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Abstract Gravity waves are analyzed in radiosonde soundings taken during the Tropical Warm
Pool-International Cloud Experiment (TWP-ICE) campaign. The properties of the inertia-gravity waves are
analyzed in Part I, whereas Part II focuses on high-frequency gravity waves. Two groups of inertia-gravity
waves are detected: group L (Long vertical wavelength) in the middle stratosphere during the suppressed
monsoon period and group S (Short vertical wavelength) in the lower stratosphere during the monsoon
break period. Waves belonging to group L propagate to the southeast with a mean intrinsic period of 35 h
and have vertical and horizontal wavelengths of about 5–6 km and 3000–6000 km, respectively. Ray-tracing
calculations indicate that these waves originate from a deep convective region near Indonesia. Waves
belonging to group S propagate to the south-southeast with an intrinsic period, vertical wavelength,
and horizontal wavelength of about 45 h, 2 km, and 2000–4000 km, respectively. These waves appear to
originate from convection in the vicinity of New Guinea.

1. Introduction

Gravity waves can transport momentum and energy large distances from the site of their generation, exert-
ing a stress on the atmosphere as they dissipate. Although the effect of individual wave packets on the
momentum budget of the atmosphere is small, the long-term accumulated effects are important in climate
(see, for example, the recent review by Alexander et al. [2010]).

The present two-part study focuses on observations of convectively generated gravity waves. A number of
physical mechanisms have been identified as being important in the generation of gravity waves by con-
vection. These mechanisms include the following: the temporal variations of the diabatic heating in the
clouds [e.g., Salby and Garcia, 1987; Bretherton, 1988; Lin et al., 1998; Chun and Baik, 1998], the blocking
effects of the convective clouds in the vertically sheared environment [e.g., Clark et al., 1986; Hauf and Clark,
1989; Beres et al., 2002], and the mechanical oscillator effect, in which the overshooting convective updrafts
encounter a stable layer aloft, decelerate quickly, and subsequently oscillate about their level of neutral
buoyancy [Pierce and Coroniti, 1966; Fovell et al., 1992; Lane et al., 2001]. These mechanisms have been eval-
uated in previous modeling studies [e.g., Fovell et al., 1992; Lane et al., 2001; Lane and Reeder, 2001a, 2001b;
Beres et al., 2002; Lane and Moncrieff, 2008; Grimsdell et al., 2010]. One of the problems in assessing the
relative importance of these different mechanisms is the lack of detailed observations.

Observational studies of convectively generated waves have been based principally on radars [e.g., Sato
et al., 1995; Dhaka et al., 2005], aircraft [e.g., Alexander et al., 2000], satellites [e.g., Hecht et al., 2009; Preusse
et al., 2009; Ern and Preusse, 2012], and radiosondes [Karoly et al., 1996; Lane et al., 2003; Gong and Geller,
2010; Ki and Chun, 2011]. The work described here is based mostly on radiosonde observations from the
Tropical Warm Pool-International Cloud Experiment (TWP-ICE), which took place in Darwin, Australia (near
130◦E, 12◦S) from 17 January to 13 February, 2006. (See Figure 1 for the location of TWP-ICE domain.) The
experiment is described in detail by May et al. [2008].

There are many studies that have used the observations taken during TWP-ICE, including a few focused prin-
cipally on gravity waves. Using radiosonde observations, Evan and Alexander [2008] identified inertia-gravity
waves with periods of about 2 days during the suppressed monsoon period, which coincided with the
end of the easterly phase of the quasi-biennial oscillation. These waves propagated to the southeast and
had vertical and horizontal wavelengths around 6 km and 5500–7000 km, respectively. Evan et al. [2012]
extended this work using the European Centre for Medium-Range Weather Forecasts (ECMWF) operational
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Figure 1. Observation sites during TWP-ICE. The shaded region centered at
the cross marks the area covered by the C-pol radar data. The dashed circle
shows the 300 km radius from the radar center.

analyses and the Weather Research
and Forecasting model. Their simu-
lation is consistent with the observa-
tions by Evan and Alexander [2008]
and indicates that these waves orig-
inated from deep convection in the
Indonesian region. Using satellite
imagery, Hecht et al. [2009] found
waves during the suppressed mon-
soon period at an altitude near 40 km
with horizontal wavelengths between
200 and 400 km. Furthermore, Hecht
et al. [2009] identified two groups of
waves at 80 km altitude in air glow
images taken in the Alice Spring area:
the first group had periods of 1 to 2 h,
whereas the second group had peri-
ods of 15 to 25 min and horizontal
wavelengths of 30 to 40 km.

The main goal of the present work is
to deduce the properties of convec-
tively generated gravity waves from

the radiosonde observations made during TWP-ICE. This research builds on past work by examining the
TWP-ICE period and by analyzing the radiosonde data for both inertia-gravity waves and high-frequency
waves. Moreover, the methods used are different to those used by Evan and Alexander [2008] to identify
inertia-gravity waves, and a second group of inertia-gravity waves is identified and analyzed in the lower
stratosphere during the monsoon break period. The present paper is the first of two. Here (Part I) the results
on inertia-gravity waves are reported while in the companion paper (Part II) the results on high-frequency
waves are described. Gravity waves have intrinsic frequencies which lie between the inertial frequency f
and the buoyancy frequency N. When the effects of the rotation of the Earth are important, and hence,
the frequency lies closer to f than N, the waves are called inertia-gravity waves. In the present study, the
inertia-gravity waves analyzed have periods longer than about a day, and this is adopted here as a practical
definition of inertia-gravity waves. High-frequency gravity waves are defined here as gravity waves for which
the effects of the Earth’s rotation can be neglected. These waves, analyzed in Part II, have periods which are
a few multiples of the buoyancy period (2π∕N). Hence, there is a clear separation in time scales between the
inertia-gravity waves reported in Part I and the high-frequency waves reported in Part II.

The remainder of this part is organized as follows. Descriptions of the observations and data analysis are
given in section 2. The analyzed properties of the inertia-gravity waves are reported in section 3. Our
conclusions are given in section 4.

2. Data

The data to be analyzed are summarized now.

2.1. Profiles From the Variational Analysis During TWP-ICE
The profiles constructed by a variational analysis from the observations taken during the TWP-ICE campaign
[Xie et al., 2010] are used to define the mean state of the atmosphere. The variational analysis, which is
an objective analysis method, follows the method developed by Zhang and Lin [1997] to derive profiles
of large-scale variables from a small network of sounding stations. The essence of this variational analysis
method is to make small perturbations to the observed profiles of temperature, wind, and humidity while
conserving column-integrated mass, moisture, energy, and momentum. The variational analysis is con-
strained by the domain-averaged surface and top-of-the-atmosphere observations (e.g., radiative and heat
fluxes and precipitation). Initial analyses of temperature, wind, and humidity are required for the varia-
tional analysis. These are generated from TWP-ICE soundings using the interpolation scheme described
by Cressman [1959] with the background from the ECMWF analyses. The profiles from the variational
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(a) (b)

Figure 2. Time-height evolution of the mean (a) zonal and (b) meridional wind components provided by the variational
analysis [Xie et al., 2010]. The horizontal axis denotes day number in year 2006.

analysis represent the time-evolving conditions averaged over a 2 × 2◦ box centered on the campaign area
(see Figure 1). As described more precisely below, inertia-gravity waves are identified with perturbations
from this mean state.

Figure 2 shows the time-height structure of the mean zonal and meridional wind profiles defined by the
variational analysis. Marked on the figure are the synoptic regimes identified by May et al. [2008]. In the
stratosphere, the maximum easterly wind is about 35 m s−1 near 24 km altitude (Figure 2a) and the strongest
wind shear, about 2 m s−1 km−1, is in the 20–22 km layer. For the meridional wind component (Figure 2b),
during the suppressed monsoon period, there is a layer of relatively strong southerly wind near the top of
the troposphere with a maximum of about 18 m s−1 at 15 km altitude. This layer is associated with the strong
upper level outflow from a large mesoscale convective system located at this time to the southwest of the
TWP-ICE domain. Accordingly, the layer of strongest wind shear is located in the upper troposphere with
maximum around 15 m s−1 km−1. It will be shown in section 3 that, in the stratosphere, the effects of the
vertical wind shear on the properties of the inertia-gravity waves are small for the current study.

2.2. Radiosonde Soundings
The radiosonde soundings from five stations (Cape Don, Darwin, Garden Point, Mount Bundy, and Point
Stuart) are the main data used here. The vertical soundings of wind speed and direction, air temperature,
mixing ratio, pressure and the altitude of the balloon are available every 3 h with the time resolution of 2 s
(except for Darwin where the soundings are only available every 6 h). Perturbations of the vertical motion w
are used for high-frequency gravity waves and will be presented in Part II of the paper. The profiles of wind
components (u and v), temperature T , mixing ratio q, and pressure p are interpolated to a regular grid of
15 m resolution to a height of 30 km. Since the perturbations in the troposphere are also due to processes
other than gravity waves such as turbulence and convection, the analysis of the gravity waves is carried out
in the stratosphere from 17.5 to 28 km (the tropopause is located near 17 km during the campaign).

Quality control of the observed soundings was carried out by eliminating values differing by more than 3
standard deviations from the mean of all stations at the same height and time. In addition, profiles extend-
ing less than 1.5 km above the tropopause are not used in the analysis in the stratosphere. During the period
from 21 January to 13 February 2006, about 75% of soundings reach the stratosphere while about 60% of
the soundings reaching 28 km. Missing observations of u, v, p, T are filled by treating the data at a given sta-
tion and height as a time series and then linearly interpolating in time. Although filling these missing data is
not needed for the quality control, it is necessary for the later frequency spectral analysis.

The perturbations of u, v, and T , hereafter denoted as u′, v′, and T ′, respectively, are calculated by taking the
profiles constructed by variational analysis as the mean profiles. The basic assumption underpinning the
analysis is that these perturbations physically represent inertia-gravity waves. Two additional methods of
defining the mean state are tested to assess the sensitivity of the results to the choice of mean state. In
the first method, which is similar to that used by Evan and Alexander [2008], the mean state of each station
at each height is defined by the linear trend of the time series of the observations for the corresponding
height and station. In the second method, the mean state is defined by a polynomial fitted to each vertical
profile using least squares. The different mean states gave similar patterns of perturbations, although their
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(a) (b)

Figure 3. Time-height evolution of the (a) zonal and (b) meridional wind perturbations at the station Point Stuart.
Positive values are contoured. The mean state is taken from the variational analysis. Arrows mark the descending
phase propagation.

magnitudes could be different by as much as a few m s−1. The use of the variational analysis as the back-
ground state has advantages. First, profiles from the variational analysis represent a physically evolving
large-scale environment rather than an arbitrary mean state commonly used by other methods. Second,
using the variational analysis effectively removes the uncertainties associated with the arbitrary choice of
the background, which were shown by Zhang et al. [2004] to cause significant uncertainties in the wave
parameters analyzed by the hodograph method.

Figure 3 shows the time-height evolution of the horizontal wind perturbations at Point Stuart. The evolution
of the temperature perturbations (not shown) is similar to that of zonal wind with an amplitude of about
10 K. In Figure 3, the phase propagation of u′ and v′ is downward (marked by arrows), which is one of the
properties of upward propagating gravity waves [e.g., Andrews et al., 1987]. Figure 3 appears to show two
distinct regimes with different phase speeds (given by the slope of the phase lines). The gravity waves in
each regime will be analyzed separately. Note, these wave regimes are different from the meteorological
regimes marked in Figure 2.

In the first regime (Regime 1, 28 January to 6 February), large amplitude perturbations (around 8–20 m s−1)
with clearly descending phase propagation are evident in the 22–28 km altitude range. The perturba-
tions during this regime appear to be consistent with the 2 day inertia-gravity wave identified by Evan and
Alexander [2008]. Waves in this regime are referred to as group L hereafter (where L stands for long verti-
cal wavelength). This regime sits in the later part of the suppressed monsoon and the clear day periods
identified by May et al. [2008].

The second regime (Regime 2, 7–13 February) coincides with the monsoon break period identified by May
et al. [2008]. In this regime the downward phase propagation is most clearly evident below the heights of
22 km. Compared with the wave properties in Regime 1, these perturbations have lower downward phase
speeds and smaller vertical wavelengths. Waves in this group are hereafter referred to as group S (where
S stands for Short vertical wavelength). Although there are similar descending phase perturbations in the
lower stratosphere during Regime 1, they are dominated by the signals at the higher altitudes.

2.3. Convective Activity Estimated From Satellite
Infrared measurements from one of the Multifunctional Transport Satellites (MTSAT) are used to estimate
the convective activity. Convection is identified by the infrared split window method developed by Inoue
and Ackerman [2002], which is improved from the version of Inoue [1987]. Deep convection is assumed
where the brightness temperature from the IR1 channel (10.3–11.3 𝜇m) is lower than a threshold value of
−20◦C, which signifies that the cloud top is above the middle troposphere, and the difference between
channels IR1 and IR2 (11.5–12.5 μm) is less than 0.5◦C. Deep convection is classified as B-Type according
to Inoue and Ackerman [2002] with a threshold of 253 K, which is near 8.5 km for the TWP-ICE data. The
estimates of convective activity are used to identify the tropospheric sources for the gravity waves.
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(a) (b)

Figure 4. Two-dimensional quadrature spectra of the horizontal wind perturbations for (a) Regime 1 and (b) Regime 2.

3. Inertia-Gravity Waves

The theory for linear, plane, gravity waves in a uniform environment shows that, given the amplitude of the
horizontal component of the velocity perturbation, the amplitude of the vertical component of velocity
increases with decreasing vertical wave number and increases with increasing horizontal wave number [e.g.,
see Lane et al., 2003]. Consequently, measurements of the horizontal velocity perturbations and vertical
velocity emphasize different parts of the wave spectrum depending on the magnitudes of horizontal and
vertical wave numbers. Radiosonde measurements of the horizontal perturbation kinetic energy 1

2
(u′2 +

v′2) per unit mass emphasize the (low-frequency) inertia-gravity waves [Geller and Gong, 2010], whereas
the vertical counterpart 1

2
w′2 emphasizes the high-frequency gravity waves. Accordingly, the properties of

the inertia-gravity waves, which will be examined in this section, are extracted from the perturbations in
horizontal wind components, whereas the high-frequency gravity waves, discussed in Part II, are extracted
from the vertical wind perturbations.

Figure 4 shows the ground-based frequency-vertical wave number quadrature power spectra (averaged
over all stations) for the horizontal wind perturbations during Regimes 1 and 2. The quadrature spectra
are defined as the imaginary part of the cross spectrum of the two horizontal components of the velocity.
These quadrature spectra are calculated from the Fourier transform of the horizontal wind perturbations in
complex form (u′ + iv′). The radiosondes used to construct Figure 4 were launched every 3 h.

The quadrature spectra during the two regimes show clear differences. During Regime 1, the quadrature
spectrum for waves in group L peaks at a ground-based period of 2.28 days and vertical wavelength of
5.2 km (Figure 4a). During Regime 2, waves in group S have a ground-based period near 3.5 days and the
vertical wavelengths in the range of 1.5 to 2.1 km (Figure 4b). The properties of waves in groups L and S
noted above are consistent with the phase lines marked by the arrows in Figure 3. In addition, the pertur-
bation plots (Figure 3) show that, although group S has similar power in both Regimes 1 and 2, it does not
appear clearly in the spectrum during Regime 1 (Figure 4a) because the spectrum is dominated by group L
(note, the amplitude scales in Figures 4a and 4b are different). Consequently, group L will be analyzed using
data in the 22–28 km layer during Regime 1, whereas group S will be analyzed using data in the 17.5–22 km
layer during both regimes. Summaries of the mean environmental conditions for wave groups L and S are
listed in Table 1.

The process by which the frequency and horizontal and vertical wave numbers of the inertia-gravity waves
are identified in the radiosonde soundings is as follows. First, the perturbations of the horizontal wind com-
ponents and temperature are filtered (using a Fourier transform) to retain the frequencies with the peak
powers indicated by the frequency-vertical wave number spectral analysis. For waves in groups L and S,
the band-pass windows are between 1.7 and 3.3 days and 2.3 to 3.6 days, respectively. Second, the spectral
Stokes parameter method developed by Eckermann and Vincent [1989] is used to determine the polarization
ellipses (section 3.1). A brief description of the Stokes parameter method is included in Appendix A.

There is no clear distinction between equatorially trapped mixed Rossby-gravity and freely propagating
inertia-gravity waves. As will be shown in section 3.1, both groups L and S propagate to the southeast,
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Table 1. Properties and Mean Environmental Conditions for Wave
Groups L and Sa

Properties Group L Group S

Duration 28/1 to 6/2 7/2 to 13/2
Layer 22–28 km 17.5–22 km
Vertical wavelength 𝜆z 5.2 km 1.8 km
Ground-based period 𝜏 60 h 70.8 h
Horizontal wind U −16.6 m s−1 −9 m s−1

Vertical wind shear Vz −0.5 m s−1 km−1 2 m s−1 km−1

Brunt-Vaisala frequency N 2.38 × 10−2 s−1 2.61 × 10−2 s−1

Scale height Hs 5.96 km 5.25 km
aU is the wind in the direction of the horizontal wave number

vector averaged over the duration and height range of each wave
group. Dates (duration) are formatted as day/month.

which is different from the east-west prop-
agation direction predicted for mixed
Rossby-gravity waves. Therefore, they will
be treated as inertia-gravity waves, which
is the approach taken by similar stud-
ies [e.g., Karoly et al., 1996, Ki and Chun,
2011]. The properties of groups L and S are
deduced from the dispersion relation for
inertia-gravity waves in section 3.2.

3.1. Polarization Ellipses From
the Stokes Parameter Method
Table 2 lists the properties of the polar-
ization ellipses determined by the Stokes
parameter method and the derived prop-

erties of groups L and S. Based on the power spectrum shown in Figure 4, group L is evaluated using one
vertical wave number corresponding to the wavelength of 5.2 km, whereas group S is evaluated using the
vertical wave number band corresponding to the wavelength range from 1.5 to 2.1 km (see equation (A2)
in Appendix A). The polarization ellipses are illustrated in Figure 5. The angle Θ between the major axis of
the polarization ellipse and the eastward horizontal axis indicates the direction of the horizontal number
wave vector with the ambiguity of 180◦. The horizontal wave propagation direction is calculated also using
the method described by Vincent et al. [1997] and Evan and Alexander [2008], which does not suffer this
ambiguity. In this case, the direction in which the wave propagates is

ΘT ′
+90

= tan−1

(
u′T ′

+90

v′T ′
+90

)
, (1)

where ΘT ′
+90

is the angle between the wave propagation direction and the eastward horizontal axis, and
T ′
+90 is the value of the temperature perturbation after shifting the phase by +90◦ using a Hilbert transform.

Although mixed Rossby-gravity waves also have hodographs which rotate anticyclonically with height, their
major axis should be oriented east-west (see Appendix B).

For waves in group L, the mean horizontal wave direction Θ estimated by the orientation of the polariza-
tion ellipses is −40.2◦, i.e., toward the southeast, with standard deviation of 12.8◦. Using equation (1) gives a

Table 2. Gravity Wave Properties Calculated Using Stokes Parameters for Wave Groups L and Sa

𝛿 Θ Θ(T ′
+90)

ACW/ U 𝜏∗ 𝜆disp 𝜆dopp

Station d (deg) (deg) (deg) r CW (m s−1) (h) (km) (km)

Group L

Cape Don 0.96 99.2 −18.2 −61.7 0.76 26.8 −12.6 43.3 4547 7025
Darwin 0.97 128.6 −50.1 −43.6 0.48 7.2 −19.2 26.6 2122 3310
Garden Point 0.98 114.3 −46.6 −47.6 0.65 17.2 −17.9 36.5 3308 5991
Mount Bundy 0.95 109.4 −45.7 −57.4 0.71 18.8 −14.3 40.0 3816 6171
Point Stuart 0.94 123.7 −40.6 −46.4 0.53 8.2 −18.3 29.8 2461 3906
Average 0.96 115.0 −40.2 −51.3 0.63 15.6 −16.6 35.2 3263 5280
SD 0.01 11.6 12.8 7.8 0.12 8.1 2.9 7.0 997 1590

Group S

Cape Don 0.68 97.1 −59.2 −66.0 0.87 5.08 −9.0 48.1 2568 4828
Darwin 0.73 82.3 −109.5 −65.1 0.81 5.97 −9.3 44.3 1999 3949
Garden Point 0.67 101.2 −40.6 −62.4 0.82 4.83 −10.2 45.1 2090 4542
Mount Bundy 0.85 96.2 −77.1 −64.8 0.78 10.33 −9.4 42.6 1817 3622
Point Stuart 0.76 95.8 −74.6 −71.5 0.82 6.88 −7.0 45.1 2100 3129
Average 0.74 94.5 −72.2 −66.0 0.82 6.62 −9.0 45.0 2115 4014
SD 0.07 7.1 25.4 3.4 0.03 2.23 1.2 2.0 278 686

aACW/CW is the ratio between anticlockwise and clockwise rotating power spectra, signifying the ratio
between upward and downward energy propagations. The intrinsic wave period is 𝜏∗. The horizontal wave-
lengths calculated from the dispersion relation (equation (6)) and the doppler relation (equation (7)) are
𝜆disp and 𝜆dopp, respectively. The averages over the five stations are highlighted in bold front.
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(a) (b)

Figure 5. Polarization ellipses calculated using the Stokes parameter method for waves of group (a) L and (b) S. Arrows
point in the direction of the horizontal wave number vectors. Phase differences 𝛿 between v′ and u′ are shown by the
arcs (red) starting from the heads of the vectors to the points marked by a star.

similar direction, −51.3◦ on average, with standard deviation of 7.8◦. The degree of polarization d is high
(0.96 on average) indicating that the signal is dominated by coherent waves rather than noise. The ratio of
the minor to major axes of the ellipse r, which is related to the ratio of the inertial frequency f to the intrinsic
frequency of the waves 𝜔∗ (see equation (3) in section 3.2), has a mean of 0.63 and standard deviation
of 0.12.

The waves comprising group S are less polarized than group L, with d = 0.74 (on average). The propaga-
tion direction is more southward (see Figures 5a and 5b), with the averages of Θ and Θ(T ′

+90)
being −72.2

and −66.0◦, respectively. For these waves, the standard deviation (among the stations) of the propaga-
tion direction Θ is relatively large (25.4◦), whereas Θ(T ′

+90)
has a much smaller standard deviation (3.4◦). The

polarization ellipses for waves of group S have relatively large ratios r (0.82 on average), indicating that the
intrinsic frequencies are low.

Following Eckermann [1996], the Stokes parameters are used to also determine the vertical direction of
energy propagation (see equation (A4) in Appendix A). The ratios of the upward and downward energy
propagation for each group are shown in Table 2. Both groups L and S are dominated by upward energy
propagation as these ratios are much greater than 1, the averages being 15.6 and 6.6, respectively.

3.2. Estimation of Inertia-Gravity Wave Properties
When the effects of a linear vertical wind shear and the variation of density with height are taken into
account, the dispersion relation for inertia-gravity waves is

𝜔2
∗ = f 2 +

N2k2
h

m2 + 1∕(4H2
s )

−
2fkhmVz

m2 + 1∕(4H2
s )
, (2)

where Hs = −𝜌∕𝜌z is the density scale height, kh = |K| is the magnitude of the horizontal wave number
vector K , m is the vertical wave number, Vz is mean vertical wind shear in the direction perpendicular to the
direction of wave propagation. The overbar denotes averaging in both time and height. In equation (2), the
coordinate system is aligned in such a way that the x-axis is parallel to the wave number vector.

For inertia-gravity waves, the horizontal wind perturbation vectors rotate with height and their hodographs
describe polarization ellipses with the major axis parallel to the wave number vector. The ratio of minor axis
to the major axis r is

r = f
𝜔∗

−
khmVz[

m2 + 1∕(4H2
s )
]
𝜔∗

. (3)

Equations (2) and (3) are then used to form an equation for 𝜔∗:

𝜔2
∗(r

2 − a2) − 2𝜔∗fr(1 − a2) + f 2(1 − a2) = 0, (4)
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where a2 = V2
z ∕

{
N2

[
1 + (4m2H2

s )
−1
]}

. As shown by Hines [1989], the background wind shear may induce
an additional ellipticity to the vertical profiles of the horizontal wind perturbations, making quasi-stationary
gravity waves to appear to have longer periods. Thus, the intrinsic period 𝜔∗ is taken as the root of
equation (4) corresponding to the larger frequency (shorter periods), in which case

𝜔∗

f
=

r(1 − a2) +
[

r2(1 − a2)2 − (r2 − a2)(1 − a2)
]1∕2

r2 − a2
. (5)

Given 𝜔∗ and m, the dispersion relation (equation (2)) can be rearranged to give the horizontal wave
number, in which case

kh = kdisp =
fmVz

N2
± 1

N

[
f 2m2

N2
Vz

2
+ (𝜔2

∗ − f 2)(m2 + 1
4H2

s

)
]1∕2

, (6)

where kdisp takes the positive value in the wave propagation direction, which was determined earlier by the
Stokes parameter method. Note that as Hs → ∞, equations (2), (5), and (6) reduce to Cho [1995, equations
3, 5 and 6]. Alternatively, the horizontal wave number can be deduced from the difference between the
observed ground-based frequency 𝜔 = 𝜔∗ + khU and the intrinsic frequency 𝜔∗ using the expression for
doppler shifting

kh = kdopp =
𝜔 − 𝜔∗

U
. (7)

Here U is the mean horizontal wind component in the direction of wave number vector.

The wave properties calculated using equations (5)–(7) are listed in Table 2. The intrinsic period of group L
ranges from 27 to 43 h with an average over all stations of 35.2. This mean intrinsic period is shorter than
that of group S, which is 45 h. The inertial period at Darwin is 57.6 h. The mean horizontal wavelengths cal-
culated using the doppler relation (equation (7)) are 5300 km and 4000 km for groups L and S, respectively.
The estimate for the horizontal wavelength of group L is similar to the 2 day inertia-gravity wave found by
Evan and Alexander [2008], who used the phase lag between stations to determine the horizontal wave-
length. Evan and Alexander [2008] calculated the vertical wavelength of these waves to be about 6 km, the
horizontal wavelength to be around 5500 to 8700 km, and the propagation direction to be to the south-
east. Inertia-gravity waves with similar properties to those of group S have been found to be common in the
lower stratosphere by previous authors [e.g., Thompson, 1978; Sato, 1994; Wada et al., 1999].

As a check on the consistency between the results presented here and those from Evan and Alexander
[2008], the horizontal wavelengths are also calculated from the dispersion relation (using equation (6)).
In this case, the horizontal wavelengths are smaller with the average values of 3300 km and 2100 km for
groups L and S, respectively. Although the same order of magnitude, the horizontal wavelengths calculated
using equations (6) and (7) are different. This difference arises from the inclusion of vertical wind shear in
equation (6), as well as the uncertainties in estimating the vertical wave number m in equation (6) and the
ground-based frequency 𝜔 in equation (7) from discrete spectral analysis. Of these, the uncertainties in m
and 𝜔 explain most of the difference; at low wave numbers the uncertainty can be as large as 100%. The
effects of the vertical wind shear on the estimates of the wave properties are relatively small (less than 2%)
for group L (with Vz ≈ −0.5 m s−1 km−1 ). In the layer below 22 km, where the mean vertical wind shear is
around 2 m s−1 km−1, the effects of the vertical wind shear on group S are larger (5% for 𝜔 and 16% for k).
Although Hs (≈ 6 km) is comparable to 𝜆z (≈ 5.2 km), taking the limit as Hs → ∞ in equations (2) and (3) only
affects the result by less than 0.05%.

3.3. Ray Tracing
Wave groups L and S are further investigated by backward ray tracing to understand their origins and asso-
ciation with convective sources. For this purpose, the program suite known as the Gravity-wave Regional Or
Global Ray Tracer (GROGRAT) developed and described by Marks and Eckermann [1995] is employed using
wind and temperature fields from the 6-hourly ERA-Interim reanalysis. (Additional ray-tracing tests are per-
formed with the ERA-interim data averaged over the periods of Regimes 1 and 2 in order to remove the
long-period waves from the mean environment. The results are similar to the case with 6-hourly data and
are not shown here for brevity.) For each wave group, 72 rays are launched from the locations of the C-pol
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Figure 6. Backward ray tracing for (a, c) group L (rays arriving at 12Z 04 February 2006) and (b, d) group S (rays arriving
on 12Z 09 February 2006). (Figures 6a and 6b) Horizontal plane view; (Figures 6c and 6d) time-height view. Red triangles
indicate the occurrence of deep convection at the points along the ray path. Shaded areas in Figures 6a and 6b show the
coverage of the C-pol radar. Thick blue lines indicate the rays to be analyzed later in Figure 7.

radar and the observation stations (six locations in total), at three altitudes (24 km, 25 km, and 26 km for
group L and 19 km, 20 km, and 21 km for group S). At each location, the initial horizontal wave numbers are
taken from Table 2 including those calculated from the dispersion relation (kdisp from equation (2)) and from
the expression for doppler shifting (kdopp from equation (7)). The horizontal propagation angles are the val-
ues of Θ from the polarization ellipses and Θ(T ′

+90)
from equation (1). Thus, the initial properties of the rays

are close to the estimates from the Stokes parameter method yet reflect the uncertainties in location, height,
and accuracy of the analysis method. The ground-based periods are taken to be those from the spectral
analysis, i.e., 60 h and 70.8 h for groups L and S, respectively. The vertical wavelengths are calculated using
the dispersion relation to ensure internal consistency.

The occurrence of convection along each ray is defined as follows. For each point on a ray path, an impact
area of 0.5◦ radius is determined. The point of the ray is assumed to have emerged from deep convec-
tion if the ray lies in height range from 8 to 18 km (above the threshold of −20◦C and up to just above the
tropopause for inclusion of deep and overshooting convection), and at least 10% of the impact area is occu-
pied by deep convection. The area occupied by deep convection within the impact area for each point on a
ray path is calculated using satellite data, which are available every hour, at the closest times prior and after
the time of the current point.

Figure 6 shows rays for groups L and S traced backward from 12Z 4 February (the suppressed monsoon
period) and 12Z 9 February 2006 (the monsoon break period), respectively. As the purpose of the ray-tracing
calculation is to identify the possible convective sources for the observed waves, the rays are plotted
up to the last sections (from the target area of TWP-ICE) at which convection occurred. As shown in
Figure 6a, rays in group L originate mainly from two areas: (120◦E–127◦E)–(10◦S–0.5◦S) near Indonesia
and (123◦E–130◦E)–(3◦N–10◦N) near the Philippines where deep convection is analyzed. Waves in group S
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Figure 7. Variation with height along a wave group: (a) vertical wavelength, (b) mean Brunt-Vaisala frequency, and (c)
mean horizontal wind along the wave vectors. Red solid (blue dashed) lines are for wave group L (S). Filled triangles in
Figure 7a indicate the occurrence of convection along the ray paths.

propagate from the northeast of Darwin (Figure 6b) and appear to be associated with the convection over
New Guinea. The time-height diagrams in Figures 6c and 6d show that rays of both groups propagate
upward in a similar manner: relatively fast in the upper troposphere (10–15 km day−1) and significantly
slower in a shallow layer near the top of the troposphere and above the tropopause (2–3 km day−1). After
passing this layer, rays in group L propagate upward noticeably faster (5–10 km day−1).

The vertical group speed of inertia-gravity waves is related directly to the vertical wavelength through
the expression

cgz = −m
𝜔2
∗ − f 2

𝜔∗(k2
h + m2 + 1∕4H2

s )
, (8)

which shows that the larger the vertical wavelength (smaller vertical wave number), the larger the vertical
group speed. To understand the upward propagation pattern of these waves, the variation of the vertical
wavelength along two rays representative of groups L and S is examined. These rays are marked with thick
blue lines in Figures 6a and 6c and Figures 6b and 6d, respectively. Figure 7a shows the variation of the ver-
tical wavelengths with height along the ray paths. For both rays the vertical wavelengths are maximum in
the upper troposphere, near 13–14 km, and are reduced in the layer above, reaching a minimum just above
the tropopause. Furthermore, as wave L propagates upward its vertical wavelength increases, reaching a
maximum near 22 km and slowly decreases upward.

Changes in vertical wavelengths 𝜆z may be explained by a rearrangement of the dispersion relation.
Equation (2) can be rewritten as

m2 +

[
2f Vz

kh(c − U)(1 − f 2∕𝜔2
∗)

]
m −

[
N2

(c − U)(1 − f 2∕𝜔2
∗)

− 1
4H2

s

]
= 0, (9)

which is quadratic in m. Here c = (𝜔∗∕k + U) is the ground-based phase speed. To simplify the discussion,
neglect the effect of vertical shear Vz and the variation of density with height 1∕4H2

s . In this case

𝜆z =
2π|c − U|{1 − (f∕𝜔∗)2}1∕2

N
, (10)

which is identical to the expression in Eckermann et al. [1995]. Equation (10) implies that the vertical wave-
length decreases as static stability increases, and that upstream (downstream) propagating waves have
relatively large (small) vertical wavelengths as |c − U| is relatively large (small).

Figure 7 also shows the mean vertical profiles of Brunt-Vaisala frequency (Figure 7b) and horizontal wind
along horizontal wave vectors (Figure 7c), where the mean angles of the wave number vectors to the
west-east direction are -60◦ and -135◦ for wave groups L and S, respectively (Figures 6a and 6b). These

HANKINSON ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5278



Journal of Geophysical Research: Atmospheres 10.1002/2013JD020724

profiles are averaged over the areas of (115◦E–135◦E, 10◦S–5◦N) during period 28 January to 7 February
(Regime 1) for wave group L, and (130◦E–140◦E, 10◦S–0) during period 7 February to 13 February (Regime
2) for wave group S. The choice of the averaging region is based on the paths traveled by the rays as shown
in Figures 6a and 6b. The profiles of the environmental static stability (Figure 7b) for the two wave groups
are very similar to each other with a sharp increase in the 14 km–18 km layer, within which 𝜆z for both rays
decreases in agreement with equation (10). Above this layer, 𝜆z increases for group L, reaching a local maxi-
mum near 22–23 km, and decreasing upward thereafter. Although it can be partly explained by the variation
in the static stability, this variation in 𝜆z is in agreement with the changes in magnitudes of the upstream
wind (i.e., negative U along the wave propagation vector, see Figure 7c). In contrast, waves in group S prop-
agate downstream (positive U along the wave vectors in Figure 7c), and hence, the vertical wavelength is
reduced by the wind effect described above. Thus, the upstream (downstream) propagation of wave group
L (S) is consistent with the large (small) increase in 𝜆z , and hence fast (slow) upward propagation, above the
tropopause of wave group L (S).

4. Conclusions

Radiosonde observations from the TWP-ICE campaign were analyzed for inertia-gravity waves. The pro-
files obtained by variational analysis, which represents a physically evolving large-scale environment, are
used to define the background fields. This approach removes the arbitrary choices for the background
state common in other studies. The ground-based frequency and vertical wave number were calculated
from the quadrature power spectrum of the horizontal wind perturbations. After isolating the peaks in the
quadrature power spectrum using band-pass filtering, the spectral Stokes parameter method [Eckermann
and Vincent, 1989] was used to determine the intrinsic frequency and the direction of propagation among
other things. The horizontal wave number was calculated from the dispersion relation where account was
taken of the vertical shear of the background wind parallel to the wave crests and the variation of density
with height.

Two wave groups, L and S, were found during the suppressed monsoon and monsoon break periods of
TWP-ICE. Waves in group L, found during the suppressed monsoon period in the middle stratosphere, had
properties consistent with the 2 day inertia-gravity waves described by Evan and Alexander [2008]. Their
vertical wavelengths were about 6 km, their horizontal wavelengths were of order of 3000–6000 km, and
their intrinsic periods ranged from 27 to 43 h with a mean of 35.2 h. During the monsoon break period,
waves in group S were detected in the lower layer of the stratosphere (in the 17.5–22 km layer) with an
intrinsic period near 45 h. These waves had vertical wavelengths of 2–4 km, horizontal wavelengths of
2000–4000 km, and intrinsic periods near 45 h. The vertical group velocity is upward, indicating the energy
source of these waves was in the troposphere.

Backward ray tracing was employed to identify the possible sources of the wave groups. Wave group L was
found to be associated with convection to the north and northwest of Darwin, from south of the Philippines
and Indonesia. Wave group S was most likely generated by convection to the northeast of Darwin, near New
Guinea. When arriving in the TWP-ICE domain, these waves had different vertical wavelengths largely due to
their different stages of upward propagation. The waves comprising group S were in the lower stratosphere,
where their vertical wavelengths had decreased due to the increased static stability. The waves in group L
had larger vertical wavelengths after propagating upstream to the upper levels of the stratosphere.

Appendix A: Stokes Parameter Method

Stokes parameters are calculated using the formulation of Eckermann and Vincent [1989]. These
parameters are

Ĩ(m) = A(U2
R(m) + U2

I (m) + V2
R (m) + V2

I (m))

D̃(m) = A(U2
R(m) + U2

I (m) − V2
R (m) − V2

I (m))

P̃(m) = 2A(UR(m)VR(m) + UI(m)VI(m))

Q̃(m) = 2A(UR(m)VI(m) − UI(m)VR(m)),

(A1)
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where m is the vertical wave number, A is a constant, and the subscripts R and I denote the real and imagi-
nary parts of the Fourier transforms of the vertical perturbation profiles of u′ and v′. The overbars denote the
average of all profiles available during each regime. The Stokes parameters are evaluated for a given vertical
wave number band by integrating in wave number space according to the expression

Xm1,m2 = ∫
m2

m1

X̃(m) dm (A2)

where Xm1 ,m2
is one of the Stokes parameters in (A1) evaluated over a wave number band between m1

and m2.

The properties of the polarization ellipses are then evaluated as

d = (D2 + P2 + Q2)1∕2

I

Θ = 1
2

tan−1
( P

D

)
𝛿 = 1

2
tan−1

(Q
P

)
R = tan

[1
2

sin−1
( Q

dI

)]
,

(A3)

where d is the degree of polarization, Θ is the angle of the major axis counter-clockwise from the eastward
direction, 𝛿 is the phase difference between u′ and v′ components, and R is the ratio between the major to
the minor axes of the ellipse.

Following Eckermann [1996], clockwise (CW) and anticlockwise (ACW) rotation of the horizontal wind
perturbations with height can be determined from Stokes parameters as follows

̃CW(m) = 0.5
[

Ĩ(m) − Q̃(m)
]

̃ACW(m) = 0.5
[

Ĩ(m) + Q̃(m)
]
.

(A4)

Appendix B: Hodograph Rotation for Mixed Rossby-Gravity Waves

Following Andrews et al. [1987] consider the Boussinesq equations on an equatorial beta plane linearized
about a uniform basic state and with constant Brunt-Vaisala frequency N. The solution the horizontal
velocity in a Mixed Rossby-Gravity wave is

(
u′, v′) = v̂0𝜔∗y exp

(
−𝛽|m|y2

2N

)
cos(mz)

(
− |m|

N
sin

(
kx − 𝜔∗t

)
, cos

(
kx − 𝜔∗t

))
(B1)

with dispersion relation

m = −sgn(𝜔∗)(𝛽 + 𝜔∗k) N
𝜔2
∗
. (B2)

Then

u′2 +
(m𝜔∗y

N

)2
v′2 =

(
v̂0m𝜔∗y

N
cos(mz)

)2

exp
(
−𝛽|m|y2

N

)
(B3)

which describes an ellipse aligned along the x axis (the zonal direction) with the ratio of the minor to major
axes is r = (N∕m𝜔∗y) (provided y ≠ 0), from which 𝜔∗ = N∕(mry).

The angle with the x axis made by the horizontal wind vector (u′, v′) is tanΘ = − cot(kx − 𝜔∗t)∕(|m|𝜔∗y),
and hence

𝜕Θ
𝜕z

= − 1|𝜔∗|y
(

N2(𝛽 + 𝜔∗k)|m| sin2(kx − 𝜔∗t)

)
. (B4)

In the Northern (Southern) Hemisphere, y > 0 (y < 0), and Θ decreases (increases) as z increases, meaning
that Θ rotates anticyclonically (in both hemispheres).
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