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Abstract. Analyses of hourly radiosonde data of tempera- be the source for them. Some wave features near strong
ture, wind, and relative humidity during four days (two with wind shear (at 25 km height) were also observed with short
convection and two with no convection) as a part of an in-vertical wavelengths in both convective and non-convective
tensive observation period in CPEA-2 campaign over Kotodays, suggesting wind shear to be the sole cause of genera-
Tabang (100.32E, 0.20 S), Indonesia, are presented. Char- tion and seemingly not associated with deep convection be-
acteristics of gravity waves in terms of dominant wave fre- low. A drop in the temperature up te4-5K (after removal
quencies at different heights and their vertical wavelengthof diurnal component) was observed-at6 km height near

are shown in the lower stratosphere during a convective ané strong wind shear45-55m s'km~1) during active pe-
non-convective period. Gravity waves with period40 h riod of convection.

and ~4-5h were found dominant near tropopause (a re-
gion of high stability) on all days of observation. Verti-
cal propagation of gravity waves were seen modified nea
heights of the three identified strong wind shears~as,

20, and 25km heights) due to wave-mean flow interaction.
Between 17 and 21 km heights, meridional wind fluctua-
tions dominated over zonal wind, whereas from 22 to 30 km
heights, wave fluctuations with periods3-5h and~8-

10h in zonal wind and temperature were highly associated T Ne active cumulus convection in the equatorial region is the
suggesting zonal orientation of wave propagation. GravitySOUce of many unique atmospheric processes that couple the

waves from tropopause region to 30km heights were anal=arth’s atmosphere from bottom to top and from equator to
lyzed. In general, vertical wavelength of 2-5km dominatedPOl€s- Owing to the minimal Coriolis effect present in the

in all the mean-removed(weekly mean) wind and temper- equatorial region, a wide range of atmospheric waves in time
ature hourly profiles. Computed vertical wavelength spectrg2nd space are generated, which propagate upward and inter-
are similar, in most of the cases, to the source spectra (1gct with the background mean flow. The Indonesian region,
16 km height) except that of zonal wind spectra, which is located in the equatorial belt, is known for its most active
broad during active convection. Interestingly, during and af-and strong convective activities where the vertical coupling

ter convection, gravity waves with short vertical wavelength 12K€S place most conspicuously. The diurnal strong local-
(~2km) and short period~2—3h) emerged, which were ized convection activities modulate the ambient atmospheric

confined in the close vicinity of tropopause, and were notconditions in the troposphere and lower stratosphere (UTLS)

identified on non-convective days, suggesting convection tg€9ion. Short period gravity waves (with a period range of
a few minutes to a few hours) had been reported directly

above convection using radar data (Dhaka et al., 2005, 2006,

Correspondence tcS. K. Dhaka 2007b). However, radar observations are mostly limited up
BY

(skdhaka@yahoo.com) to 20 km height owing to the instrument capability; therefore,
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data above 20 km are not explored much at a fine time androposphere. These waves were found to be associated with
height resolution to provide wave characteristics. convection in the troposphere. Wave motions with periods
Fritts and Alexander (2003) had reviewed the status of theof 3-5 days in the stratosphere were associated with longer
gravity waves (GWSs) regarding their sources and characterishorizontal wavelengths~<2000 km). Recently, well coordi-
tic features in the atmosphere by citing several studies includnated observational campaigns were conducted under Cou-
ing those of simulations and observations (Lane et al., 2001pling Processes in the Equatorial Atmosphere (CPEA) pro-
Vincent and Alexander, 2000). There are several suggestedram over Indonesia from September 2001 to March 2007
mechanisms to generate GWs such as convection, mountainf;ukao, 2006). In these campaigns, spatial and temporal
jet streams, cyclones, etc. Once they are generated, their vevariability of various atmospheric waves and dynamical and
tical propagation depends on the basic state of wind. GWslectro-dynamical coupling processes in the equatorial atmo-
can be filtered, dissipated or amplified, depending upon thesphere were investigated in the wide altitude range from tro-
background conditions. Fritts and Alexander (2003) empha{posphere to the thermosphere/ionosphere. One of the objec-
sized in their study that there is little understanding of thetives of the CPEA campaign was to study the atmospheric
characteristics of the GWSs spectrum and its behavior with al-dynamics using a suite of instruments to gain a better under-
titude due to variability imposed by sources, mean wind andstanding of equatorial convection and associated wave sys-
low frequency motions. Also, global climatology of grav- tems. Growth of the convection systems were measured us-
ity waves and their effects, including the processes and ining temperature and wind data obtained from UHF radar, X-
teraction that constrain wave amplitudes, etc. are not welband radar, radiosonde, satellite (MTSAT — 1R), and EAR
understood. Some efforts along these lines have been madiata (Shibagaki et al., 2006a, b; Dhaka et al., 2005, 2006).
by Lane et al. (2001, and references therein) and Ratnam édecause the altitude coverage of individual instruments is
al. (2004). limited, the atmosphere up to about 35 km height was cov-
Therefore, an understanding of the structure and dynamered by operating all the instruments simultaneously. Under
ics of the atmosphere and its variability due to energy andthe CPEA program, two extensive observation campaigns
momentum transport by short period internal GWSs is essenwere conducted, which together have provided numerous
tial. Some efforts have been made in the past to investigat@ew results on the vertical coupling of equatorial atmosphere.
such relationships (Alexander et al., 1995; Abraham et al., The first CPEA campaign was conducted April-May 2004
1998; Horinouchi et al., 2002; Chun et al., 2004; Dhaka et(summer season) and the second campaign was held
al., 2005, 2006). Ratnam et al. (2004) have shown the variaNovember—December 2005 (winter season). In the CPEA-I
tion in potential energy in the stratosphere, showing its largercampaign, study of GWs (Ratnam et al., 2006), Kelvin waves
values in the tropics in association with low OLR. Nonethe- (Tsuda et al., 2006; Dhaka et al., 2007a), and local convec-
less, the South-East Asian region is still unexplored regard{ion induced gravity waves (Dhaka et al., 2006; Alexander
ing detailed investigation of sources and characteristic feaet al., 2006) were investigated at length using mainly Equa-
tures of GWs in the lower stratosphere. Temperature of theorial Atmosphere Radar (EAR) and radiosonde data. These
tropopause region is also unexplored at a very fine time andavaves with different horizontal wavelengths are reported to
vertical scale during a passage of convection. These aspect®e originated from organized and local convection on dif-
will be examined in this study. ferent scales in the Indonesian region. Sometimes organized
Recently, Alexander et al. (2008) studied tidal componentsconvections were seen stretched from the Indian Ocean to the
over the Indonesian/Darwin region using radiosonde camindonesian region in the form of super cloud clusters moving
paigns data (DAWEX — 2001, TWPICE — 2006, CPEA — eastward. These eastward-moving clusters are often seen as-
November 2002, CPEA-I — April-May 2004, and CPEA- sociated with intra-seasonal oscillations commonly known as
Il — November—December 2005) over several stations. UsMadden-Julian Oscillations (Shibagaki et al., 2006b).
ing radar and radiosonde data, they emphasized that tidal In the CPEA-II campaign (18 November 2005 to 23 De-
components contribute significantly to the variation of wind cember 2005), various observations were conducted in the
and temperature perturbations in the troposphere and stratdrdonesian equatorial region with the main facility of EAR at
sphere. In addition, they mentioned that amplitude of diur-Koto Tabang. Radiosondes were also launched on an hourly
nal tide did not depend on the strength of tropospheric conbasis on certain days during the campaign period that pro-
vection at Koto Tabang (100.3E, 0.20 S); rather, they are  vided temperature and horizontal wind components up to 30—
related to QBO and associated wind shear at stratospher85 km in height.
Both migrating and non-migrating tidal components were In this study, we made use of CPEA-Il campaign
observed with a tentative interaction between non-migratingdata obtained from hourly radiosonde flights launched on
tides and QBO, owing to its low phase speed. 30 November and 9 December 2005 (convection days), and
Some studies in the past have been performed on thé December and 18 December 2005 (no convection days).
characteristics of GWs over Indonesia (e.g. Tsuda et al.lUsing such a unique data set, wave motions at a fine tem-
1994). They focused on wave systems with wave periodgoral resolution{2 h wave period) in the UTLS region and
3-5 days, having horizontal wavelengths 500-800 km in theabove (~30 km height) on convection days could be studied.
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Because such a fine temporal resolution (1 h) of radiosondsilicon type pressure sensor covered a range from 1080 hPato
data could not be obtained in CPEA-I campaign and else3 hPa vertically with 0.1 hPa resolution and 0.5 hPa accuracy.
where, it assumes a lot of significance regarding its provisionThe humidity sensor of thin-film capacitor type in radiosonde
of information on temperature, humidity, and wind variabil- provided humidity data with 1% RH resolution and 5% RH
ity in the convective environment. We analyzed this data setaccuracy.
to identify the forcing scale in the vertical direction in order  High temporal ¢1h) and spatial resolution @ x
to determine wavelength and dominant wave frequencies a0.05°) satellite brightness temperature data, provided by
different altitudes, especially above 16 km heights. Section 2vultifunctional Transport Satellite (MTSAT — 1R), were
includes details of the data used. Main results and discusysed to determine the cloud top temperature during obser-
sions are described in Sect. 3. Concluding remarks and sumyation period. Satellite data were obtained from Japan Mete-
mary are given in Sect. 4. orological Agency (JMA) through Kochi University, Japan.
Equatorial Atmosphere Radar (EAR) also operated contin-
uously during hourly radiosonde launching. Observations
2 Dataused were made for vertical wind near tropopause region to exam-
) o ine the effect of enhanced humidity and of subsequent large
Wind, temperature and humidity were observed as part ofj,ctuations in temperature during convection in the upper
a well-coordinated intensive observation period (IOP) un-yopospheric region. The accuracy of the vertical wind mea-
der CPEA-Il campaign at Koto Tabang (100:¥ 0.20'S),  syrement is 0.1nTs with height resolution of 150m. In
West Sumatra, Indonesia. Observations were taken fromyggition, we made use of UHF radar reflectivity to determine
18 November 2005 to 23 December 2005 using hourly ranhe depth and intensity of convection in the troposphere re-
diosonde launchings on certain days. We present four days Qfjon near the EAR site. Using satellite and UHF radar data,
observations consisting of two with convection (30 Novem- e can infer the cloud top temperature and vertical depth
ber and 9 December 2005) and two with no convection daysyf the convection system. Observations regarding the hori-
(6 December and 18 December 2005). These two convec,ontal movement of convective clouds at a particular height
tive events were fully observed by hourly launching of ra- were taken using X-Band radar reflectivity data, which are
diosonde. Although convective events occurred on othefmportant to decipher the temporal evolution of the convec-

days as well, those were not completely covered by ratje system. The X-band radar reflectivity obtained during
diosonde observations. About 19 radiosondes were launcheghservation period is shown in Sect. 3.1.

on each day. Convection events occurred in the late after-
noon and evening hours on 30 November 2005 and 9 De-
cember 2005 with the following average daily rainfall rate: ) .
~0.2mmtr! on 30 November 2005 ang2.5mmirl on 3 Results and discussions
9 December 2005, respectively.

We focused on the characteristics of short period Gws3-1 Evolution and dissipation of convection observed
with time periods of 2-10h in the UTLS region. Data was using satellite and X-band radar
passed through a high pass filter (Schodel and Munk, 1972)
with cutoff at 12 h to remove the diurnal cycle in temperature Figure 1 (upper panels; top left and middle) shows satellite-
and wind components. This was performed to make the apderived cloud top brightness temperature data obtained on
propriate use of hourly radiosonde observations and also t80 November 2005 and 9 December 2005 at the time of ac-
measure changes in the thermal structure of the tropopaudéve convection. Deep clouds observed during convective
caused by convection. Power spectrum using maximum ensystem in the evening416:00-20:00 LST), dissipate within
tropy method (MEM) was applied to determine the dominanta few hours from termination of convection.
frequencies and wavelength (Barrodale and Erikson, 1980). Figure 1c shows no sign of convective cloud on 6 De-
Results obtained using MEM were also compared with thecember 2005. Scale of color code is shown alongside; the
FFT technique; they are in good agreement. We compreherrange of cloud top temperature fron60°C to —70°C cor-
sively analyzed two convective and two non-convective days'responds to deep clouds over the radar area. The ambient
data, enabling us to compare the characteristics of short peatmospheric condition in the lower troposphere was being
riod GWs. monitored using X-band radar. Figure 1d—f shows the tempo-

Radiosondes (Vaisala RS-92) were launched every houral evolution of convective events (on 6 December 2005 there
(13:00 to 24:00 LST; 00:00 to 07:00LST). Data was ob- was no convection) within a radius of 60 km on 30 Novem-
tained from 1 to 30km height at a high vertical resolution ber 2005, 9 December 2005, and 6 December 2005 over a
(~10m), further smoothed out at an interval of 100 m for period of 24 h. Variation in radar reflectivity (dBZ) denote
the present study. A capacitive wire type temperature sensahe convection strength at an altitude of 2.1 km. Negative
used in radiosonde covered a range fre®0°C to —60°C (positive) values on the y-axis denotes west (east) side of the
and with a resolution of 0.9C and accuracy of 0.3C. The radar.
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Fig. 1. Satellite (MTSAT — 1R) derived cloud top temperature. The panels are constructed Withito2° S latitude and 98E to 102 E

longitude covering EAR site.{" sign denotes location of the radar. Color scale denotes the different temperature ranges. Upper panels show
temperature ata) 18:00LST on 30 Novembe(h) 20:00 LST on 9 December, arfd) 18:00 LST on 6 December, while lower panéiy

to (f) show X-band radar reflectivity on 30 November 2005, 9 December 2005, and 6 December 2005, respectively. Data are not shown on
18 December 2005 as no convection was observed and the satellite temperature and X-band reflectivity obtained weréciani(fxp
respectively.

Convection appeared at around 50 km in the west of the Thermal structure in the upper troposphere changed sub-
radar site at 15:00h on 30 November 2005. There is astantially. Considerable cooling and change in wind speed
possibility of advection of the convective system over the and direction are shown later in Sect. 3.3 (Fig. 5).
radar area as the convective system moved eastward with
time. Eastward movement is in association with wind in 3.2 Horizontal wind, temperature and ambient
the lower troposphere. Strong convection was observed at  atmospheric conditions
17:00-18:00 LST with high radar reflectivity-40-46 dBZ).

Convection dissipated within 4-5h in the east of the radar.Vertica| prof”es of wind, temperature, and wind shear are
Note that the two sets of independent observations (cloughown in Fig. 2. These profiles provide the ambient atmo-
top brightness temperature from MTSAT-1R satellite and X- spheric conditions in the troposphere and lower stratosphere.
Band radar reflectivity) show occurrence of convection at theTemperature and wind anomalies are shown in the supple-
same time, confirming the accuracy of instruments. ment (Fig. A1 and A2) on 9 December 2005 as a sample

Similar features of convection evolution and dissipation graph to show the changes in temperature and wind field
were observed on 9 December 2005 as seen in Fig. lkbefore, during, and after the convection. Figure 2 shows
A strong convective event occurred in the late eveningaverage profiles of temperature, horizontal wind (zonal and
(~20:00LST), which lasted for alonger period (up to 03:00 h meridional wind components), and wind shear on 4 different
on 10 December 2005) in comparison to the 30 Novem-days: two with convective (30 November 2005 and 9 De-
ber 2005 event. Direction of low level convection was not cember 2005) and two non-convective (dry) days (6 De-
as clear as seen on 30 November 2005; rather, it appeared oember 2005 and 18 December 2005). The average pro-
all directions. files were computed using 17 profiles for 6 December and
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Fig. 2. Vertical profiles of(a) temperature9C), (b) zonal wind, (c) meridional wind,(d) and horizontal wind shear on four different
observation days (numerals 1, 2, 3, and 4 on profiles denote 30 November, 6 December, 9 December, and 18 December 2005, respectively

A constant number (10 in panedsaindb, 5 in panek, and 20 in pandal) is added to avoid overlapping in all the panels. The average profiles
were computed using 17 profiles for 6 December, and 19 profiles for the other three days.

Table 1. Details of wind shear on all four days of observations.

Date Wind shear 1 Wind shear 2 Wind shear 3
Height Value Height Value Height Value
(km) (mslkm1 (km) (mslkm1 (km) (mslkm1
30 Nov 2005 (CONV) 16.0 45.7 18.0 32.0 24.7 54.0
9 Dec 2005 (CONV) 16.2 58.6 19.3 28.2 24.8 46.0
6 Dec 2005 (NOCONV) 16.3 47.7 19.7 42.0 24.6 44.6
18 Dec 2005 (NOCONV) 15.1 44.8 19.3 30.0 24.4 58.0

19 profiles for the other three days. Profiles in Fig. 2 arewind speed near the 25 km height decreased fr@8ms1
shifted rightward to avoid overlapping by adding constantto —30.4mst.
number(s) (mentioned in figure caption). Mean profiles of Figure 2c shows meridional mean wind' ) profiles in
temperature T) and wind showed similar features over a the height region of 1-30km. Below tropopausé wind
time interval of about 20 days (from 30 November—18 De- turned from southward to northward-4ms to 5ms?)
cember 2005). Cold point tropopause (CPT) temperature deduring 30 November—-18 December 2005. Intensive wind
creased by~3°C on both convection days. speed was observed in the troposphere. It maximized at
Easterly wind () prevailed in the middle and upper ~20-22km and 27-28 km heights. Thus, the height region
troposphere, showing maximum speed near 16 km heighof 15-30 km was dominated by three strong wind shears lo-
(~—=30ms1). At higher heights around 25 km, strong east- cated near 16 km (referred to as WS1), 20km (referred to
erly wind (~35ms1) prevailed (Fig. 2b). Over a period as WS2), and 25km (referred to as WS3) heights, respec-
of about 20 days (30 November—18 December 2005), maxitively, as shown in Fig. 2d. Near 16 km height, maximum
mum wind speed below tropopause {at4.8 km to 15.8km  wind shear £58.6 mstkm~1) was observed on 9 Decem-
height) increased from30 ms1to —33ms™L. Incontrast, ber 2005 — a convection day. Near 25 km height, wind shear
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2264 S. K. Dhaka et al.: Gravity waves generated in a convective and a non-convective environment

CONV NONCONV
82, . @173 -80; )18
- ' I |
5 o1 . N 17.75
® 33 e " 17502
] «Q =] N «Q
B 112z F 82 s
g : = 3 117257
g ‘1 3 3
= a0 F A ; {17.00
P ) —_ CPT Temperature
R e pzo=CPTHelght 469 84— c----CPTHeight 6.75
14 16 18 20 22 24 26 28 30 32 14 16 18 20 22 24 26 28 30 32
Local Time (Hrs.) Local Time (Hrs.)
NONCONV
CONV . ICO .
1825 82 P (@) ]18.0
o o ]
[ leoo & 17.75 i,
< v I
g 2 3 1750
® {17752 B 117.50 F
g = 2 %
g 3 E . 3
] = o {17.25
C g7 : 1750 2 =
_ _ ‘emperature
.Y | — P - 17.25 86 S| 1709
14 16 18 20 22 24 26 28 30 32 14 16 18 20 22 24 26 28 30 32
Local Time (Hrs.) Local Time (Hrs.)

Fig. 3. (a){(d) represents hourly variation of Cold Point Tropopause temperature (solid line) and height (dotted l{ia)3fdNovem-
ber 2005,(b) 6 December 2005(c) 9 December 2005 anftl) 18 December 2005, respectively. On time scale, one hour is added to
compensate the timing of the radiosonde to reach the level of tropopause.

varied on four different observation days, showing no rela-almost similar temperature). Heights of the two tropopause
tion with the convection occurrence below that height. De-levels seems to merge with time (shown later in Sect. 3.4,
tails of three wind shears on each day are provided in the~ig. 7d).

Table 1.

To examine the hourly variations of CPT and its corre-

\s/\?ondilpkg height, we _hﬁve S_hzwnsag gou;éigshes 'ré:g[? 3'Figure 4 shows averaged vertical profiles of Richardson
ave-like structure W'.t periods s—h ar In number Ri) before and during convection occurrence on
temperature, along with similar periods in the tropopauseg november (Fig. 4a and b) and 9 December 2005 (Fig. 4c

height, is seen. On convection days, there is a marked eMand d). Vertical line drawn on x-axis denotes the critical limit

dency of increasing (decreasing) CPT height (CPT tempery¢ pi for setting up of the turbulenceri profiles before and

a_lture). The CPI ter_nperature_ lowered on both th_e ConVecbluring the convection showed a variation in the troposphere.
tive dayos & _.85 C) in comparison to non-convective days During convection, values less than 0.25 (critical value for
.(N —82°C) with .CPT height at-17.3 km. SUCh a Qecrease_ setting up the turbulence or instability) are more frequent in
in temperature is caused by the convective environment 'rl:omparison to those computed before the convection occur-
the upper troposphere. rence in the upper troposphere. We have also checked the
Generally, in the late evenings on all days, CPT temperassubsequent profiles to examine the gradual change in atmo-
ture increased with a decrease in CPT height. Wave-like flucspheric stability in the tropospheric region during formation
tuations are apparent in the hourly temperature and heighof convection, its maturation and dissipation. It is noticed
Mean height of the CPT remains at about 17.3 km. Howeverthat middle and upper troposphere, during convection, do not
during active convection, CPT height drops but it recovers itsshow stable conditions (as confirmedRivalues, which lie
mean height after termination of convection. Such phenomnear 0.25 line and at some of the heights below tropopause,
ena leads to the generation of wave patterns #5—17km  Riis negative — near WS1).
heights. By carefully examining the lowest temperature near The atmospheric conditions, in general, in the upper tropo-
15-17 km heights, double tropopause was observed (showingphere are more stable on non-convection days (6 December

3.3 Atmospheric stability condition

Ann. Geophys., 29, 2252276 2011 www.ann-geophys.net/29/2259/2011/
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30 @ 30 | ® Figure 5a—d shows time series of temperature (top panel),
25 | 25 T zonal wind (middle panel) and meridional wind (bottom
20 20 panel) on 30 November, 6 December, 9 December and
15 = 15 = 18 December 2005. The time series is shown at 16 km height
10'%* 10% after removing their daily mean values. The diurnal compo-
5 % 5 1 % nents have also been removed from the wind and temperature
0 s ‘ o ‘ : ; : to examine the effect of convection at a fine time scale in the
30, o @ lower and upper troposphere. Precautions have been taken
254 25 primarily to observe the temperature changes caused solely
&0 20 by the convection and not as a result of diurnal variation.
£ 15 15 From Fig. 5a and c (top panels), one can notice a de-
5 0] 10 crease in temperature~4—5K) near 16 km height during
5 5 active convection period on 30 November 2005 and 9 De-
‘ —= - ‘ ‘ ‘ ‘ cember 2005. An association of lower and upper tropo-
001 o1 1 10 100 001 01 1 10 100 sphere through enhanced vertical motions may be inferred
Richardson Number Ri (see supplemental material, Fig. A3). Hourly data enabled

us to delineate such fine time scale features. The cooling at
Fig. 4. Richardson number profiles for 30 November 2@@bbe- 16 km heights may have association with upward motions
fore and (b) during convection (top panel), and for 9 Decem- qyring active convection. Dhaka et al. (2001, 2005, 2006)
ber 2005(c) before andd) during convection (bottom panel). Both 54 shawn using VHF radars, that large vertical winds were
the panels represent convective days’ observation. Note that a verti- ’

cal line at 0.25 on x-axis denotes demarcation between states of tu[gsually accompanied with convection. In addition, humid-

bulence and stable atmosphere. Dark line represents average profi'lré/ also en_hanced W'th vgrtlcal winds, \_Nh'Ch penetrated into
using running mean of 1.5 km. UTLS region after initiation of convection on both the con-

vection days. Detail is shown in Sect. 3.7. Convection oc-

curred much intense and deep on 9 December 2005, as the
and 18 December 2005) than those observed on convectiviemperature dropped at15-16 km height even below CPT
days. However, very close to wind shear regiorl6km)  value during convection.
there are thin layers that have |&Rbsvalues, showing lesser ~ The mechanism of decreasing temperature is quite com-
stability. Non-convection days have been selected to examinglex. The rate of decrease in temperature near the top of
the difference between the convective and non-convective erthe cloud is fast. Satellite data also supports (cloud top
vironment. Near the strong wind shears at higher heights, fobrightness temperature values lies in the range60°C to
instance at-20 km (near WS2)Ri drops to the critical limit ~ —70°C) that the height of cloud top lies at the level of 14—
(0.25); this level seems affected with the convection occur-15 km height, where the temperature decreased at most.
rence (enhanced perturbations in time series of temperature We take this opportunity to determine changes in tem-
and wind up to 19-20 km heights — not shown here). How-perature and wind in the lower troposphere and upper tro-
ever, near the 25km height — a region of WSRi-shows  posphere simultaneously. On both days of convection, fall
a drop to the critical value of 0.25, which does not seem toin temperature, just below tropopause region, was accompa-
have a close association with convective system but rathepied by a significant change in speed and direction of zonal
appears generated due to a rapid change in the backgrourghd meridional wind (Fig. 5a, ¢, middle and lower panels).
wind speed and directionRi profile on 6 December and For instance, change in speed and direction in zonal and
18 December 2005 (not shown) indicate higher stability in meridional wind was observed by 10-12ntsuring con-
the upper troposphere region. Regions with Ridecreased Vvection. Winds became significantly modified over a period
in comparison to convective days. of active convection (5-6 h). Such features were not evident

on non-convection days (see Fig. 5b, d). Decrease in the
3.4 Observation of changes in wind and temperature temperature in the upper troposphere was observed within

due to convection 1km depth (from 15.6 km to 16.9 km) on both the convec-

tion days, which is shown in Fig. 6. Temperature anomalies
In this section, we show temporal behavior of temperaturegre plotted in Fig. 6. Time series analysis, in the tropopause
and wind components, especially in the lower and upper troyegion (around 16 km height) on both the convective days,
posphere caused by convection. Stability changes in differen§hows that maximum decrease in temperature occurred dur-
layers in the troposphere and lower stratosphere due to verting convection initiation and its subsequent vertical growth.
cal growth of convection and strong wind shears. Thereforegy |ooking carefully at a fine time resolution, we could in-
during convection, at some heights a considerable change igr that the substantial change (large fluctuation) in tempera-
seen in the temperature and wind fields. ture was observed at15.6 km height, which is located close

to strong wind shear (Fig. 2b), thereby suggesting that wind
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Fig. 5. Time series of the anomalies of temperature (upper panels), zonal wind (middle panels) and meridional wind (lower panels) are
shown on(a) 30 November 2005p) 6 December 2005¢) 9 December 2005, and) 18 December 2005. In the upper panels, dotted and
solid line denotes variation in temperature at 6 km and 16 km height, respectively.
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Fig. 6. Temporal variation of temperature in the upper troposphere (near tropopause region) from 15.4 km to 16.0 km height at 200 m height
interval for convection dayg) on 30 November 200%b) on 9 December 2005. Here we have shown mean removed fluctuations.

shear is also a key component other than adiabatic coolingto The decrease in temperature is found on the order of 4—
cause the low temperature. 5K even after removal of diurnal cycle and mean (Fig. 6) on
both the convection days. This strongly supports that such a
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Fig. 7. Fluctuation in(a) zonal (upper panel leftb) meridional wind (upper panel rightj¢c) temperature profiles (lower panel left), and

(d) original temperature profiles (lower panel right)on 9 December 2005. Profiles are shown every hour starting at 13:00 LST to 07:00 LST
(next day). These are shifted rightward by adding a constant (10 in upper panels and 5 in lower panels) to avoid overlapping. Two horizontal
lines are drawn around 16 km and 18 km heights to denote the two tropopause height levels, which merges with time. Line drawn in
meridional wind near 22 km shows a short vertical wavelength but long period waves (diurnal/semi diurnal).

sudden decrease in temperature is caused solely by convec- One of the objectives of the analysis is to examine the
tion and thus rejects the contribution of diurnal variation.  fluctuations in the wind and temperature and also to de-
The amount of water vapor increases in the upper trote€rmine their upward propagation/dissipation under varying
posphere due to penetration of convection. This additionawind speed. Therefore, mean wind and temperature profiles
water content (in the form of ice particles in the upper tro- were subtracted from the individual profiles to extract the
posphere) under the influence of strong wind shear seemBuctuations. Mean wind and temperature profiles are shown
to contribute to evaporation, leading to cooling. Also, the €arlier in Sect. 3.2 (Fig. 2) in the range of 1-30 km height.
contribution is partly coming from radiative cooling and fast  Clear signatures of wave perturbations in temperature and
spread of air-mass (adiabatically) due to strong wind shear. zonal wind were identified above 16 km height. One can no-
tice that near 16 km height (corresponds to WS1) a kind of
3.5 Fluctuation profiles of wind and temperature inthe ~ phase reversal is seen (Fig. 7a—c) in the perturbations dur-
1-30 km height range ing convective occurrence on 9 December 2005. Such phase
change is prominently seen caused by convection. Similar
Figure 7a—c shows fluctuations in zonal wind, meridional behavior was seen on 30 November 2005 (figure not shown).
Wind' and temperature prof”es on 9 December 2005 — a ConSUCh clear Signatures and phase reversal patterns were not
vection day. Similar characteristic features were noted orS€€n as prominently in non-convection days.
the other convection day too (figure not shown). Wind and Hence, convection-induced patterns are unique in the
temperature fluctuations are shown in the range of 1-30 kntropopause region. Now, at higher heights (20km and
height. Wave fluctuations showed some intriguing behavior25 km), a region between WS2 and WS3, the enhancement in
near tropopause region. perturbations were quite common on all days; as a result, we
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Fig. 8. From the spectrum df/, V, andT, we can infer dominant wave periods on 30 November 2005 at different height regions (from 15
to 19.5km, at an interval of 0.5 km, mentioned in each plot) covering regions of WS1, tropopause, and WS2. Panels from left to right are
shown forT (panelsa, b), U (panelsc, d), andV (panelse, f). Vertical lines are drawn are drawn on x-axis at 4 h and 8 h, respectively.

could not infer any clear distinction in the wave patterns at Similar patterns are noted on other days of observations,

these heights, which could be due to convection occurrencdrrespective of convective and non-convective events. These

Figure 7d shows hourly temperature profiles. Some graduatontributed some evidence, showing daily variation in the

changes in the thermal structure near tropopause are notdtkeight of CPT (by~0.5km) using hourly radiosonde data.

using hourly profiles. We carefully examined the lowest tem-High temporal resolution data enabled us to examine such in-

perature peaks in the profiles near 16 and 18 km heightsteresting behavior. In the next section we show wave charac-

which showed almost similar temperature values. teristics with periods less than 12 h by making use of hourly
It appears that there are two tropopause levels. Recentlydata.

multiple tropopause have been reported in the equatorial re-

gion by Mehta et al. (2010), in Tibetan Plateau by Chen3.6 Characteristics of wave systems

et al. (2011), and earlier by Yamanaka (1992). Mehta et

al. (2010) have mentioned that the occurrence is more 08.6.1 Wave periods

multiple tropopause in the equatorial region. In this case,

by sticking to a single peak over a period of several hours|n order to characterize short period GWs (2-10h in UTLS

one can see that the heights of the minimum temperaturéegion), we applied a high pass filter with cutoff at 12h to

peaks (at 18 km and 16 km height) gradually become closeffemove the diurnal cycle from temperature and wind time se-

The peak that appeared first at 18 km was decreased by abolies at each 100 minterval. Dominant periods were computed

0.5km, and that of the 16 km height peak increased by abouth the troposphere and lower stratosphere region using MEM.

1km. Therefore, the two peaks seem to merge over a perioffour interesting height regions are focused upon: (a) at

of 15h (from 13 h to 28 h, LST). Two solid lines are shown first wind shear (WS1 — westward), which exists-t6 km

in Fig. 7d, which connect the lowest temperature peaks withheight; (b) at CPT £17-18km); (c) at second wind shear
time. (WS2 — eastward) i.e~20 km height; and at (d) third wind

shear (WS3 — westward), which is located-&5 km height.
Analysis is performed during convective and non-convective
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Fig. 9. Same as Fig. 8, but for 9 December 2005.

periods to examine the difference in the dominant wave charslight difference in the emerged short wave periods on con-
acteristics. vection days might depend upon the penetrative depth of the

As the stability and wind shear varied significantly with convection, as on 9 December 2005 convection was intense
height in the upper troposphere and lower stratosphere, domand deeper than on 30 November 2005. At heights of WS2
inant wave periods of the emerged waves also changed withnd above, spectral power for the prominent wave periods re-
height. We examined different height regions at 100 m inter-duced considerably. Note that mean wind between CPT and
vals (shown here at 500 m interval to avoid the crowded patWS2 reduced from-35ms! to ~Oms1. Similarly, dom-
terns) in order to examine the forcing scale in the frequencyinant wave periods in this height region were also seen re-
spectra due to convective and wind shear sources. duced from~10h and~4h to~7 h and~2 h, respectively.

At WS1, dominant periods of about 4 and 10h7inand  This kind of feature in dominant wave periods denotes the
U, and~7-8 h inV component are found on convective days wave filtering due to variation in background wind. Presence
(shown in Figs. 8 and 9, and Table 2). Note that strong windof short period waves~2 h on 9 December, angd3-4h on
shear on 30 November 2005 and 9 December 2005 wer80 November 2005) are due to convection-induced gravity
noted on the order of 45.7 and 58.6 mf&m~1, respectively.  waves. During non-convection, wave periods were seen rel-
Above WS1, i.e. near tropopause, atmospheric stability in-atively enhanced.
creased substantially. At ~25 km height — a region of strong westward WS3 —the

The CPT was located at17.3km on both convective convection effect is less apparent on temperature and wind
days. We noticed a strong wave with perie8-10h present field. The observed characteristic features at this height re-
in temperature and wind field. This wave seems present agjion are in good agreement on all days. Similar short period
levels corresponding to WS1 and CPT on all 4 days of obser{2—4 h) waves were present on all days. These short wave
vation, irrespective of convection and no-convection. periods were associated with short vertical wavelength in the

Between tropopause and WS2, dominant short periodtlose vicinity of WS3.

GWs (~3-4 h) emerged on 30 November 2005, while wave Between 20km and 30km height, the ambient atmo-
with periods~2h dominated on 9 December 2005. Such spheric conditions were different in comparison to middle
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Table 2. Dominant wave periods in temperaturg)(and wind components (botti and V) at CPT, WS1, WS2, and at WS3 along with
information on wind shear and tropopause. The computed values of wave periods are rounded off to the nearest integer. Different periods in
the UTLS region are the manifestation of change in stability and presence of strong wind shear.

Date AtCPT Shear | Shear Il Shear lll

& wave period Height  Value Height Value Height Value Height Value
(km)  (°C) (km) (msikm™1 (km) (mslkm™1 (km) (mslkm1

30 Nov 2005 (CONV) 17.2 -845 16.0 45.7 18.0 32.0 24.7 54.3

Wave period

T 8,3 10,4 10,4 9,4

U 6, 2 10,4 7,2 10,4

1% 10,4,2 7 8 8

9 Dec 2005 (CONV) 175 -85.1 16.2 58.6 19.3 28.2 24.6 44.6

Wave period

T 10, 4-5 10 8,3 4,2

U 10,4,2 10,4 8,4 8,4

Vv 10,4,2 8 8,2 7,2

6 Dec 2005 (No Conv) 174 -82.2 16.3 47.7 19.7 —-42.0 24.8 46.0

Wave period

T 9,54 9,2 10,4 52

U 4 5 6-7 6,4,3

Vv 4 6,2 11,4,3 53

18 Dec 2005 (No Conv) 17.8 —-83.8 15.1 44.8 19.3 30.0 24.4 58.3

Wave period

T 7 8,5,2 12,3 9,3

U 2 8,4 7,2 10, 2

Vv 7,3 8 3 10,3

and upper troposphere; hence, some features of GWs in thignd 16 km heights, spectra for vertical wavelengths are also
region seem different from those observed in the UTLS re-plotted. These power spectra are named as “source” spec-
gion. We examined the effect of convection in the 20—-30 kmtra, which show the characterstics of tropospheric convective
height range in the presence of WS3 and noticed that shorsources; while between 16 km and 30 km heights, the spectra
period waves are not influenced by convection, but rathemare named as “gravity wave (GW)” spectra. In all the panels,
they are generated near WS3 (Hodograph shown in Fig. 12)time sequence is marked in each plot that increases upwards
from the bottom. Power spectra for temperatuveand V

wind are shown in Figs. 10-11 (panels a, b; panels c, d; and

| der t ine the forci le in th ical di panels e, f), respectively.

t'n orderto exaTlge ? olrcmg sl,ca ethm te ver 'C? |rec-d On 30 November and 9 December 2005, before setting up
lon, we computed vertical wavelength in temperalure antet oo nyection ., in temperaturel/ andV wind components
wind field during the observation period. Differencesiin

duri . d : bled decioh were observed-3-5 km with maximum power shared in 4—
uring convection and non-convection enabled us to decipheg | . range. During convection, peaksl—2 km emerged

Sratosphere. We focussd on short somh) wave fea-  Srocally along with weskening of primary pesk of 3-4 km
P ' in temperaturel/, and V components, showing the influ-

:ures tk(ljat grgerged dunr]:_gly convection. tTh? r(l;ea_n teMperas .o of convection. Over a certain period during convection
ure and wind (mean profiles were constructed using sever rowth, spectral power remains comparable for both short

profiles covering about a week period) were subtracted froth2 km) and long €35 km) vertical wavelengths. Note the

the individual profiles to retain the dominant fluctuations. fact that vertical wavelength is not conserved along a ray
Wzlcomp&utebdkiﬂléilﬂng profiles of anomah:as 'froné hourly dpath in a refractive atmosphere, but rather it changes in a
ra '.OSOQ € by .pOI;Ne_r slgectrll:)m 3a0n<’;1\|y5|s. b Org%%tg given height range (see auxiliary material, Fig. A4). Com-

hz 1S shown sequentially in Fig. ( ovember ) puted values of vertical wavelength, therefore, show an aver-
and Fig. 11 (9 December 2005) for temperature &hdv

age feature.
wind components between 16 and 30 km heights. Between 1g

3.6.2 Vertical wavelength
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Fig. 10. Temporal distribution of Vertical wavelength £) for temperature (paneks b), zonal wind (panelg, d) and meridional wind

(panelse, f) on 30 November 2005. Pandls), (c), and(d) denote source power spectra (1-16 km heights), while pdbgléd), and(f)

denote GW spectra as they are computed between 16 and 30 km height range. Source spectra were multiplied by a factor of “3” to increase
the power for comparison with GW. The panels are arranged columnwise. Vertical lines drawn on x-axis denote vertical wavelength at 4 km
and 8 km, respectively. Y-axis represents power (in arbitrary units) in all panels.

Spectral peaks withh2 km that emerged as aresult of con-  Convection-induced wave behavior noticed on the vertical
vection dissipate with time. After termination of convec- wavelength distribution suggests that increased power near
tion, Az in T, U and V components increased-8-5km),  short vertical wavelength~2 km) is contributed to by con-
approaching the similar wavelength that was observed bevective system. On 30 November and 9 December 2005,
fore convection. Penetration of convection in UTLS and theGW spectra are more prominent than source spectra in tem-
resulting forcing scale is clearly visible in temperature andperature. Both source spectra and GW spectra are similar
wind field over the active period of convection. in zonal and meridional wind, except on 9 December when

source spectra is broader in zonal wind for the active con-
vection period. There is no clean signature of half sine wave
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Fig. 11. Same as that for Fig. 10 but for 9 December 2005.

response of vertical wavelength from the troposphere to theve did not notice the gradual change in the vertical wave-
lower stratosphere matching with the mechanism of thermalength as observed on early morning of 7 December (not
heating and its response in terms of vertical forcing. shown). In general, th& component showed less vertical
During non-convection days (6 December and 18 Decemwavelength in comparison @@ component and temperature.
ber), in generalT’, U andV components showed that main Details of dominant peaks on different days are shown in Ta-
peaks of vertical wavelength remain around 3-5km. Noteble 3. A comparison of peaks before, during and after con-
that on 7 December (morning hours 3-5 a.m.), a convectivevection can also be inferred. In the last column, we have
patch over a duration of about 3—-4 h appeared@km al- included wavelengths, which were computed after termina-
titude. The immediate response of the convection patch wasion of convection (not shown in Figs. 10 and 11). Figure 12
observed to reduce the, (down to~2 km) in a similar man-  shows hodograph formed usiggwind andV wind compo-
ner as observed for convection days. On 18 December 20051ents at heights which are just above the WS3. Short vertical
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Table 3. Dominant vertical wavelengths in temperatureandV wind components are shown.

Date Parameter A, (before convection) A, (during convection) A, (after convection)
30 Nov 2005 Temperature 3 1,2,4 2,5
(Convection) U Comp 4 1,2,4 2,5
VvV Comp 2 1,2 3,4
9 Dec 2005 Temperature , 3,4 1,2,3 1,5,6
(Convection) U Comp 1,4,5 1,2 3,4
V Comp 1,2 3,5
5 3.7 Relationship of humidity with vertical wind (W)
4 1 and temperature
3_' As mentioned earlier, humidity was enhanced with large fluc-
| tuations during active convection in the UTLS region on both
— 2] days of convection (30 November and 9 December 2005). As
€L a result, the quasi-periodic behavior of humidity and temper-
é 14 ature became prominent in this region. Association of hu-
> ] midity rise with vertical wind (Figs. 13 and 14) confirms the
0- 25.4km vertical growth of convection. We examined the correlation
14 of humidity andW component over a period of active con-
] vection in the UTLS. It is evident from Figs. 13 and 14 that
-2 26 km both the parameters are well correlated. The rise in humidity
1 is associated with upward@ wind even at the heights above
-3-6 T 4 _:,3 ' _'2 " _'1 " 6 ' ,i ' é ' é " ‘;r tropopause. Note that around 18:00 LST, there is a sharp in-

U (m/s) crease in the humidity along with rise in upward motions that
continued over a period of active convective (see supplement

for vertical wind — Fig. A3). With th f tim -
Fig. 12. Hodograph between 25.4km and 26.5km height on or vertica d g. A3) th the passage of time, de

30 November 2005. Hodograph ellipse completed withihkm creasein huml(_jlty ané’ component is commonly seen. .
height. The mechanism of temperature control before and during

convection could be different in the upper troposphere be-
cause of the change in the humidity content after setting up
wavelength €1 km) gravity waves are generated in the close Of the convection. Strong (weak)y (between humidity and
vicinity of WS3. A similar feature was observed between temperature) on convection (non-convection) days indicates
temperature and U wind component in the same height rethat significant increase in humidity in a quasi-periodic way
gion. during convection plays a crucial role in inducing small-scale
As shown in Fig. 2, a strong WS3 exists near 25 km heightoscillations in temperature and wind in the UTLS region. It
(see Table 1 for magnitudes on different days). We haveappears that variation in humidity is in association with vari-
also ana|yzed temperature abdwind hodograph Showing ation in vertical growth in convective system (and hence ver-
similar structure as seen in Fig. 12. This suggests that dical wind), which eventually can produce similar patterns in
well-defined wave pattern is generated due to strong windemperature. There is a possibility that increase in humidity
shear. This is also confirmed by examining each temperalead to small-scale oscillations in flow field via turbulence
ture and wind profile on all days near 25km height. Sinceand mixing.
such small scale hodographs emerged on both convective and In order to assess the effect of penetration of convection
non-convective days, convection does not therefore seem t#ito the UTLS region, variance of temperature and humid-
be the source. One can infer from such structures that waveldy were also computed at different height levels to see the
with small vertical wavelengths are consistently present atelative enhancement for both convection dates (30 Novem-
this height region and produced by wind shear. ber and 9 December 2005); the variances were larger in the
height range of 16 km to 19 km. For instance, on the convec-
tion days the humidity variance noted was as large as 200 at
18.3 km on 30 November 2005 and®27 at 16.7 km on 9 De-
cember 2005. The value of temperature variance, found to be
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Fig. 13. (a) Temporal behavior of humidity (dotted line) and vertical wind (solid lir{e), Temporal behavior of temperature (dotted line)
and vertical wind (solid line) in the UTLS region (16 km height) on 30 November 2005.
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Fig. 14. (a)Temporal behavior of humidity (dotted line) and vertical wind (solid lirf(e),temporal behavior of temperature (dotted line)
and vertical wind (solid line) in the lower stratosphere (19 km height) on 9 December 2005.

4 on 30 November vs. 9.8 on 9 December 2005, indicates diltered with a cutoff at 12 h. The results are shown in terms
deeper and stronger convective event on 9 December 200%f dominant wave frequencies at different height levels under
For both the non-convection days, the humidity and tempervarying basic wind in the height range of 1-30 km.

ature variance was 3-9 times smaller as compared to that for pjean wind and temperature profiles showed that there
convection days. This suggests that such large variances ijere three different height regions of strong wind shear: the
temperature and humidity in the case of convection days arg,vest one was around 16 km height49.2 mskm1),

a consequence of deep penetration of the convection into thga middie one a&20 km (~33.0mskm-1), and the up-

UTLS region. per one was located at25 km height £50.6 mskm™1).

Thin layers of lowRi were confined near these wind shears.

In addition, less stable region with IoRi (<0.25) was ob-
4 Summary and concluding remarks served during convective storm penetration in the 12—16 km

height, which was more prone to instability due to the pres-
In this paper, an attempt has been made to present the geence of cloud system. Hourly temperature measurement near
eral characteristics of the emerged wave system in terms 0f6 km height (level of the top of the cloud and strong wind
vertical wavelengths and prominent wave frequencies, anghear) showed a significant decrease in temperature on the
the vertical structure of the convective system during an in-order of~4-5 K during convection. Decrease in temperature
tensive observation period, by launching hourly radiosondepersisted over a duration of active convection, and the recov-
and radars data under CPEA-II campaign. As one of theery in temperature to its mean value was also seen after the
objectives of this paper was to carefully examine the wavetermination of convection. During vertical growth of con-
disturbances on a time scale of less than semi-diurnal oscilvection, wind speed and direction also changed drastically,
lations, wind and temperature data were therefore high-passausing small scale wave generation in the UTLS region.
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Signatures of decrease in temperature at tropopause levetheid and Sivjee (2001); Horinouchi et al. (2002); Snively
and their seemingly association with the rise in temperatureand Pasko (2005); and Chun and Kim (2008). They also
at ~6 km height (on 30 November 2005) suggests verticalhave discussed waves, especially with small vertical wave-
growth of convection system adiabatically. lengths during convective period that are likely related to the
The cause of the decrease in temperature, confined isecondary sources.
thin layer near 16 km height (note that cold point tempera- Computations of average; were also performed using
ture observed at17.3 km height) during active convection, wind and temperature fluctuations profiles in the 16—30 km
is believed to be mainly mechanized by strong wind shearheight range. In general, zonal, meridional, and tempera-
and partly by the adiabatic expansion of air-mass from theture profiles showed that vertical wavelength in the range 2—
lower troposphere to the upper troposphere. As mentioned km is quite dominant. A clear variation kty during con-
in Sect. 3.4, decrease in temperature is confined in a thirvection and non-convection is also identified: short vertical
layer of~1 km in the close vicinity of wind shear and top of wavelength {1-2 km) dominated during convection and the
the cloud (humidity at those levels also increased); thereforepower of spectra also increased by a factor of 2-3. This sug-
evaporation appears to be the more effective cooling progests that a large spectrum of wave with shgrtgenerates
cess. Hourly observation of temperature enabled us to coninvariably in this region, though their vertical propagation
firm such phenomena on both days of convection. Increase iould not be sustained due to fast dissipation in the presence
humidity in the troposphere and extending up to 19 km heightof strong wind shear. Therefore, after termination of convec-
was also recorded during convection days, which is larger bytion, waves with vertical wavelength3-5 km were present.
a factor of 2—3 in comparison to non-convection days. Quasi- Some unique features at25 km height, a level of strong
periodic variations in temperature and humidity were foundwind shear, were also noticed: short period wave@+
anti-correlated more strongly than in non-convective days4 h) were generated with shoty; (~< 1-1.5km) and were
suggesting that increase in humidity locally can lead to de-highly confined near wind shear, suggesting this to be a
crease in temperature in the presence of strong winds. Husource region for such variations and not related with con-
midity in the stratosphere-troposphere exchange process hagction in the troposphere. Zonal wind and temperature per-
been identified to play a significant role. turbations near 25 km showed a closed hodograph in the form
Signature of distinct wave system is identified in the up- of ellipse, suggesting east-west propagation of shpGWs
per troposphere and lower stratosphere. Therefore, filteringgenerated due to strong wind shear (Fig. 12). We have shown
of GWs took place due to presence of wind shear. For in-a sample for the generation of the short period gravity waves
stance, waves witk10 h and 4 h periods were dominant near on 30 November 2005.
16 km height, which were present on all days of observa- During active convection, upward motion enhanced and
tion irrespective of convection or non-convection times. Be-the relative humidity also increased in the UTLS region. The
tween 17 km and 20 km heights, wave-like signatures wereaelationship of humidity and vertical wind is analyzed and
dominant in meridional wind and temperature, and alsoshown well correlated during convection at a fine time reso-
convection-induced waves with periods2 h were noticed lution; therefore, the current observations also provide valu-
in temperature, humidity and wind. able information on this aspect.
However, at heights between 21 and 30 km, GWs with pe-
riods in the range of 2-3 h, 4-5h and-10h were seen in Supplementary material related to this
zonal wind and temperatures. Variation in dominant waveatrticle is available online at:
periods with height is associated with changing wind speed.http://www.ann-geophys.net/29/2259/2011/
Figures 13 and 14 show thatandW components are well angeo-29-2259-2011-supplement.pdf
associated in the 16—20km height region, which suggests
vertical orientation of the generated wave system. The verti- _
cal motns alo becare enfanced n e topopause reg oIS L SR HESEOND R0,
(16_.18 "”.‘ height) QUrlng co_nyecnon, as ? result, the aVera(‘zlé\ata. The EAR is operated by Research Institute for Sustainable
vertical wind remained positive~0.5ms™). However, a. Humanosphere (RISH) of the Kyoto University, Japan, and the In-
hodograph formed (not shown) between 17 and 20 km heighfjsnesian National Institute of Aeronautics and Space (LAPAN).

by horizontal wind components showed a complex behaviors k. phaka acknowledges the support of JSPS as part of the work
of clockwise and anti-clockwise rotation, denoting mixture was performed during his visit to Kyoto University, Japan.

of downward and upward energy propagation. The closing  Topical Editor C. Jacobi thanks three anonymous referees for
of the hodograph covered1-2 km height, suggesting fur- their help in evaluating this paper.

ther that short vertical wavelength dominated during convec-

tion. Hodograph behavior between 17 and 20 km height sug-

gests that secondary sources are also important to generate

such small scale features. Importance of secondary sources

has been addressed by Holton and Alexander (1999), Walter-
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