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Abstract. In this paper an attempt has been made to studyout over the past three decades. Many theoretical and obser-
equatorial Kelvin waves using a high power coherent VHF vational studies show that Quasi-Biennial Oscillation (QBO)
radar located at Gadanki (13.8, 79.2 E), a tropical station  and Semi-Annual Oscillation (SAO) dominate the large-scale
in the Indian sub-continent. Simultaneous radiosonde obserdynamics of the equatorial middle atmosphere (Lindzen and
vations taken from a nearby meteorological station located irHolton, 1968; Holton and Lindzen, 1972). The Kelvin waves
Chennai (13.024N, 80.17 E) were also used to see the co- have been observed in data obtained through various tech-
herence in the observed structures. These data sets were amegues including rocket and satellites. Analysis of the satel-
alyzed to study the mean winds and equatorial waves in thdite wind data (Hirota, 1978; Salby et al., 1984; 1990) and
troposphere and lower stratosphere. Equatorial waves withemperature along with tracer species data (Randel, 1990)
different periodicities were identified. In the present study, has shown evidence for Kelvin wave activity in the mid-
particular attention has been given to the fast Kelvin wavedle atmosphere. Using radiosonde data from Canton Island,
(6.5-day) and slow Kelvin wave (16-day). Mean zonal wind Wallace and Kousky (1968) showed evidence of large-scale
structures were similar at both locations. The fast Kelvin Kelvin waves in the stratosphere. They reported increased
wave amplitudes were somewhat similar in both observaKelvin-wave variance accompanying the descent of the west-
tions and the maximum amplitude is about 8 m/s. The phaserly phase of the QBO, with the largest amplitudes occur-
profiles indicated a slow downward progression. The slowring in the westerly shear zone. Equatorial wave charac-
Kelvin wave (16-day) amplitudes shown by the radiosondeteristics have been reported in several studies (Salby et al.,
measurements are a little larger than the radar derived ant984; Dhaka et al., 1995; Krishna Murthy et al., 2002; Fu-
plitudes. The phase profiles showed downward phase prgiwara et al., 2003) using temperature observations. Tsuda
gression and it translates into a vertical wavelength 80— et al. (1994a,b) conducted an observational campaign for 24
12km. The radar and radiosonde derived amplitudes ofdays in Watukosek, Indonesia (7%, 112.7 E). In the lower
fast and slow Kelvin waves are larger at altitudes near thestratosphere, fluctuations with periods of 7 and 20 days, hav-
tropopause (15-17 km), where the mean wind attains westing large amplitudes of up to 15 and 7 m/s, respectively, have
ward maximum. been reported from their study. It is found that the Kelvin
waves were conspicuously enhanced in a narrow region of
&\bout 5km, centered at the tropopause. Using both rocket
and balloon wind data Dhaka et al. (1995) reported the exis-
tence of Kelvin waves with periods 12—-16 days in the lower
stratosphere. These waves showed downward phase progres-
sion with an average vertical wavelength of 10km. More
1 Introduction recently, Krishna Murthy et al. (2002), using radar and Lidar

data, identified equatorial slow Kelvin waves with different
Extensive studies of large-scale Kelvin waves and Rossbyeriodicities from 6-16 days in the troposphere and strato-
gravity waves in the middle atmosphere have been carriegphere regions. They found that equatorial waves modulate
tropical tropopause temperature and altitude.
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Table 1. Experiment specification file (ESF) used for the present
study of the Indian MST radar observation.

Parameter Specification

Pulse width: 1648

Inter-pulse period: 1000s

Coded/uncoded: coded

No. of beams: 5 (E10y, W10y, Zenith, N10x, S10x)
Coherent integration: 128

No. of FFT points: 128

Nyquist frequency: +4Hz

Doppler resolution: 0.06 Hz

Incoherent integration: 1

The knowledge of Kelvin waves is very important as they

strongly modulate the tropopause structure, including the

tropopause height, minimum temperature, and atmospheri
stability. Kelvin waves also contribute significantly to the

middle atmospheric dynamics. In the present study,
teristics of Kelvin waves were studied using MST radar and

charac-
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description and the signal processing are well described else-
where (Rao et al., 1995; Kishore, 1995).

In the present study observations of the winds in the 3.6—
20km height region for the period JunAugust 1996 are
utilized. These three months are generally considered as the
typical monsoon season in India. The observations are daily
evening common mode measurements for abék@ min at
around 17:00 IST. The various experimental specifications
used by the radar for the present study are given in Table 1.
Daily Doppler spectra corresponding to the five beams are
obtained in the height range of 3.6-20km at 150 m inter-
vals. The observations were carried out coincidentally with
the radiosonde observations at Chennai (13N)480.17 E),
which is about 100 km away from the radar site. The height
resolution of the radiosonde data varies from 200 m at lower
heights to 300 m at higher altitudes. We have interpolated
the radiosonde data to 150-m range resolution by applying
the spline interpolation method. This makes both data sets
%vith matching height resolution and hence the comparison is
more meaningful.

Using the data (about one hour per day) we have con-
structed the mean and we call it daily mean. We understand

radiosonde observations. The database and the methodolo%?(at itis not at all realistic to considgr it as the rea_l daily
adopted are briefly discussed in Sect. 2. The amplitude an ean. However, fo“r the sake ?f easiness we continue the
phase characteristics of different periodic components of the'Sade of the word' daily mean”. The data were collegted
wind are discussed in Sect. 3, and finally, the overall Sum_a_round the same time ever)_/day and hence th_ey collectively
mary and conclusions drawn from the present study are preg'V(.a a better plc_ture O.f the wind patt_ern at tha_t time slot. One
sented in Sect. 4. deficiency of using thl_s so—gallgd daily mean is that.wg could
not extract the real daily variations and their potential impact
to the present investigation. This could be done in a future
study in which we plan to investigate the planetary wave ac-
tivities using the radar data alone.

As mentioned previously, the observations were conducted
The Indian MST radar located at Gadanki (X3\5 79.2 E) during the monsoon season. It is generally known that large-
is a high power VHF phased array radar operating at 53-MHzscale, low frequency forcings associated with the monsoons
coherent backscatter mode with an average power aperturgenerate Rossby and Kelvin waves along the equator. How-
product of %108 Wm?. The phased antenna array consistsever, details of such effects are beyond the scope of the
of 1024 (3% 32) crossed 3-element Yagi antennas occupy-present study.
ing an area of 130130 m. The radiation pattern of the array =~ The daily mean winds were examined and it was found
provides a main beam with & 8vo-way beam width and the that there were small data gaps, which are filled with linear
first side lobe level 0f-20dB. The radar beam can, in prin- interpolation. The Lomb-Scargle (L-S) periodogram analysis
ciple, be positioned at any look angle withir0°, but it is method (Scargle, 1982) of spectral analysis is used for the
currently programmed to position at five look angles, zenith,determination of the fast Kelvin (6.5-day) and slow Kelvin
+10 off-zenith in the east-west and north-south directions.(16-day) wave amplitude and phase. Scargle’s definition of
The complete time series of the decoded and integrated sighe time-translation invariance of the periodogram is exactly
nal samples are subjected to FFT for the on-line computatiorequivalent to a least-squares fitting of the sine wave to data.
of the Doppler power spectra for each range bin. The off-lineCompared to the other methods, the L-S method weights the
data processing involves the removal of the dc componentdata per point, instead of per time interval. Also, the L-S
an estimation of the average noise level, incoherent integraperiodogram can provide an estimate of the significance of
tion, the removal interference, if any, and the estimation ofeach peak by examining the probability of its arising from
the three low-order moments. The three moments represera random fluctuation (Luo et al., 2002; Namboothiri et al.,
the signal strength, the weighted mean Doppler shift, and2002).
half-width parameters of the spectrum. For the estimation of A filter of band-pass in nature is necessary for indicat-
noise level, the objective method developed by Hildebranding a possible wave activity in the time domain. For the
and Sekhon (1974) has been adopted here. To determine thmesent study, the simple and convenient method of the in-
wind components we have used the least-squares method asrse transform of the Fourier analysis is used. The method
described by Sato (1989). Complete details of the systeninvolves applying the Fourier transform (FT) to a segment

2 Observations and data analysis
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Fig. 1. Height-time contours of mean zonal winds at MST radar and radiosonde observation sites for the periodAtigusg 1996. Bar
diagrams shown below the contour plots indicate the data availability during this period. The profiles in the right panels depict the monthly
mean values.

(window) of data (data length), multiplying the output by a out the season. The maximum eastward wind is observed
filter function (bandwidth) and then doing an inverse FT to to be about 10 m/s. The maximum westward wind is in the
get back a filtered data set in the time domain. For the 6.5range of 40 m/s and its occurrence is at around 16 km (near
day wave, high and low cut-off frequencies are selected ashe tropopause) in July. The balloon measurements shown in
0.2 and 0.125cpd (cycles per day), which corresponds to Bhe lower panel depict some differences as well as similari-
and 8 days and for the 16-day wave, the cut-off frequenciegies with the radar measurements. The maximum eastward
are 0.1 and 0.045 cpd, which corresponds to the 10 and 2%ind has an average strength of 10 m/s and its occurrence is
days, respectively. at around~6 km. It can be seen that the wind pattern ob-
served at both the sites are generally the same. The height
occurrence of summer westward maxima is at around 16 km
3 Results and discussion in both radar and balloon wind observations and also its time

occurrence is in July. The height profiles in the right panel
Before going into the details of the Kelvin waves observed, exhibit similar monthly mean wind values.

it is desirable to discuss the background features at the re-

spective observational sites. Figure 1 shows the time-height Figure 2 shows typical amplitude spectra (zonal compo-
sections of the zonal winds observed at the Indian MST radanent) obtained for four selected altitudes 5.4, 9.3, 13.2, and
site and the balloon wind measurement site at Chennai durind7.1 km observed by the radar (left panel) and balloon (right
the monsoon season of the year 1996. Daily mean values agganel) measurements. The amplitudes are calculated by us-
utilized to develop these wind contours. On the right-handing the Lomb-Scargle periodogram analysis. The length of
side of the figure the vertical profiles of the monthly mean the window was taken to be 56 days (9 June to 3 August).
winds are also shown. Describing the radar results first, it carPeriodogram analysis conducted for the time series from var-
be seen that below about 7 km, winds are mostly eastwardbus altitudes reveals prominent components centered at 6.5
in direction and above that there is westward flow through-days (fast Kelvin wave) and 16 days (slow Kelvin wave). The
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Fig. 2. The spectral amplitudes of the zonal wind in the interval 9 In the process, the confidence levels of the periodograms
June-3 August 1996 measured at four different altitudes (5.4, 9.3,are estimated for only those spectral peaks with more than
13.2 and 17.1km) at MST radar (left) and radiosonde (right) sites. 90% significance. The 6.5-day wave amplitudes observed at
both locations have some similarities as well as differences.
Above 13 km the wave activity attains its maximum. In the
16-day peak is broad, extending over roughly 12 to 22 dayscase of radar data the wave amplitudes reach maximum val-
The 6.5- and 16-day spectral peaks become larger at highares during mid-July to mid-August. The wave amplitude at-
altitudes than compared to the lower altitudes. This featurgains 9—10m/s at 15-17 km. In the balloon data, the max-
is evident in both measurements, except for the radar meamum amplitudes are observed in August. The peak ampli-
surements of the 16-day wave at 17.1 km. By calculating thetudes (10-12 m/s) are clearly identified at two height regions,
area between the 90% significance level and the calculatedne near 16-17 km and another at 19 km. In July the bal-
spectral amplitude, the centroid of the spectral peak was deloon derived amplitudes are weaker than the radar determi-
termined. At all four sampled heights and throughout thenations. In both observations the amplitudes have a maxima
entire period the fast and slow Kelvin waves were presentnear the tropopause level. Assuming that zonal wind oscilla-
and they showed similar spectral structures. Further, there i§ons are due to Kelvin wave mode, these waves are eastward
an indication of variability with periodicities near 3.6 and 5 propagating equatorial waves. It has been shown that the
days. However, these ultra fast Kelvin waves are out of scopéelvin wave amplitudes have maximum whenever the west-
of the present study. ward flow becomes stronger. The above statement is valid
The zonal amplitude spectra of the 6.5-day wave activ-for the present observation of the fast Kelvin wave. As seen
ity as a function of height and time, observed by the radarin the figure, radar observations show maximum amplitudes
and balloon wind measurements, are shown in Fig. 3. Theat 13—18km where the winds show the westward maximum
top panel corresponds to the radar and the bottom panel regFig. 1).
resents the balloon measurements. The spectral amplitudes To deduce more information on the height dependence
in the contour plots are calculated by a Lomb-Scargle pe-of the 6.5-day wave, in Fig. 4 the monthly amplitudes and
riodogram analysis within a set time window of 30 days in phases obtained by the radar and balloon measurements are
length. This window was shifted by a step of 5 days, andshown. The amplitudes and corresponding phases are con-
the power spectral amplitude and phase values are estimatesidered only when they are90% significant. The height
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profiles of the amplitude show some features more promi-
nently than that seen in the contour plots (Fig. 3). In general,

MST radar
Radiosonde

6.5-day wave
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the amplitudes and phases observed by the radar and balloo
closely resemble each other. Both the radar and balloon mea June 1996 July 1996 August 1996
surements show almost identical amplitudes in June. In July, 207 207 207 :
below 15 km altitude the amplitudes of the radar and balloon 1 1 1 .
measurements were similar, and in the 15-19 km range the 45 45
amplitudes derived by radiosonde observations during Au- 10 10
gust. The phase profiles indicated a fairly slow downward 1 1
progression below 16 km in both measurements. The aver- 1 1
age vertical wavelength in both stations is obtained as 10— 5+ 5 5+
12km. The values of the vertical wavelength are consistent  +—+ =
with those reported earlier for the Indian MST radar location 0 2 46 810 2 4 6 8 10 0
hancement of the 5-day wave in the mesopause region occur
simultaneously with that in the stratosphere.

To illustrate the features of the 6.5-day oscillations at dif-
ferent heights from 4 to 20 km, the zonal wind data set of
length 20 days has been subjected to a band-pass filter o
width 5-8 days. This band-pass is wide enough to isolate the S
used as the input to the filter and the results are displayed iRy 4 ponthly profiles of amplitude (top panel) and phase (bottom
Fig. 5. Results of a similar analysis conducted for the balloonyanel) of the 6.5-day wave at MST radar and radiosonde observation
data are shown in the I’Ighl‘ panel of the ﬁgure. Itis apparen%ites during the monsoon season of 1996.
that there is 6.5-day wave activity during most of the mon-
soon season. At both stations the wave activity maximizes MST Radar Monsoon Radiosonde Monsoon
. 19.8 19.8
near tropopause level. The observed amplitudes at the bal

radar amplitudes became larger than the balloon derived am-¢
i X Amplitude (m/s)

(Dhaka et al., 1995). Rocket and satellite observations had
phenomena over a broad period range centered at 6.5-days 90 120 150 180 210 240 270 90 120 150 180 210 240 270 90 120 150 180 210 240 270
loon site are larger than the amplitudes at the radar site. The 186 ‘, i A 166 \/ |
analysis conducted for the meridional component (figure not " 174 |
shown) indicate that the zonal amplitudes are larger than the 162 | 16.2
meridional amplitudes. This is consistent with the other mea- 150 15.0
surements at equatorial sites. 13.8[ 13.8

Now we proceed to a similar analysis conducted for the = n |

plitudes. Comparatively large fluctuations were seen in the
found significant~7-day wave activity in the stratosphere 20— 20— 20—
when the background winds were westward (Hirota, 1979; | | 1
Hitchman and Leovy, 1986; Canziani and Holton, 1995). Us- 1 1 1
ing numerical simulations Miyoshi (1999) found that the en- _ 15 15 15
10:
5]
The height averages (8 range bins, 1.2 km) of the winds are Prase (cea) Prase (dea Phase (cea)
12.6
16-day oscillations. Figure 6 presents the zonal amplitudesy

11.4H 1.4

of the 16-day waves in the troposphere and lower strato-é
sphere as observed by the radar and balloon wind measure®
ments during the monsoon season of the year 1996. The am  °° | SOV ANNANNA—A

plitudes are calculated by using sliding periodograms applied 738 /\/\A/\/\/\/\/W\/\ 78 /\/\/\/\/\/\/V\/V\/\/\
to a window width of 30 days. The window was shifted by 6.6 G.GA/\/\/\/\/V\M/\/\/V

a step of 3 days, and the power spectral amplitude and phas 54 54\ AAAAAANANANY
values are estimated. In general, strong 16-day wave activity

_ : . ! a2t ANNAAAANN 22 AAAAAA
occurs mostly in the higher altitudes in both measurements.

3.0 3.0
In the case of radar, above 12 km the 16-day wave activity 0 7142128354249566370 0 7 1421283542 4956 63 70

increases up to 18 km and above this level the wave activ- pays pays
ity is found to recede throughout the season. The maXImunhg_ 5. Band-pass filtered (5-8 days) zonal winds for the near 6.5-

amplitudes of about 8 m/s are observed near 15-17km. IRy,y oscillations at MST radar (left) and radiosonde (right) sites dur-
the balloon data the maximum amplitudes are observed ifng 10 June-19 August 1996.

the month of July and August and it reaches a maximum
of 10m/s. Mostly the maximum amplitudes observed by
the balloon measurements are slightly larger (2—3 m/s) than

Altitude (km)

10.2

5m/s




1128 P. Kishore et al.: Study of equatorial Kelvin waves

MST radar
Radiosonde

MST Radar Monsoon_ (m/s)
- —— 10

20+

16-day wave

9
June 1996 July 1996 August 1996

5= 8
15+ = = ¢ 20 20 20
- 15 15
4 10 4 104
June July August | ] ]
Radiosonde Monsoon_(m/s) 5 ] 5 7] 5 ]
\6 ]
4
——

Altitude (km)

-

I‘f‘llll?l

- N w » ] o ~N
Altitude (km)
s
1

N

ITIIII?IIEIT]III?

T T
8024681002

° 0
Amplitude (m/s)

-

7 20+ 20+ 20

-

Altitude (km)

I
-
3]

1

15 15

10 10

N
Altitude (km)
3
U N S T T

July August

1996 ] p
54 54

Fig. 6. Contour plots for the amplitudes of the 16-day wave ob- ] — —
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tained by Lomb-Scargle periodogram analysis during the monsoon Phase (deg) Phase (deg) Phase (deg)
season of 1996 at MST radar (top) and radiosonde (bottom) obser-
vation sites. Fig. 7. Monthly profiles of amplitude (top panel) and phase (bottom

panel) of the 16-day wave at MST radar and radiosonde observation
sites during the monsoon season of 1996.

those by the radar measurements. In July and August the

occurrence of maximum amplitudes shows some difference

between the two measurements and thus makes the wave agetween the two measurements. This suggests that both ob-
tivity out of phase at these locations. More analysis based ogervations involve the same wave events. The phase profiles
a wider database is required to consolidate the causes behighow downward phase progression in the height regions 4—
such variations between these two nearby stations. The balt7 km and above this level such a trend ceases. Tsuda et
loon wind measurements at Trivandrum (8\g 77° E) have  al. (1994a) observed waves with periods of 15-17 days in
observed 12-16-day period oscillations in the height rangehe troposphere and lower stratosphere. They found maxi-
16-24 km and they were considered as the manifestation olum zonal amplitude up to 7m/s and noted that the Kelvin
Kelvin waves (Dhaka et al., 1995), and the maximum am-wave was enhanced only in a narrow region with a thickness
plitude observed near 15-17 km was about 6 m/s. Maximurmof about 5 km centered at the tropopause.

amplitudes observed in the present study are larger than the Figure 8 shows the results of the band-pass filtered zonal
observations reported for Trivandrum. wind components of the radar and balloon wind measure-
Figure 7 shows the height profiles (monthly mean) of thements. Here we show different height layers of 1.2km in
16-day wave amplitudes and phases observed in the zondhickness, in the troposphere and lower stratosphere. The
component. Similar to the case of the 6.5-day wave, the ameata are height-averaged before applying the filter. The band-
plitudes and the corresponding phases are considered onlyass filter was applied with a window of 48 days and a band-
when they are-90% significant. The wave occurrence was width of 10-22 days to the daily zonal mean winds measured
first identified and then the corresponding wave period wasy the radar and balloon observations. There is a tendency
determined. Describing the monthly variations, amplitudesto have larger amplitudes in the upper altitudes in both ob-
are generally~7 m/s in all monsoon months at the 13—-17 km servations. One should remember that the filtered amplitude
height range. Comparing with the balloon measurementsmight be suppressed due to the transition band effect around
below 17 km both amplitudes show good similarity in their the cut-off frequencies. In both data sets the filtered zonal
structure. However, above 17 km the balloon amplitudes ar&omponent oscillates systematically with a period of 15-17
larger than the radar derived amplitudes. In the phase proedays. In the balloon measurements, oscillation above 17 km
files shown in the bottom panel we can see some similaritiess rather long and irregular. The amplitudes of radar and
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Table 2. Characteristics of equatorial waves.

Period (days) Type Height Max. amplitude \ertical wavelength
km range (m/s) (km)
radar balloon radar balloon
6.5 day Fast Kelvin wave  4-20 7-9 7-9 ~12 ~10
16 day Slow Kelvin wave  4-20 6-8 810 ~11 ~12
balloon measurements are larger in upper altitudes, when the g g ¥sTRadar Monsoon o Radiosonde Monsoon

equatorial easterlies are prevailing. The wave activity noticed 54 /\/\/\N 186}
in this study may have a close connection to the intensity of 17'4W\/\/\N 174l
the equatorial westward wind. It may be further noticed that

.. . . 16.2 16.2
the wave activity is not well correlated between the sites. Ex- W\/\/\/

cept for the first three or four height bins in the lower tropo- 150 1™

sphere, the wave patterns show noticeable differences in their "> ] 138

amplitude and period. A detailed look into such issues can be E 26 1261
addressed only with a better data set. We should admit that g 11.4V\/\/\M 11.4f
the present database of 1h/day is only suitable for an overall £ 102 W 10.2f

Altitude (km)

investigation of the wave signatures at both locations. 90l 90l
The observed differences between the radar and ra- 7_8WW\/ 78l

diosonde results can be attributed to some other factors. It B'GM 661

is well known that under mountain wave activity, which can o J\m o

be highly localized, large discrepancies can occur at lower-

stratospheric altitudes. Radiosondes can drift horizontally 4'2W/ 42p

more than 100 km from their launch site by the time they 3'00 0 18 27 36 45 54 63 72 81 90 3‘00 0 18 27 36 45 54 63 72 81 90

reach an altitude of 15km. Hence, the data are not neces- Days Days

sarily representative of the atmosphere above the launch site., i . ) }

Some related discussion can be seen in the paper by Hoopgtg' 8. Band-pass filtered ;G-day os_clllatlo_ns at dl_fferent altitudes

etal. (2004). at MST radar (left) and radiosonde (right) sites during the monsoon
season of 1996.

Finally, Table 2 shows the comparative features of the

wave characteristics of the fast Kelvin and slow Kelvin waves

measured by the radar and radiosonde observations. It can lpgitude observed in each measurement is about 8m/s. The

seen that the 6.5-day wave amplitude (maximum) measuredmplitudes attain maximum values near the tropopause (15—

by both measurements is same and the vertical wavelengths7 km) level in both the measurements. The phase profiles

differ by a small amount. A roughly similar trend is observed showed fairly downward progression and the estimated ver-

in the case of the 16-day wave as well. Here the wave amplitical wavelength is about 10-12 km.

tudes show a maximum difference of 2 m/s between the two |t is further found that the slow Kelvin wave (16-day) in

measurements. both measurements exhibits large amplitudes (7 m/s) near the
tropopause level. The general structures observed by the
radar and radiosonde observations are fairly similar. The

4 Conclusions radar and balloon derived zonal amplitudes are compara-
tively larger in the upper altitudes, when the equatorial east-

The focus of the present analysis was the study of a faserlies are prevailing. The observed results show good quali-

Kelvin wave (6.5-day) and a slow Kelvin wave (16-day), tative and partly quantitative agreement with earlier observa-

observed in the troposphere and lower stratosphere over @#ons on equatorial waves.

tropical site using radar and balloon wind measurements. Additionally, it should be mentioned that the results pro-

We have used the wind data collected simultaneously by the&luced by these two different measurements do not always

MST radar located at Gadanki and the radiosonde observgsroduce a one-to-one correspondence. The biases due to lo-

tions at Chennai, a nearby station. In the present analysisalized influences or the drift of the radiosondes can con-

data collected during the monsoon season (June-August) dfibute to the differences noted particularly in the upper alti-

1996 have been sampled. Comparison of the radar and raudes. Further studies using the observational data from other

diosonde winds agrees generally well in their pattern andocations near the equator are necessary to identify more de-

strength. The 6.5-day wave amplitudes of radar and baltails on the structure and phase propagation of the Kelvin

loon profiles are somewhat similar and the maximum am-waves.
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