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Abstract. We study short period gravity waves (20–120 min)
in the equatorial Mesosphere and Lower Thermosphere
(MLT) using a Medium Frequency (MF) radar at Pameung-
peuk (7.4◦ S, 107.4◦ E), Indonesia. In particular, we study lo-
cal time and seasonal variation of the gravity wave variance
and its relation to tropical convection. The gravity wave vari-
ance at 88 km enhances between 20:00 LT and 07:00 LT, with
a peak at 02:00–03:00 LT. The enhancement is mainly ob-
served during February–April and September–October and
shows inter-annual variability. Convective activity over the
same location persists from 16:00–21:00 LT with a peak ac-
tivity ∼18:00 LT and enhances between November–April.
Time delay between the peak of convection and that of grav-
ity wave activity ranges 1–15 h, which is consistent with the-
oretical calculations and previous reports based on reverse
ray tracing analysis.

Keywords. Meteorology and atmospheric dynamics (Con-
vective processes; Middle atmosphere dynamics; Waves and
tides)

1 Introduction

It has long been thought that convection in the tropics is an
important source for gravity waves (GWs) observed in the
equatorial Mesosphere and Lower Thermosphere (MLT) re-
gion. These convectively generated GWs in the troposphere
propagate into the middle atmosphere and deposit their en-
ergy and momentum and thus modify the global circulation
of the middle atmosphere. Especially, the Indonesian Mar-
itime Continent (IMC) is one of the most convectively active
regions and hence the equatorial MLT region above IMC is
believed to be rich in GWs.
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Convection generates GWs throughout the full range of
phase speeds, wave periods, and vertical and horizontal
scales (Fritts and Alexander, 2003). Among the spectrum
of GWs, the long-period GWs propagate at small elevation
angles and hence may be observed in the MLT region at
large horizontal distances from the convective sources, mak-
ing correlation with clouds or other indicators of convection
more difficult (Fritts and Alexander, 2003; Ratnam et al.,
2009). The short-period GWs, on the other hand, are be-
lieved to propagate nearly vertically up from the convective
source and hence are anticipated to correlate well with the
convective sources below. Further, it is this part of the GW
spectrum that is believed to carry a majority of the momen-
tum flux to the MLT region (Fritts et al., 1990).

Relation between convection and GWs have been ob-
served in the troposphere and lower stratosphere (e.g. Dutta
et al., 2009; Alexander et al., 2008b) and in the MLT region
(e.g. Kovalam et al., 2006; Taylor et al., 2009). Studies using
GPS Radio Occultation data also showed relation between
convection and GWs observed in the troposphere and lower
stratosphere (Tsuda et al., 2000; Alexander et al., 2008a).
Simulation and modeling studies much advanced our under-
standing on the convective generation of GWs (e.g. Piani et
al., 2000) and their propagation to the stratosphere and MLT
region (Alexander, 1996). Reverse ray tracing analysis also
confirmed that convection is the main source for at least some
of the GWs observed in the MLT region (Vadas et al., 2009).

In this paper, we study the diurnal, seasonal and inter-
annual variability of short period (20–120 min) GWs in the
MLT region over Pameungpeuk (7.4◦ S, 107.4◦ E), Indone-
sia and their possible relation to the tropical convection in
the troposphere.
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Fig. 1. Diurnal variation of 20–120 min GW variance averaged from 1–31 March 2008 for(a) zonal, and(b) meridional components
at heights of 96 km, 92 km, and 88 km (from top to bottom). The over plotted magenta line in each panel represents least square fit by
considering the diurnal, semi-, ter- and quarter-diurnal cycles.

2 Observations and data

The MLT wind data used in this study were acquired using
a Medium Frequency (MF) radar located at Pameungpeuk
(7.4◦ S, 107.4◦ E), Indonesia. This radar is operating at a fre-
quency of 2.008 MHz and measures winds using the spaced
antenna technique in the height range of 78–98 km with res-
olutions of 2 km in height and 2 min in time. The data accep-
tance rate is highest at∼88 km. In the present study, we use
the data collected from March 2004 to 30 September 2010.
Major data gaps exist during 10 August 2004 to 6 November
2004, and 13 February 2007 to 2 October 2007.

The horizontal winds data acquired by the MF radar are
averaged to get 10 min interval data. A block of three hours
(which contains 18 data points), sliding forward by one hour,
is used to estimate the variance of 20–120 min period GWs.
Each three-hour block is then subjected to high pass filter-
ing with a cutoff of 120 min. The estimated GW variance for
each block is attributed to the middle of the three hour inter-
val. Thus, we obtained hourly values of GW variance which
are used to study the diurnal variation.

We use the cloud-top equivalent black body temperature
(TBB) data as a proxy for deep tropical convection (Nitta
and Sekine, 1994). Low and high temperatures indicate high
and low clouds, respectively. We used hourly values of TBB
in the average area of 7.15◦ S to 7.65◦ S and 107.15◦ E to
107.65◦ E, which is close to Pameungpeuk.

3 Results

3.1 Diurnal variation of GW variance

Diurnal variation of the GW variance averaged for March
2008 is shown in Fig. 1a and b for the zonal and meridional
components, respectively. The three panels in each figure
correspond to heights of 96 km (top panel), 92 km (middle
panel), and 88 km (bottom panel). The GW variance at 88 km
starts to increase from 21:00 LT and reaches its peak around
03:00 LT and then decreases. The local time of peak GW
variance precedes with height, the peak being at 03:00 LT
at 88 km and at 22:00 LT at 96 km. This is more prominent
in the zonal component. The maximum mean variance is
∼300 m2 s−2. The dashed line with closed circles represents
the least square fitting by considering the diurnal, semi-, ter-,
and quarter-diurnal cycles of the mean GW variance. The
fitted line converges well with the mean variance indicat-
ing that there could be a possibility of interaction between
tides and GWs. Further evidence for this interaction comes
from the phase of the diurnal component which precede with
height, especially in the zonal component. Amplitudes and
phases of the fitted diurnal and semidiurnal cycles, shown in
Table 1, indicate that they contribute to most of the observed
local time variation of the GW variance. This aspect is more
clearly discussed in later sections.

Ann. Geophys., 29, 623–629, 2011 www.ann-geophys.net/29/623/2011/



N. Venkateswara Rao et al.: Diurnal variation of short-period gravity waves in the equatorial MLT 625

Table 1. Amplitudes and phases of diurnal and semidiurnal cycles of GW variance.

Height
Mean Diurnal cycle of GW variance Semidiurnal cycle of GW variance

(km)
Zonal Meridional Zonal Meridional Zonal Meridional

(m2 s−2) (m2 s−2) Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase
(m2 s−2) (h) (m2 s−2) (h) (m2 s−2) (h) (m2 s−2) (h)

96 117 148 71 23 82 24.5 19 11.1 42 2.7
92 137 120 105 24.4 79 25 37 0.7 44 1.4
88 141 113 98 25.3 60 25 42 1.5 21 1.3

Fig. 2. Height-month contours of monthly mean values of(a) zonal
component of 20–120 min GW variance,(b) meridional component
of 20–120 min GW variance for 88 km, and(c) cloud-top equivalent
black body temperature (TBB).

3.2 Relation between GW variance and convective
activity

3.2.1 For the year 2008

Figure 2a–c shows the month-local time contours of monthly
mean GW variance for the zonal and meridional winds
at 88 km, and TBB, respectively, for the year 2008.
TBB < 230 K is generally considered to represent deep con-
vection (e.g. Nitta and Sekine, 1994). Because the val-
ues presented here are monthly mean values, we consider

TBB < 250 K as an indication of strong convection. The
zonal component of the GW variance in Fig. 2a shows en-
hancement during February to April and during Septem-
ber to October, which exhibits nearly semiannual varia-
tion. Maximum value of GW variance is∼390 m2 s−2 ob-
served in March. The meridional component, shown in
Fig. 2b, enhances during January to April and from August
to October. Further, there is also some enhancement during
November–December with GW variance reaching a maxi-
mum of 120 m2 s−2. The maximum value is∼250 m2 s−2

observed in March. Thus, a semiannual variation is clearly
observed in both the zonal and meridional component.

The TBB in Fig. 2c shows low values (<230 K) dur-
ing February to March and from November to December.
TBB < 250 K is observed from January to April and from
late October to December. Thus, the seasonal variation of
GW variance correlates well with that of convection during
February to April and doesn’t correlate during September–
October. Further, corresponding to deep convection during
November-December there is no enhancement of the GW ac-
tivity, especially in the zonal component.

Coming to the local time variation, the GW variance en-
hances between 18:00 LT and 06:00 LT with peak variance
at 02:00 LT having values>200 m2 s−2. Further, there is
also a slight enhancement after 06:00 LT in the meridional
component with GW variance going to 75–100 m2 s−2. Deep
convection is observed during 14:00–24:00 LT with peak at
18:00 LT. Thus, there is∼8 h time delay between the peak of
convective activity and the peak of GW enhancement.

3.2.2 Inter-annual variability from 2004 to 2010

Figure 3 shows the month-LT contour maps at 88 km, similar
to Fig. 2, but for all years from 2004 to 2010. Solid lines
in between show starting of the year. The background GW
variance in all years is<75 m2 s−2. Further, the GW vari-
ance is less during daytime (<75 m2 s−2) and enhances from
evening to morning hours. The enhanced GW variance is
sometimes>200 m2 s−2. Between 2004 and 2006 the GW
variance is less and lies in the range of 50–70 m2 s−2, close
to the background values, except in February 2006 where it
reached 150–175 m2 s−2. The GW variance is comparatively
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Fig. 3. Same as Fig. 2, but for all years from 2004–2010. Vertical lines are to separate the years.

Fig. 4. Time of peak convective activity (Tc) and time of peak of GW variance (Tgw) (top panels) and difference between theTgw andTc
(bottom panels) for(a) zonal and(b) meridional components, respectively.

larger in the beginning of 2007, before the data gap. Between
October 2007 and September 2010, the GW variance during
equinoxes is larger compared to that of previous years and
reaches a maximum value of>200 m2 s−2. During 2008–
2010, the seasonal variability is similar in all years with GW
enhancement during equinoxes. Further, the spring equinox
enhancement is more than the autumn equinox.

The convective activity in Fig. 3c enhances from Novem-
ber to April of every year. During this period, strong convec-
tion with TBB< 250 K is observed during 14:00–01:00 LT
in every year. Deep convection with TBB< 230 K also ex-
ists between 17:00 and 20:00 LT. The seasonal variation of
GW activity and convection is similar to 2008, except some
inter-annual variability in the former.
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3.3 Time delay between peaks of tropical convection
and GW variance

Figure 4a and b represents the local time of peak of the con-
vection and that of the GW variance (top panels) and delay
between peaks of the two (bottom panels) for the zonal and
meridional components, respectively. Data from January to
March of all years are considered for this analysis. A crite-
rion of TBB< 230 K limits the total number of cases to 79.
From Figs. 3 and 4, we can note that the convection mostly
starts after 12:00 LT and the GW variance after 18:00 LT. Ac-
cordingly, we considered a 24 h dataset, from 12:00 LT of a
day to 12:00 LT of the next day. From this 24 h dataset, con-
vective activity peak (minimum value of TBB) is identified
first and its local time (Tc) is noted. Since the GW activ-
ity is supposed to peak after the convective activity, the local
time of peak GW activity is studied betweenTc and 12:00 LT
of next day. From this interval the local time of peak GW
variance (Tgw) is obtained. This analysis is carried out to all
the 79 datasets. ThenTc andTgw are plotted as histograms
and shown in the top panels of Fig. 4a and b. The difference
between theTgw andTc (Tgw −Tc) is shown in the bottom
panels.

Top panels of Fig. 4a and b clearly reveal that the con-
vective activity enhances between 16:00–21:00 LT with peak
activity at 18:00 LT. GW activity shows enhancement from
20:00–07:00 LT with peak activity at 02:00–03:00 LT. Fur-
ther, the enhanced convective activity persists for∼6 h
(16:00–21:00 LT) whereas the GW activity shows enhance-
ment from 18:00 to 07:00 LT. Bottom panels of Fig. 4a and
b quantify the actual time delay between the peaks of con-
vective activity and GW variance. The delay is generally
between 1–15 h.

4 Discussion

The short period (20–120 min) GW variance shows a clear
diurnal variation with enhanced activity during 20:00–
07:00 LT and nearly semiannual variability with primary
peak during February–April and secondary peak during
September–October. Previous studies in the equatorial and
low-latitude MLT region also reveal such a semiannual vari-
ation of GW activity with peak during equinoxes (Sridharan
and SatishKumar, 2008; Clemesha et al., 2009).

The convective activity over Pameungpeuk enhances from
14:00–24:00 LT and is maximum during November to April.
Nitta and Sekine (1994) showed that the sea-land contrast en-
forces the diurnal variation in convective activity with max-
imum during the afternoon to evening hours over land and
from midnight to morning over ocean. Further, Renggono
et al. (2001) showed that the peak convective activity oc-
curs during 13:00–21:00 LT at Serpong (6.4◦ S, 106.7◦ E)
and Bukittinggi (0.2◦ S, 100.3◦ E), Indonesia. Thus, the di-

urnal variation of convection in the present study is in accor-
dance with the previous studies.

Further, the present study also shows that the time delay
between the peak of convection and that of GW activity is 1–
15 h. Linear GW theory (e.g. Eq. 25 of Fritts and Alexander,
2003) shows that for 20 (120) min GWs with a vertical wave-
length of 10 km and a horizontal wavelength of 100 km, the
time required to travel 80 km is∼2.7 (∼16.5) h. For 5 km
vertical wavelength it becomes∼5.3 (∼32) h. Further, re-
verse ray tracing analysis of Vadas et al. (2009) showed that
the convective sources are located 140–1400 km away from
the GW observation site. The GWs may take up to 18 h to
travel from the convective source to the MLT region of the
observation location.

For the GW enhancement during September–October,
there is no corresponding convective activity over Pameung-
peuk. Further, when there is enhancement in convective
activity during November–December, there is no enhance-
ment in the GW activity. This kind of mismatch can be ex-
plained by considering that the convective source locations
are away from the observational site. Thus, it is possible that
the convective activity during September to October is peak-
ing at some other locations, somewhat far away from Pame-
ungpeuk, and the GWs generated there propagate towards
the Pameungpeuk. Similarly, the convective activity during
November–December generates GWs that propagate away
from the source location (in this case, Pameungpeuk) and
hence they are not observed in the MLT region over Pame-
ungpeuk. Nakamura et al. (2003) have shown that the origin
of the short period GWs they observed was in the northern
side of their observational site and hence they observed the
GWs propagating towards south for most of the time.

Since we do not know exact locations of the convective
sources generating GWs, we considered the convection over
Pameungpeuk as a representative source for the GWs ob-
served in the MLT region. We also tried to average the TBB
over a certain latitude and longitude grid to verify if it better
correlates with the GW variability. But as the averaged grid
size increases, instead of giving a better picture, the local
time and seasonal features of TBB are disappearing. Thus,
exact locations of convective sources are required to clearly
explain the diurnal and seasonal variations GW activity and
to calculate the exact time delay.

There is also a possibility of wind filtering of the GWs
by wave-mean flow interaction due to the underlying quasi
biennial oscillation (QBO) and the stratospheric semiannual
oscillation (SSAO) (e.g. Alexander et al., 2008a; Fritts and
Alexander, 2003). These two oscillations can filter some
portion of the GW spectrum, depending on the phase and
amplitude of the oscillations and the phase speeds and prop-
agation directions of the GWs, and might be responsible for
the observed seasonal and inter-annual variability of the GW
activity. However, the short period GWs seem to be less in-
fluenced by the wind filtering due to their large phase speeds.
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This study also showed that the diurnal and semidiurnal
cycles of the GW variance account for most of the observed
local time variation of the GW variance. Further, the phase
of the diurnal component of the GW variance precedes with
height. These indicate the possibility of interaction between
the tides and GWs (Fritts and Vincent, 1987). Thus, the tidal-
GW interaction also needs to be critically examined at Pame-
ungpeuk to understand the intriguing nature of the GW vari-
ability in the MLT region over Pameungpeuk.

5 Conclusions

We studied the diurnal variation of short period (20–120 min)
GW variance from March 2004 to August 2010 using MF
radar observations of horizontal winds over Pameungpeuk
(7.4◦ S, 107.4◦ E). To understand the diurnal, seasonal, and
inter-annual variability of GW variance, we also studied the
convective activity in the troposphere above Pameungpeuk.
The important results of this study are (1) short period GWs
show clear diurnal variation with enhanced activity during
20:00–07:00 LT; (2) GW activity shows nearly semiannual
variation with stronger peaks during February–April and a
secondary peak during September–October; (3) GW activity
shows inter-annual variability being stronger during 2008–
2010 compared to 2004–2006; (4) the convective activity
over Pameungpeuk, traced through TBB, enhances (low val-
ues of TBB) from 14:00–24:00 LT; (5) convective activity is
maximum during November to April; (6) enhancement in
GW activity during spring equinox coincides well with the
convective activity where as the peak in autumn does not;
(7) the time delay between the peak convective activity and
peak GW activity in the MLT region ranges from 1–15 h.
Characterization of GW activity in terms of diurnal and sea-
sonal variability helps better handling them in the general
circulation models.
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