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Abstract. We have analyzed time series of wind velocities sugad with high resolution GPS-radiosonde ascents

continuously for 120 h from Hyderabad with an imtdrof 6 h. Hodograph method has been used tcevetrihe Inertia
Gravity Waves (IGW) parameters. Background windsramoved from the time series by detrending whsepedynomials
of different orders are removed to get the fludarat from individual profiles. Butterworth filtersiused to extract
monochromatic IGW component. Another filter Finitapulse Response (FIR1) is tried in a similar manioetest the
effects of filters in estimating IGW characteristidResults reveal that the fluctuation profiledetifwith the change of
polynomial orders, but the IGW parameters remamesavhen Butterworth filter is chosen to extract thenochromatic
wave component. FIR1 filter also produces acceptadsults with a broader range. The direction ofevaropagation can

be confirmed with additional temperature informatio

1 Introduction

It is well documented that gravity waves of differescales play an important role in maintaining lHrge-scale circulation
of the middle atmosphere. A large number of stutiige been carried out to characterize these wayesing different
techniques. A very common, established and stanpgesdedure of characterizing Inertia Gravity Way#sW) with
frequencies close to Coriolis frequency is by hadph method (Guest et al., 2000; Ogino et al., 200&&njan Kumar et
al., 2011). Radiosonde data of horizontal winds &mdperature have been extensively used to stugbettvaves (Tsuda et
al., 2004; Vincent and Alexander, 2000; Gong et2008; Chane-Ming et al., 2010, 2014; Murphy et2014; Kramer et
al., 2015). Nastrom and VanZandt (1982) reporteddgaccuracy in gravity wave parameters derived gusialloon
measurements since balloons have good aerodynagpomses. In a simulation study Wei and Zhang (ROikde
demonstrated that gravity waves with different @recies and generated by different sources likémjealance and
convection can coexist together. The popular hagldgmethod demands the presence of a single cahsese in the
fluctuation profiles and does not yield good resuditen a mixture of various frequencies are presEné gravity wave
parameters extracted by hodograph method might hésdnaccurate when multiple waves are presenthen data
(Eckermann and Hocking, 1989).

Hodograph method is based on linear theory of ravaves whereas the dynamics of the flow is mam@mex and non-
linear which introduces some uncertainties in thrpretations. There are several sources of®imothis method which
have been described in Zhang et al., (2004). Tlaegkors compared the gravity wave characteristlasioed using
hodograph method with the values derived from 4ipuatuof their simulation study. A narrow bandwidilter used by them
to extract the fluctuations of a near-monochromatiwe resulted in large uncertainties in the hariabwavelength which
got reduced for waves with shorter vertical wavgtes. Even the spatial variations of the wave dttarsstics were found

to be large. Moreover, since the hodographs are guairiable, a large number of hodographs (profiéee required to get
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accurate results of gravity wave parameters withhesatatistical significance (Hall et al., 1995).isTklefeats the very
advantage of the hodograph method which is capatbietrieving GW parameters from a single set atival profiles of
zonal and meridional winds.

The present paper attempts to overcome the indensis of hodograph method in delineating the chergstics of IGW

from velocity fluctuations obtained with radiosonteasurements.

2 Experiment and Data

An intensive campaign with high resolution (i-MEXSA) GPS-radiosonde flights was carried out fromdhmpus of India
Meteorological Department (IMD), Hyderabad (17.4, °®8.5 °E) with four flights a day at an intervdl ® h for 5
consecutive days (20 flights) between 30 April @tlay, 2012 to study the characteristics of IGWe Timings of the
flights were 05:30, 11:30, 17:30 and 23:30 LT. Teeuracy of wind and temperature measurements gedvby the
manufacturer is +1 misand + 0.2 K respectively. There was one data g4 30 LT on 4 May, 2012 which was linearly
interpolated to get continuous time series of wietbcities. High resolution (~4 — 10 m) wind datatained directly from
balloon flights were first sorted in ascending ordé height since the balloons occasionally driftwhwards by a few
meters. The wind profiles were then interpolatedie@lly to have a constant height resolution of 80 This method is
useful to smooth the profiles and to maintain adgoesolution in height. The profiles were then wifu inspected for
outliers. Only four outliers could be identifiedtaf 20 profiles which were removed and the gapeeviiled up by linear

interpolation with height.

3 Analysis and Discussion
3.1 Time series analysis

IGW periods over low latitudes are quite large vahinakes their observations difficult by using conmnspectral analysis
method. The normal procedure to find the frequeueydd of an atmospheric wave is to have a contisuione series data
with appropriate data gaps and subject it to Fastier Transform (FFT) technique. The minimum léngf data required
for FFT analysis is double the period of the waMgdquist frequency) to be identified. Keeping thismind, experiments
were conducted as mentioned in section 2 to olaid velocities and temperatures continuously 20 h with a regular
interval of 6 h since the IGW period over Hyderalme40 h and the data contains three cycles ofvihee which satisfies
the criterion of FFT technique. This time serietada capable of identifying IGW period after profiétering and using
spectral analysis method. The filtered time seat@s is considered as reference data for reseadrhlyses.

We have used two types of filters. Butterworthefiltand Finite Impulse Response (FIR) filter in thresent work.
Butterworth filter belongs to the Infinite Impuld®esponse (IIR) group of filters. It is a type ofrshl processing filter
designed to have a very flat frequency respongbdrmpass band with a monotonic amplitude respdrse filters can be
reliably designed with linear phase that preventtodion. These filters can be easily implementad with the
disadvantage that they often require a much hifjlter order than IIR filters to achieve a good é¢wf performance. The
details of these filters are available in Buttertiof1930) and Lake (1980). The order of the filtefers to the number of
components that affect the steepness or shape diltth’s frequency response. As the order offtlier increases, the cut-
off becomes sharper, but the length of the dataldhze at-least 3 times the filter order. The léngft our data is 20 (time-
wise) which restricts the maximum order of theefilto be chosen as 6. A Butterworth filter of or@és more efficient than
a 6" order FIR1 filter.
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3.1.1 Hodograph of wind perturbations using Buttervorth filter

The continuous zonal and meridional wind datasetsdetrended (linear trend removed) to obtain teades of wind
fluctuations. A third order Butterworth filter with band-pass between 36 and 44 h is applied twithe perturbations to
retrieve the IGW fluctuations with zero phase distm. The sufficiently wide band of the time filtes helpful to reduce the
Doppler shift of IGW frequency (Niranjan Kumar dt,&2011). Ehard et al., (2015) also recommended ukage of
Butterworth filter in extracting gravity waves ovarwide range of periods from temperature pertishatmeasured by
lidar. The filtered horizontal winds at particulaeights are depicted in Fig. 1a — 1d which showptiesence of IGW with a
period of ~ 40 h. FFT analyses carried out wittefédd wind fluctuations also reveal the presenca dear monochromatic
wave of the same period (Fig. 1e — 1h) which sa8she requirement of hodograph method.

Hodographs plotted with this time-wise filtered aband meridional wind perturbations.(i v,,s) are found to be quite
noisy and it is difficult to identify proper clogis. The fluctuation profiles are, therefore, furthand-pass filtered using a
Butterworth filter with a cut-off at 1.5 — 4 km wdhi produced proper elliptic hodographs. The nunathg@roper hodographs
obtained from 20 pairs of vertical profiles af,uand v are 124. For the general case of an inertia gravdve with
intrinsic frequencyw, propagating in an atmosphere with Coriolis patemg the meridional (v’) and zonal (u’) wind
oscillations differ in amplitude and phase, andrafated through the following expression (Eckermand Vincent (1989),

Gossard and Hooke (1975))

1 _ WRI-i(f/w)(k/D]ur 1)
[1+i(f /@) (1/K)]

wherek and| are the zonal and meridional components of thiezdiatal wavenumber vector, respectively. This folan

implies elliptical wave polarization, with frequgndependent ellipse eccentricity df/@). The phase motion of such an
inertial gravity wave will have a horizontal comga, lying along the major axis of this motion gd¢. Assuming a zonally

propagating wavd €& 0), equation (1) reduces to,

2 =-i(L) @

u/ w

A few IGW parameters have been extracted usingtenué?). The horizontal wave number k for intermaves with both
low and intermediate intrinsic frequencig@® < w? « N?)is given by the following equation (Fritts and Asaxder, 2003;
Gubenko et al. 2012):

k= (1 — ﬁ)l/zﬂ ()
w? N

Intrinsic periods of IGW obtained using equation fm hodographs range between 20 — 28 h whichlem® than the

inertial period of Hyderabad and belongs to therimediate range. The vertical and horizontal wangtles inferred from

the hodographs are between 2.0 to 2.8 km and 389+ km respectively.

3.1.2. Hodographs using FIR1 filter

Next we chose a different filter FIR1 of order 6 tist the effect of filtering on hodograph methadcs the vertical
wavelength and intrinsic frequency are reportetgdiighly vulnerable to the filter used (Zhang let2004). We followed
the same procedure to delineate the IGW paramagedescribed in section 3.1.1 but by using FIR#rfilThe detrended
and time-wise filtered horizontal wind profilesafew heights and the corresponding FFT peakdlastrated in Fig. 2a —
2d and 2e — 2h respectively. Both the time vanmatid wind fluctuations and the FFT peaks do notwsldistinct IGW
periods. The frequency responses of Butterwortlerfibf 3¢ order and FIR1 of ' order are shown in Fig. 3. The
Butterworth filter shows a sharp cut-off and alss lthe advantage of producing good result with alntower filter order
than the corresponding FIR1 filter. A few hodogratotted with horizontal wind perturbations usingth the filters are
displayed in Fig. 4a — 4d. North is denoted ByrOthe hodographs and its orientation angle irmeealockwise. Clockwise

rotation of the hodograph indicates upward enengpagation in the northern hemisphere. The IGW rpaters derived
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from these hodographs are listed in Table 1. Thges of horizontal wavelength, vertical wavelenatldl intrinsic period

are observed to be broader using FIR1 filter coegbén those obtained using Butterworth filter.

3.2. Height series analyses

Hodographs are generally plotted with the fluctuagi derived from data of individual sounding by o#img polynomials of
1% or 2 order. We treated the measured vertical profifesomal and meridional winds as single individuel ot time
series) and approximated the backgrounds by poliaisrof different (2 to 9) orders. Fig.5 depicts tifferent fits and the
corresponding wind profiles. The fluctuation prefilobtained by removing polynomials of 4, 5 andrders show close
agreements whereas appreciable differences coultbtieed for others (figure not shown). These flation profiles are
then subjected to different filtering process amdidgraphs are plotted. They are consequently apdlya derive IGW

parameters.

3.2.1 Hodographs using Butterworth filter

The perturbation profiles are filtered with & 8rder Butterworth filter height-wise to retain IGW@écillations with short
vertical wavelengths (1.5 — 4 km). IGW parametdnsaimed from the hodographs plotted with thesetdlattons match

extremely well with those described in section B.1.

3.2.2 Hodographs using FIR1 filter

The individual profiles of winds and temperature #ren analyzed in a similar manner as mentionegdtion 3.2.1 but by
using FIR1 filter with height instead of Butterwlorfilter. The perturbation profiles (after removifgickgrounds with
different order polynomials) and the filtered fluation profiles using both Butterworth and FIR1efis are shown in Fig. 6a
— 6¢ and 6d — 6f for both the wind components, @espely. It is clearly observed that the Butterthdiilter can extract the
monochromatic IGW fluctuations very efficiently. &hetrieved IGW parameters retain same numeridaksaexcept after
decimal points) irrespective of the background rea® Results obtained with FIR1 filter also beldaghe same range but

with a broader band which is illustrated in Tabl®2different orders.

3.3. Direction of wave propagation

The direction of horizontal wave propagation isglet to the major axis of thegl — Vi,s hodograph (ellipse) which is
uncertain by 180°. This uncertainty can be remowitth the help of additional temperature informatidremperature
perturbation profiles are obtained by removirl d&der polynomial fits from the simultaneous tengpere profiles and
filtering them height-wise with a band-pass Butterth filter between 1.5 and 4 km. In-phase windafculated as Ucés
where U is the total wind an@ is the corresponding orientation angle of thg & v,s hodograph (Fig. 4a - d). A few
hodographs plotted with in-phase winds and tempegdtuctuations are illustrated in Fig. 7 (a —d)ieh help in resolving
the ambiguity of wave propagation direction (Hwakt 2002). If the rotation of in-phase wind anthperature perturbation
hodograph is clockwise, the direction (angle) ofizuntal wave propagation will be the same as thentation angle
determined by 4, — Vns hodograph. If the rotation is counter clockwigendicates that the propagation direction will be
opposite to the orientation angle i.e. orientatimigle +180. As an example, let us consider the hodographctepin Fig.
4a. The orientation angle of the major axis of ¢flgpse is 154.4 The propagation direction can, therefore, be 4%5dr
154.# +18C. The corresponding in-phase wind and temperatiuetuition hodograph (Fig. 7a) rotates clockwise
confirming the propagation direction to be soutbte@d54.4). The unambiguous direction of propagation of 1G&V
observed to be south-east (58%) in this studys Iheécessary to analyze a large number of hodograpfisalize the

direction of propagation.
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4 Summary

Balloon borne experiments have been conductedverdays with an interval of 6 h to characteriz&M@ising hodograph
method. The method is helpful in identifying lovefuency IGW but suffers from several uncertainti#e. have utilized
the time series of wind fluctuations to extract IGdMmponent by filtering and confirmed it with spattanalysis. Results
obtained by using Butterworth and FIRL1 filters eoenpared. A band-pass Butterworth filter with arphaut-off is found to
isolate the monochromatic IGW component very effitly. Backgrounds of individual wind profiles havseen
approximated with polynomials of different orderdiem the perturbation profiles show reasonable miffees. The
differences are observed to get reduced when Budgtéhn filter is used to isolate the IGW componentkgereas differences
still persist with FIR1 filter. IGW parameters daated from the corresponding hodographs usindottmer filter agree
extremely well for different order polynomial remads. Results obtained with FIR1 filter also shows@nable agreement
but with a broader range. Filtering appears to fogreat importance in removing uncertainties of dgrdph method. The

unambiguous direction of wave propagation can berggined using additional and simultaneous tentperanformation..
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Figure Captions

Figure 1. Time series of filtered (Butterworth filter) flugtions (mg) of zonal and meridional winds (a — d) and
corresponding FFT spectra (e — f) at a few heights.

Figure 2. Same as in Figure 1 but with FIR1 filter.

Figure 3. Thefilter responses of Butterworth (a) and FIR 1(kefs.

Figure 4. Hodographs of horizontal wind fluctuations (Mobtained using Butterworth (a, b) and FIR1 (cfiti¢rs. An
open circle and a solid circle in each hodograpticate the lowest and highest altitudes, respdgtiviche thin curves
represent the elliptical fits.

Figure 5. Profiles of zonal and meridional winds (Msnd their fits with different orders.



Figure 6. Upper panel: Vertical profiles of zonal wind fluctuations (fsafter approximating the backgrounds with
different order (2 — 9" polynomials (a) and filtering height-wise with Barworth filter (b) and FIR1 filter (c)Lower
panel: Same as upper panel but for meridional wind flatans.

Figure 7. Hodographs of in-phase wind (Msverses temperature fluctuations (K) obtained gidutterworth (a, b) and
FIR1 (c, d) filters. An open circle and a solidctérin each hodograph indicate the lowest and Isighkitudes, respectively.

The thin curves represent the elliptical fits.
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Figure 1: Time series of filtered (Butterworth filter) fluctuations (ms?) of zonal and meridional winds (a — d) and

corresponding FFT spectra (e — f) at a few heights.
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Figure 2: Same as in Figure 1 but with FIR1 filter.
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Figure 6: Upper panel: Vertical profiles of zonal vind fluctuations (ms?) after approximating the backgrounds with
different order (2" — 9") polynomials (a) and filtering height-wise with Buterworth filter (b) and FIR1 filter (c).

Lower panel: Same as upper panel but for meridionalind fluctuations.
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Figure 7: Hodographs of in-phase wind (mid) verses temperature fluctuations (K) obtained usig Butterworth (a, b)
and FIR1 (c, d) filters. An open circle and a solictircle in each hodograph indicate the lowest andighest altitudes,

respectively. The thin curves represent the elliptial fits.
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Table 1: Comparison of IGW parameters using detrended sienes fluctuations and obtained with differertefis

Parameters Butterworth filter FIR1 filter
Horizontal wavelength (km) 569 - 1171 237 — 1209
Vertical wavelength (km) 20-2.8 15-35
Intrinsic Period (h) 20 - 28 10-30

Ratio of minor to major axis 0.44-0.76 0.35-70.8
Direction of propagation South-East (58%) SoutBtE&5%)
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Table 2: Comparison of IGW parameters using individualafetind fluctuation profiles by removing the backgnds with

different order polynomial fits and using both fiters.

Parameters ) Vertical o Ratio of|
Horizontal Intrinsic ) Direction of
d wavelength ) minor to )
. Order wavelength (km) Period (h) _ _ propagation
Filter (km) major axis
number
South — East
Butterworth 2t09 423 — 986 20-2.6 16.0-025| 0.34-0.71
(52%)
South — East
2 324 - 882 1.7-40 15.0 - 23.Q 0.34-0.71
(51%)
South — East
3 472 — 827 1.7-4.0 17.3-23.9 0.32-0.71
(58%)
South — East
4 404 — 844 1.7-3.2 15.8 - 23.5 0.32-0.71
(60%0)
South — East
5 273 - 1090 18-3.1 16.0 — 25. 0.32-0.70
FIR1 (64%)
South — East
6 361 —905 1.7-4.0 15.8 — 24.7 0.30-0.69
(61%)
South — East
7 440 - 920 1.7-4.0 16.1 - 25.4 0.30-0.69
(56%)
South — East
8 360 — 878 1.8-3.1 16.0 — 25.Q 0.32-0.68
(55%)
South — East
9 352 -739 1.7-4.0 16.2 - 25.Q 0.31-0.68
(51%)
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