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Seasonal Variation and Environmental Properties of Southward
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Abstract

We tracked fast moving mesoscale convective systems
(MCSs) over the Bay of Bengal, counted their numbers, and
analyzed the characteristics of wind and geopotential fields
of when such MCSs propagate southward over the Bay. We
used hourly TBB data of GMS5 IR1 (1996-2001, April-
October) for the tracking, and used 6-hourly ECMWEF 40
year re-analysis data to analyze the characteristics of wind
and geopotential fields.

The numbers of fast moving MCSs were as follows:
April 11/56 (20%); May 46/103 (45%); June 50/173 (29%);
July 33/160 (21%); August 27/125 (22%); September 8/61
(13%); October 8/67 (12%); total 183/745 (25%). The fractions
represent (number of southward propagating MCSs)/(total
number of MCSs), and the numbers inside the parentheses
are the percentages of the southward propagating MCSs.

We concluded that fast southward propagation of MCSs
tends to occur when a trough exists over the Bay at the
height of 600 hPa, and the wind shear between the surface
and the 600 hPa height has a southward component. We
also found that propagation towards other directions is
related with eddy disturbances over the Bay.

1. Introduction

The Bengal area is one of the regions with the world’s
heaviest rainfall. For example, Bangladesh, which lies in
the northern end of the Bay of Bengal, has the maximum
climatic rainfall of approximately 6000 mm during the
summer monsoon season (Matsumoto et al. 1996) and
suffers from flood every year. Understanding the progress
and the activity of the summer monsoon is essential to
predict such disasters caused by heavy rainfall.

Existence of both northward and southward cloud
movements are known over the Bay of Bengal. Two pre-
established northward movements are northward compo-
nents of Madden Julian Oscillation (Yasunari 1979) and
those of 10-15 day intra-seasonal oscillation (Annamalai
and Slingo 2001): They are key factors of onsets and active-
break-cycles of the summer monsoon. On the other hand,
southward movements were firstly found in 1999 during
JASMINE (Joint Air-Sea Monsoon Interaction Experiment)
which was held in the Bay of Bengal (Webster et al. 2002).
Although there are a few more studies about the southward
cloud movements around or over the Bay (Zuidema 2003;
Yang and Slingo 2001; Kataoka and Satomura 2005), the
southward movements are not as well- documented as
northward movements. However, it is possible that the
activity of the southward propagating MCSs plays a role in
the progress of summer monsoon onset or the intra-
seasonal variation of the summer monsoon. Therefore, it
would be interesting to study the southward propagation
of MCSs by expanding the time and spatial extents.

A quick look at satellite images indicates a tendency of
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Fig. 1. A snap shot of a southward propagating MCS on 02
UTC 9 May 2001. The color contours indicate the TBB (K)
observed from GMS5.
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Fig. 2. A time-latitude cross section of the red shaded area in
Fig.1. The propagation speed 10 m s™ is indicated by the blue
arrow.

southward propagation occurring in early- or pre-summer
monsoon. Figure 1 is an example of a southward propagat-
ing MCS, which was observed during 8-10 May in 2001 by
the GMS5 IR1 (infrared 1 channel 10.5 pm-11.5 pym). Its
horizontal scale is over 500 km both in the zonal and
meridional directions. The cloud top temperature near the
center of the MCS is lower than 200 K, which indicates the
cloud top height is higher than 15 km (according to
ECMWF 40 year re-analysis data). Figure 2 is a time-
latitude cross section of the area shaded red in Fig. 1. It is
apparent that the cloud system moves about 10° (~1100
km) southward in 24 hours (00 UTC on 9 to 00 UTC on 10
May). The propagation speed of the system is estimated to
be approximately 10 m s™.

During JASMINE, Webster et al. (2002) encountered 4
fast moving (> 10 m s™') MCSs during 21-26 May at 11.2°N
89.3°E. All the observed MCSs propagated over 800 km
southward. They analyzed radiosonde wind profile data
and C-band Doppler radar data at point 11.2°N 89.3°E and
pointed out that, interestingly, the southward propagating
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MCSs moved in directions orthogonal to the wind direction
at all levels. Zuidema (2003) analyzed NCEP reanalysis data
of the heights 850 hPa and 300 hPa, and described that the
wind directions of both heights were perpendicular to the
direction of the MCSs' propagation. Zuidema (2003) also
analyzed the Meteosat-5 TBB data in 1988 and 1999, and
counted the number of propagating MCSs.

However, the seasonal variations of these southward
MCSs remained unclear. Further, the background atmos-
pheric conditions were not yet sufficiently investigated.
The mechanism of the MCSs’ peculiar capability to propa-
gate fast in the direction normal to the wind direction
remained a question too.

The purpose of this study is to survey the frequency of
southward propagation of MCSs and the preferable atmos-
pheric conditions for the southward propagation of MCSs.
An insight to the mechanism may be thereby produced.

2. Data and method

2.1 GMS5 data

The hourly GMS5 data of April-October 1996-2001
were used. These data were downloaded from Kochi
University (http://weather.is.kochi-u.ac.jp/). Horizontal
resolutions of these data are 0.05°. We smoothed these data
by averaging 4 adjacent grids in order to reduce the
amount of computing and gained a dataset with horizontal
resolution of 0.1° in a rectangular region of 70°-105°E,
5°S-40°N. Unfortunately, the data of 22-31 May 1999 are
missing, which include the term Webster et al. (2002)
analyzed. In other months, data are not lost largely.

2.2 ECMWEF 40 Year Re-analysis (ERA40) data

In order to analyze the characteristics of the background
atmospheric conditions, ERA40 data downloaded from the
official homepage of ECMWEF (European Centre for
Medium-ranged Weather Forecasts http://data.ecmwf.int/
data/d/era40_daily) were used. These data are 6-hourly and
have horizontal resolution of 2.5°. We used a rectangular
region of 50°E-130°E, 10°S-40°N, and 13 height levels
between 1000 hPa-100 hPa. The atmospheric components
we used were geopotential, zonal wind, and meridional
wind. Data of April-October 1996-2001 were used.

2.3 Tracking method
We identified and tracked cloud systems by the follow-
ing procedure:

a. An MCS is identified only when the area of closed
contour of TBB < 215 K exceeds 200 pixels (approxi-
mately 150 x 150 km?). For each MCS, its area and the
location of the centroid are determined.

b. If the areas of MCSs in subsequent images overlap more
than 50% of the area of the smaller MCS, we decide that
they are the same MCS and determine the track of the
centroid.

c. If an MCS survives longer than 10 hours, and if the
averaged propagation speed (calculated from the time
and positions of the first and last time of their lives)
exceeds 20 km h™, it is counted and categorized into
propagation directions. The propagation speed faster
than 20 km h™ is not far off from those of MCS'’s studied
by Webster (2002).

2.4. Composite of background atmospheric fields

For each MCS that was identified and counted by the
tracking method, the background atmospheric fields are
calculated from the ERA40 data by averaging all the 6-
hourly data in the system’s lifetime. Then the deviation
from climatological values are calculated.

3. Results

The numbers of fast moving MCSs in 16 directions in
each month are shown in Fig. 3. Hereafter, we call MCSs
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Fig. 3. Numbers of fast moving MCSs for each direction (direc-
tion is divided in to 16; each bar has a width of 22.5°, starting
with N-NNE, 0°-22.5°). Note that data of 22-31 May 1999 are
missing.
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with propagation directions between southeast and south-
west (90° width) as southward propagating MCSs, for
example. The numbers of the southward propagating MCSs
during the analyzed period are as follows: 11/56 (20%) in
April; 46/103 (45%) in May; 50/173 (29%) in June; 33/160
(21%) in July; 27/125 (22%) in August; 8/61 (13%) in
September; 8/67 (12%) in October; 183/745 (25%) in total.
The fractions represent (number of southward propagating
MCSs)/(total number of MCSs), and numbers inside the pa-
renthesis are the percentage of southward propagating
MCSs. Although the mature period of the summer monsoon
is June-August, MCSs are more likely to propagate south-
ward in earlier months of the summer monsoon season,
May and June. Note that the data of 22-31 May 1999 are
lost and Fig. 3 does not include the 4 cases Webster et al.
(2002) analyzed. Therefore the actual number of southward
propagating MCSs in May should be at least 50.

Distribution of the propagating direction varies from
year to year. In years 1996, 1999, 2000, and 2001, the MCSs
had the highest tendency (45%-58%) to propagate south-
ward in May; in years 1997 and 1998, the month of highest
tendency (38%-43%) to propagate southward was June. In
total, MCSs had the highest tendency (45%) to propagate
southward in May. In July, August, and September, there
were double peaks (eastward and westward); June had
combined features of both.

In a time-altitude cross section of 2001 ERA40
meridional wind data averaged over the Bay of Bengal, we
found an area of northerly wind between 750 hPa-500 hPa
in May, having its maximum axis near the 600 hPa height
(not shown). Therefore we focused mainly on the 600 hPa
height, while most preceding studies conventionally focus
on 500 hPa. Figure 4 shows the 600 hPa composite back-
ground fields of southward propagating MCSs. There is a
trough (indicated with orange line) over the Bay of Bengal,
and northwesterly wind flows into the northwest of the
Bay. In the composite of background fields at 850 hPa, no
rthwest-southeast monsoon trough exists with the axis
located approximately from Delhi (28.5°N, 77°E) to Calcutta
(22.5°N, 88°E); the Bay of Bengal is covered with southwest-
erly monsoon flow (not shown). The Bay is covered with
easterly monsoon flow at 300 hPa.

Figure 5 shows the deviations of composited wind and
geopotential from the climatological values. Hatches (dots,
horizontal lines and vertical lines) indicate areas where
deviations are statistically larger than 99% significance
level. It is apparent that a trough type deviation exists over
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Fig. 4. Composite background fields of southward propagating
MCSs at 600 hPa height. Color contour stands for geopotential,
and the vectors for horizontal wind. Orange line indicates the
axis of a trough.
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Fig. 5. Same as Fig.4 except that it is the deviation from the
climatological values. Hatches of white (black) dots indicate
negative (positive) deviation of geopotential statistically larger
than 99% significance level. Blue and red vertical lines indicate
northerly and southerly deviations, respectively, and blue and
red horizontal lines indicate easterly and westerly deviations,
respectively, statistically larger than 99% significance level.
Orange line indicates the axis of a trough.

the Bay of Bengal. Noting that this composite includes
more members of May-June than July—-August, the large
deviation seen in the northern parts (e.g., Nepal, Tibet, and
China) may be explained by the seasonal change of
climatology associated with the northward shift of the Sub-
tropical Jet. However, the data of the northern mountain
areas must be handled with care because many peaks are
higher than 600 hPa level.

Figures 6a and 6b are simplified images of the structure
of wind around the southward propagating MCS. Webster
et al. (2002) and Zuidema (2003) pointed out the upper
easterly and lower westerly winds. However, they did not
sufficiently describe the northerly component of the mid-
level wind.

In some cases, northerly component of the 600 hPa
wind is as strong as 15 m s™', which seems strong enough to
cause the southward propagation of MCSs by direct
drifting. However, the southward propagation speeds of
MCSs are not always nearly equal to the northerly compo-
nent of the 600 hPa wind. The horizontal location of the
600 hPa-northwesterly-wind does not always precisely
overlap with the track of southward propagating MCSs
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Fig. 6. Simplified images of the structure of wind around a
southward propagating MCS. (a) is the longitude-height cross
section at line A-B in (b). Northwesterly and southwesterly
wind is indicated with @ and ) respectively in (a).
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Fig. 7. Same as Fig. 5. except that it is a composite 600 hPa-
1000 hPa shear map drawn for background fields of southward
propagating MCSs.

either. These indicate that direct drifting by the northerly
component of 600 hPa wind is not the only factor that
controls the propagation direction and speed of the MCSs.

In a recent study, Shumacher and Johnson (2005)
analyzed the environmental properties of certain types of
MCSs in North America. They investigated the mid- and
low-level wind shear (500 hPa-925 hPa) and low- and sur-
face-level wind shear (925 hPa-1000 hPa), and described
the relationships between the wind -shear directions and
the propagation direction of the MCSs. Here, we also
focused on the vertical wind shears, though we simply
analyzed the wind shear between 600 hPa and 1000 hPa,
for the magnitude of the 925 hPa-1000 hPa wind shear was
small compared to that of 600 hPa-1000 hPa. A closer and
more detailed analysis of the wind shears and comparative
discussions with Shumacher and Johnson (2005) will be
done in a forthcoming paper.

Figure 7 is the composite shear map of 600 hPa-1000
hPa (surface wind subtracted from 600 hPa wind) of back-
ground fields of southward propagating MCSs. The entire
Bay is covered with strong vertical northerly shear (the
hatch with blue vertical lines). The horizontal location of
the northerly 600 hPa-1000 hPa shear overlaps with the
tracks of southward propagating MCSs (not shown) more
precisely than the horizontal location of 600 hPa-
northwesterly-wind does. However, the reason for this is
yet to be discovered.

We have focused on atmospheric conditions of south-
ward propagating MCSs. Let us now quickly look at those
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Fig. 8. Same as Fig. 5 except that it is drawn for background
fields of northward/eastward/westward propagating MCSs.

of MCSs propagating to other directions. Figure 8 repre-
sents the deviation of a composite field of northward,
eastward, and westward moving MCSs altogether. It is
noteworthy that the background atmospheric conditions of
north, east, and westward moving MCSs share a common
characteristic that an eddy-like deviation appears over the
Bay. The center of the eddy is located near a place named
Point Palymras, where centers of organized convective dis-
turbances such as monsoon depressions are observed most
frequently (Zuidema 2003). The eddy-like deviation appears
at all heights through low- to mid-troposphere, which is
consistent with the vertical structure of monsoon depres-
sions. The large deviation extending to the west coast of
India probably corresponds to the west-northwestward
movement of monsoon depressions.

4. Summary and discussion

By applying pattern recognition and tracking method
to the TBB data of GMSb5, the seasonal and inter-annual
variations of the fast southward moving MCSs over the
Bay of Bengal were described. It is interesting to note that
the peak of the southern propagation occurs in May and
June earlier than the middle of the rainy season.
Particularly in May, nearly half of the MCSs are identified
as those propagating southwards.

Composite analysis of atmospheric conditions was per-
formed for southward and also non-southward propagating
MCSs. Furthermore, by investigating the deviation of at-
mospheric conditions from climatological values, it was
revealed that southward propagation occurred preferably
in the condition where a trough existed at the 600 hPa level
over the Bay of Bengal. Along the trough, winds with a
northerly component blew into the Bay.

The result in this paper does not necessarily conflict
with the radiosonde and C-band Doppler radar data of
Webster et al. (2002). Daily mean 600 hPa composites of
ERA40 geopotential data of 22-26 May 1999 indicate that
the point 11.2°N 89.3°E where they gained the data was
near the southern end of a 600 hPa trough where northerly
components of the 600 hPa winds are small (not shown). In
fact, the southward propagations also become vague (Fig.
14 in Webster et al. 2002).

The northerly components were sometimes as strong as
15 m s™. In such cases the northerly wind is strong enough
to directly drift the cloud systems southward. However,
there were many cases where the propagating speed was
too fast compared to the wind speed or propagating direc-
tion was not quite consistent with the wind direction. This

inconsistency indicates that the propagation direction and
speed of most of the MCSs are controlled not only by the
direct drifting by northerly wind, but also by a combina-
tion with other factors such as rebuilding of convective
cells provoked by cold outflows from the system itself,
which is one of typical cases in various propagation of
MCSs (e.g., Corfidi 2003).

It is also found that, though the reason is not clear, the
tracks of southward propagating MCSs overlap more pre-
cisely with the horizontal location of the northerly 600
hPa-1000 hPa vertical shear than with that of the 600 hPa
northerly wind.

In cases of MCSs propagating toward directions other
than southwards, the composited background conditions
showed the eddy-like deviation near Point Palymras.
Therefore it is concluded that the background field of
southward propagating MCSs is distinct from that of MCSs
propagating towards other directions. The mechanism of
the southward propagation of MCSs closely related with
the 600 hPa-1000 hPa northerly shear remains to be dis-
covered.

The reason why troughs appear at 600 hPa is a remark-
able theme for future work, for it may be related with the
seasonal progress of the monsoon onset. An interseting fact
that may support this presumption is that in 1997 (a double
onset year), the seasonal development was slower than
usual and the peak of southern propagation of MCSs was
late; the peak was in June instead of May.
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