoneyama et al. 2008). On the vessel, Vaisala RS92 radiosondes were
launched regularly at 3—hourly intervals, and 15 Meteolabor Snow White chilledmirror hygrometers
were launched. The relative humidity over ice (RHi) in the upper troposphere was calculated using
the Frostpoint temperature measured with the Snow White hygrometers and the air temperature
measured with the Vaisala RS80 radiosonde, which is directly attached to the Snow White
hygrometers. The RHi measurements have an accuracy of ~1—2% in the tropical upper troposphere
(Fujiwara et al. 2003). In addition, the Frequency—Modulated, Continuous—Wave (FMCW), 95-GHz
cloud—profiling radar “FALCON-I" of Chiba University was continuously operated on the vessel.
For comparison with the CTH, the 95—GHz radar reflectivity in dB units was averaged for 60
minutes and for 183 m in the vertical direction, and the echo—top height was defined as the highest
point where the echo reflectivity becomes —30 dBZe (Horie et al. 2000; Takano et al. 2008;
Yamaguchi et al. 2009).

The CTH data based on HN10 are available over the area between “70° E and "160° E at
a spatial resolution of 0.05° and a time resolution of 1 hour. The uncertainty of the CTH for upper
tropospheric clouds is < 1 km at Tb < 240 K (above ~12.5 km), estimated from the standard
deviation of the height difference between MTSAT—-1R and CloudSat. We note that the uncertainty
in CTH is large for thin cirrus clouds with an optical thickness of < 2.5. We further define the CTH
occurrence frequency (CTHOF) for each area of 9.95° latitude and 10° longitude centered at
the location of the R/V Miraiin each vertical 0.5—km bin as N/Nall, where Nall is the number of
total measurements (excluding missing measurements) in the area, and N is the number of grid
points within that area where the CTH lies within the vertical bin. For instance, a CTHOF of 0.5 (=
50%) at 14.0 km means that a half of the 9.95° latitude—10° longitude area is occupied by clouds
with tops between 13.75 and 14.25 km.

To investigate the relationship between the CTHOF variability and large—scale
disturbances, we also analyzed temperature data at 150 hPa ("14.2 km) from the 6-hourly global
operational analysis of the European Centre for Medium—Range Weather Forecasts (ECMWF),
which were originally gridded at 1.125° in both longitude and latitude. We note that the time axes
of Figs. 1, 2 and 4 go from right to left to show the zonal structure of eastward—moving

disturbances; that is, equatorial Kelvin waves.



3. Results and discussion

Figure 1 shows the time—altitude distributions of the 95—GHz cloud radar reflectivity in
units of dB (dBZe) over the R/V Mirai and the satellite—based CTH at the grid point nearest to the
vessel. At 10—15 km, the satellite—based CTH corresponds well with the radar echo top height (the
boundary between the colored and noncolored regions), although the location of the satellite
observation grid may be up to ~4 km away from the vessel. A scatter plot for the satellite—based
CTH versus the radar echo top height (not shown) indicates that there is ~1.47 km positive
estimation bias for the satellite-based CTH and the standard deviation of the difference between
the two heights is ~1.53 km. The two heights agree quite well from 26 October to 2 November and
after 28 November, when the center and western side of large—scale convection passed over the
vessel (Yoneyama et al. 2008). From 12 UTC 31 October to 1 November, the radar echo top height
was around 10—13 km, showing cirrus cloud existence, as there was no echo below these signals.
In some cases, the CTH was higher than the radar echo top. For example, during 10—11 November
and 24—26 November, the CTH showed scatter over the vessel. This was caused by a remnant
from an active convective system that came close to the vessel (confirmed by the MTSAT-1R
data). At that time, the radar echo measurements were temporally disappearing.

Figure 2 shows the variability of the dynamical field measured with the regular
radiosounding onboard the R/V Mirai. We observe that a zonal wind transition from easterly to
westerly occurred at 16.5 km around 29 October down to 12 km around 3 November, when the
isentropes showed downward motion from the tropopause to the mid—troposphere. This
disturbance had a zonal wind amplitude of "20 m s—1 at 14.5 km with a period of about two weeks
(the period can be estimated from the half wavelength between the two zero curves in the zonal
wind anomaly plot at ~14.5 km on 25 and 31 November). The vertical wavelength, 4z , was
estimated as ~8 km (the region from 14 km to 18 km on 1 November corresponds to half the
wavelength). There was no substantial meridional-wind component corresponding to the zonal
wind oscillation (not shown). These meteorological characteristics correspond to those of
equatorial Kelvin waves. From the linear wave theory, the zonal phase speed was roughly
estimated as 15 m s—1 and the zonal wavelength was roughly estimated as 1.8 X 104 km using the
values, /z=8km, U=0m s—1 and N=1.18 X 10—2 s—1, where Uis the background (constant)
zonal wind and Nis the Brunt—Viisila (buoyancy) frequency around 14.2 km (150 hPa). Figure 3
shows the longitude—time distribution of a temperature anomaly at 150 hPa ("14.2 km) using
ECMWF data. The anomaly arises with respect to the temporal average between 22 October and
10 November. Figure 3 indicates a warm anomaly that moved eastward over the equatorial Indian
Ocean from 31 October to 6 November at a zonal phase speed of “15 m s—1, coinciding with the
descending isentropes observed over the R/V Mira/in Fig. 2 and corresponding to the value
estimated using the linear wave theory.

To focus on the CTH variability associated with large—scale dynamics, we here use the



CTHOF data defined in Section 2. Figure 4 shows the time—altitude distributions of CTHOF,
potential temperature, and RHi over the R/V Miraj, focusing the period and altitude region on the
zone where a packet of Kelvin waves is observed in Fig. 2. Large values of CTHOF are found at 13
km intermittently from 29 October to 2 November, suggesting that clouds with tops at 13 km were
dominant during this period. After 31 October, there were fewer upper tropospheric clouds with
tops reaching 15 km. The large CTHOF seen around 14 km on 1 November shows the cirrus clouds
as described for Fig. 1.

The positive potential temperature anomaly in Fig. 4 corresponds to the warm phase of
Kelvin waves. The largest potential temperature change was "9 K at 15.5 km around 31 October,
when the zonal wind anomaly was 0 m s—1, as shown in Fig. 2. The phase difference between
potential temperature and zonal wind satisfies the property of Kelvin wave. We observe in Fig. 4
that the 2.5% CTHOF regions descend with time, being co—located with positive potential
temperature anomalies. Temperature inversions are observed along the line from 17.5 km on 29
October to 13 km on 2 November, coinciding with the ~0 K potential temperature anomaly and the
2.5% CTHOF region. This indicates that the lower boundary of the warm phase of Kelvin waves
forms a temperature inversion layer, preventing moist convections and associated clouds from
penetrating higher altitudes (estimated clouds types in Fig. 1). The diurnal changes of the CTHOF
are largest at 13 km as ~3% and the peak of diurnal cycle is around 12 UTC ("17 local time).

Figure 4 also shows RHi profiles on 30 October and 1 November. On 30 October, very low
RHi values were found around 15.5 km. These were located within the warm phase of Kelvin waves.
On 1 November, the minimum RHi region had moved to 14—15.5 km, coincident with the positive
temperature anomaly. The inversion layers are found at the lower edge of the very low RHi region
in both profiles, and the high RHi region just below the inversions corresponds to the upper
tropospheric clouds shown in the CTHOF data.

Figure 3 also shows the Hovméller diagram of the CTHOF anomaly at 14 km. The negative
CTHOF anomaly falling to —6% at 80.5° E from 31 October to 6 November coincides with the warm
phase of the Kelvin waves (see also Fig. 4). The diurnal changes of the CTHOF at 14 km reached
up to 1.5% in Fig. 4. Therefore, the CTHOF changes associated with the Kelvin waves were much
larger than the diurnal changes in CTHOF at 80.5° E. The warm anomaly propagated further
eastward and reached when the CTHOF fell to —6%. During 14—17 November, negative CTHOF
anomalies are continuously observed around 150° E even after the warm phase of Kelvin waves
has passed. This suggests that the cloud—top height does not recover even if the temperature
becomes colder again. We also see that another warm anomaly at 80.5° E around 13—14
November propagated eastward and reached 150° E, where negative CTHOF anomalies coexisted.
The CTHOF variability was weak at 120—140° E throughout this period; active convective clouds
such as those reaching 14 km were rare in the region (not shown).

The two cases above suggest that TTL clouds are effectively suppressed by the warm

phases of equatorial Kelvin waves. Note that a small region about the ratio of the CTHOF at 14.5



km divided by the CTHOF at 13 km where the ratio was less than 0.4 propagated eastward with the
warm phase of the Kelvin wave at 150 hPa (not shown). Therefore, the negative CTHOF anomaly at
14 km (N14km/Nall; Fig. 3) was not caused by the increasing number of total clouds (Nall). At the
same, the decrease in N14.5km is greater than in N13km. Kelvin waves frequently propagate
around 100 hPa (716.5 km) in the eastern hemisphere but usually around 150 hPa ("14.2 km) and
below in the western hemisphere (Suzuki et al. 2010). Therefore we expect that a large variability
in the TTL clouds could be observed at higher altitudes in the eastern hemisphere than in the

western hemisphere.
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Figure 1: Time—altitude distribution of radar reflectivity in units of dB (dBZe) over the R/V Mirai during the
MISMO campaign between 24 October and 10 December 2006. Regions with 2 —30 dBZe are colored. Missing
measurements (around 27 November) are shown in dark gray. The location of the CTH using HN10 data at the
grid point closest to the vessel at each time from 10 to 15 km is indicated by a black cross. The horizontal lines
denote the 10—km height. Note that the time axis goes from right to left.
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Figure 2. (Left) Time—altitude distributions of zonal wind anomaly (shades) and potential temperature (contours:
3K interval at 342-390 K, 6K interval at 390-450 K and a light green line for 390 K) measured with the regular
radiosounding onboard the vessel Mirai. Stars indicate the location of the tropopause. The zonal wind anomaly is
with respect to the temporal average between 22 October and 10 November. Note that the time axis goes from
right to left. (Right) The average zonal wind profile during the period from 22 October and 11 November.
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Figure 3. Longitude—time distribution of the CTHOF anomaly at 14 km (shades, %) and the temperature anomaly
at 150 hPa (contours: 0, 0.5, 1.5 and 2.5 K, only for warm anomalies). The anomaly is with respect to the temporal
average from 22 October to 10 November. The arrow indicates the location of the vessel Mira/in Figures 2 and 4.

CTHOF(%) & O'[K] RHi(%)
’]9 = [ I R ! ']9
18 - — — 18
E 17 _, j j17
X
— 16 - — — 16
O , L »
315 4k - 15
= VA *
< 14 —\/\— — 14
13 a - @(_— — 13
12 R y m 12
4 5 2 /[\1 3|1 /]\30 2924 0 0O 100
NOV OCT uTtC

‘I!Il

l
I
0O 5 10 15 (%)

Figure 4. (Left) Time-altitude distributions of the CTHOF (shade, %) and potential temperature anomaly
(contours: 3-K interval) from 29 October to 3 November. Stars and squares indicate the locations of the
tropopause and the lower boundary of the inversion layer (dT/dz > 0 K km™), respectively. The potential
temperature anomaly is with respect to the temporal average between 22 October and 10 November. Note that
the time axis goes from right to left. (Center) Time-altitude distribution of the CTHOF diurnal variation estimated
between 22 October and 10 November (contours and shading are 2, 4, 6 and 8%). (Right) Profiles of relative
humidity over ice (%) on 30 October (solid curve) and 1 November (dotted curve). Stars and squares are the
same as those in the left panel.
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1 Introduction

Indonesian maritime continent (IMC) is one of the most ac-
tive convection region in the world and it plays important
role for the earth’s climate system globally [1]. Convec-
tive system over this region shows several natural variabil-
ities with various time scales such as diurnal, intraseasonal
and seasonal variations [2],[3]. Such variations indicate and
involve the precipitation propagation. However, detailed
analysis about the precipitation propagation over the IMC
such as zonal distance (span), duration and the propagation
speed has not yet been conducted. This study provides a
preliminary result of this issue. The result can serve as
a combined statistical-dynamical methods to improve the
weather forecast, once the mechanism for propagation and
regeneration of precipitation are understood and adequately
represented in forecast models.
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Figure 1: Computational domain for satellite Hovmoller
diagrams and topography (m) in Indonesia along with the
maximum elevation (m) along latitude (below) and longi-
tude strip (right).

2 Data and Methodology

The region of interest lies between 10°S—10°N Ilatitude
and 90°E-150°E longitude (Fig. 1). Hourly infrared
(IR) brightness temperature (7;,) within the above region
observed by the Geostationary Meteorological Satellite
(GMS), Geostationary Operational Environmental Satellite
(GOES-9), Multifunctional Transport Satellites (MTSAT-
1) during 2001-2010 were used. The IR images have a

spatial resolution of 0.05% x 0.05°. The IR 7 is usually
less correlated with rainfall amount (or rainfall rate) with
respect to radar reflectivity and does not always indicate
active deep convection. Thus, we need to threshold 7;, to
screen out ground temperature and discriminate deep con-
vective cloud, so that 7 can serve as a proxy for rainfall.
In this study, we employed the threshold method proposed
by [4] in which they averaged T, < 0°C and all 7},s exceed
0°C were replaced by 0°C before the averages were made.
To estimate the zonal distance (span), duration, and prop-
agation speed of the cloud episode, a 2D-autocorrelation
function was applied to the Hovmoller diagram of IR 7j, as
proposed by [5]. Harmonic decomposition of frequency di-
agram of cloud occurrence was also employed to quantify
the diurnal and semidiurnal component of the convective
cycle.

3 Results

3.1 Example of coherent cloud

Figure 2 shows the example of coherent cloud during 10
April to 9 May 2004. During this period, the first cam-
paign of Coupling Processes in the Equatorial Atmosphere
(CPEA) was conducted [6]. The campaign period can
be devided into two intraseasonal variation (ISV) phases,
i.e., inactive (10-22 April) and active phases (23 April-9
May)[3]. The ISV phase during this campaign was asso-
ciated with the Maden-Julian Oscillation (MJO). In the in-
active phase, a variation of clouds with a period of several
days was observed over Indian ocean and reached Sumatra
on 15 April. Another cloud was also observed over Suma-
tra on 18 April. During the active phase, three eastward-
propagating super cloud cluster (SCCs), i.e, SCC-1, SCC-2
and SCC-3, reaching Sumatra on 23 April, 29 April, and 05
May, respectively, were visible. The SCC-1 and SCC-2 be-
came obscure to the east of Sumatra, while SCC-3 was ob-
served until 130°E. Eastward-and westward-moving streak
are clearly observed in Fig. 2 with the number of westward-
moving streak are larger than that of eastward-moving one.
Moreover, westward- and eastward-moving streak are visi-
ble in the entire region of the IMC. However, more streaks
are visible around the western IMC which is related to the
SCCs frequently originated from the Indian ocean.
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Figure 2: Sample Hovmoller diagram of 7;, during 10 April-9 May 2004. Straight black lines denote examples of the
contiguous fits of maximum coefficient larger than 0.35. One unit of longitudinal and time dimension is 0.05° and 1 hour,

respectively.

3.2 Diurnal frequency

Diurnal frequency in Hovmoller diagram of 7}, from all data
(2001-2010) is shown in Fig. 3. The diurnal cycle is re-
peated (one on top of the other) for clarity. Coherent pat-
terns of diurnal frequency diagram can represent "phase-
locked" occurrence of cold cloud tops and thus rainfall. The
interaction of elevated topography and the diurnal heating
cycle is evident across all bands. There are several iden-
tified maxima, i.e, in Indian ocean, Sumatra and Kaliman-
tan. In Indian ocean, the cloud propagates westward, but
some clouds which are close to the coastline of Sumatra
propagates eastward. In Sumatra, westward and eastward
moving cloud are observed in which at the western Suma-
tra the clouds move westward to the offshore region and
some of them reach the Indian ocean, while at the eastern
Sumatra they moves eastward to the Malacca Strait around
08-12 UTC and some reach Kalimantan. Westward and
eastward-moving maxima are also apparent in Kalimantan
(110-120°E). Although it is not as strong as in Sumatra and
Kalimantan, diurnal maxima is also observed in Papua is-
land.

In general, the cloud percentage decreased toward the
east with the smallest cloud percentage at 120°-130°E, con-
sistent with the westerly regimes corresponding to the pe-
riods of active convection over the IMC as reflected in
the large-scale upper-level divergence and wetter conditions
around Sumatra, Borneo and some part of Sulawesi island
[7]. The diurnal cycle of precipitation can be further in-
ferred from the Fourier harmonic decompositions of wave
numbers 0-2 for several longitudinal bands (Fig. 4). Diurnal
variations were evident across all longitudes, but farther to

the east the amplitude of diurnal variation became smaller.

3.3 Statistical features
3.3.1 Zonal-phase speed

Fig. 5 shows the scatter plot of span versus duration. For
cold cloud streaks spanning >1000 km and >20 h duration,
the median zonal phase speed of 14.5 and 15.4 m s~! for
eastward and westward-moving streaks, were found. The
phase speed particularly for eastward-moving streak is in
line with that over North America (14 m s~ !, [5]). The
large majority of the events are enclosed between 7 and 30
m s~! as also found by [5]. The similarity of the phase
speed in this study with that of North America may reflect
the similarity of the convection generation and evolution.
The most convective episodes in the US are triggered along
mountain rain as also observed over the IMC such as over
Sumatra, Kalimantan and Papua island.

3.3.2 Recurrence frequency

For the ten years period, the recurrence frequency, which
was categories from 1 event per day to 1 event per month
was summarized in Tables 1 . The concept of recurrence
frequency can be found in [5]. For eastward case, the mean
value of span and duration vary between 273 km/4.7 h of the
1 per day category to 1702 km/32 h of the 1 per month sys-
tems, with the 1 per week category spanning 1082 km and
lasting 19 h. For westward case, the values vary between
638 km/11.2h of the 1 per day category to 2746 km/49 h of
the 1 per month systems and when the period of recurrence
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Figure 3: Hovmoller diagram of the percentage of cloud
occurrence (7, < 241 K) for all data (2001-2010) on diurnal
basis. The diurnal cycle is repeated (one on top of the other)
for clarity.

was 1 per week, the streaks started to exceed more than
1977 km and 33.9 h. The span and duration of eastward
is smaller than those of westward-moving streak. Mean of
cloud streak zonal span and duration at different recurrence
frequency thresholds for eastward-moving events identified
in this work are different from those of the previous stud-
ies while those of westward moving event are very similar
to those of East Asia [4], a bit shorter in span and duration
than the ones over the US [5].

3.3.3 Longitudinal dependence

Finally, the longitudinal dependence of the number of cold
cloud systems during the observation period is shown in
Fig. 6, divided into three space time and three speed time
categories. The figures refer to the number of streaks in
each category within a 2.5 longitude strip. We plot the num-
ber of the streak originated within the strip. The largest
number of westward-moving streaks is originated from the
Indian ocean, consistent with Fig. 3. While large number of
eastward-moving streaks is originated from Papua, Sumatra
and Kalimantan.

4 Conclusions and future work

In summary, in the present study we have used brightness
temperature observations in 2001-2010 to compile a
climatology of cloud episodes such as zonal span, duration,
and propagation speed. In the longitude-time Hovmoller
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Figure 4: Fourier decomposition (wavenumbers 0-2) of
the percentage of cloud occurrence in Fig. 3, for several
longitudinal bands. Dotted, thin solid, dashed, and thick
solid lines represent wave numbers O (mean), 1 (diurnal),
2 (semidiurnal), and their summation, respectively, while
open circles depict original data before decomposition. The
coefficients and amplitude for each wavenumber are listed.

space, clouds exhibited coherent patterns that propagates
westward and eastward. The number of westward moving
streaks is larger than that of eastward moving ones with
the ratio of 1.5 with westward-moving streak moving
faster. For cold cloud streaks spanning >1000 km and
>20 h duration, the median zonal phase speed of 14.5 and
154 m s~! for eastward and westward-moving streaks,
were found. Diurnal variations were evident across all
longitudes, but farther to the east the amplitude of diurnal
variation became smaller. This study reinforces the fact
about the interaction of elevated topography and the diurnal
heating cycle over the IMC which has been found by some
investigators. Some improvement are being conducted
to deal with several issues such as the physical basis
behind the present results, latitudinal effect (analysis for
northern and southern sector of IMC which is divided by
the equator), and comparing the current result with the
Tropical Rainfall Measuring Mission (TRMM).
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Table 1: Zonal span (km, top row) and duration (h, bottom row) at different recurrence frequency for westward- and
eastward-moving events. CB02 and WG04 denote the values from previous studies reported by [5] and [4], respectively.

Recurrence Years Prev. studies
freq. 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Mean CB02 WG04
Westward-moving streaks

No. 1065 858 1055 920 945 1033 1104 1304 1084 1178 1054.6

1 day~! 687 495 594 566 577 572 726 808 654 698 638 838 620

12 9 11 10 10 10
1 2days)”! 1199 847 995 1017 1050 1012

21 15 17 17 18 17
2 week ™! 1639 1215 1424 1430 1490 1424

30 22 24 24 26 24
1 week ™! 2205 1545 1853 1875 1903 1886

40 29 33 31 32 30
2 month™! 2645 1958 2205 2282 2277 2282

46 37 41 42 38 39
1 month~! 2948 2464 2849 2590 2700 2579

54 45 47 49 45 46
Eastward-moving streaks

No. 809 587 660 678 659 685

1 day~! 336 198 248 248 259 237
6 3 4 5 4 4

1(2days)”! 567 413 490 495 512 462
11 8 8 9 9 8

2 week ! 831 605 809 776 765 715
16 11 13 13 13 12

1 week™! 1205 820 1073 1089 1062 1018

22 16 18 19 19 18
2 month ™! 1700 1100 1403 1469 1469 1320
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