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Abstract

Gravity waves (GWs) play an important role in transferring energy and momentum from the
troposphere to the middle atmosphere. However, shorter-scale GWs are generally not explicitly resolved in
general circulation models but need to be parameterized instead. Super pressure balloons provide direct
access to measure GW characteristics as a function of wave intrinsic frequency that are needed for these
parameterizations. The 30 s sampling rate of the GPS receivers carried on the balloons deployed in the 2010
Concordiasi campaign in the Antarctic is much higher compared to the previous campaigns and can cover
the full range of the GW spectrum. Two among 19 balloons are also equipped with the dual-frequency GPS
receivers initially developed for GPS radio occultation research in addition to the single-frequency receivers,
which are expected to provide better positions for GW parameter estimations. Improvements of the positions
are signiﬁcant, from ~3–10 m horizontal and ~5 m vertical to ~0.1 and 0.2 m, respectively, which makes it
possible to resolve the Eulerian pressure independently of altitude for the intrinsic phase speed estimation.
The lower position accuracy in the previous analysis of campaign results from the single-frequency GPS
receiver was primarily due to a problem with the onboard clock that is not present in the new results. The
impacts of the position improvements on the ﬁnal GW parameters are highlighted, with larger difference in
momentum ﬂux for the shorter-scale GWs than for the longer scale GWs and signiﬁcant difference in the
distribution of the intrinsic phase speed.

1. Introduction
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Internal gravity waves (GWs) play a crucial role in transferring energy and momentum from the troposphere
to the middle atmosphere [Fritts and Alexander, 2003]. The global pole-to-pole Brewer-Dobson circulation driven by planetary and gravity wave breaking in the stratosphere and mesosphere induces signiﬁcant changes
in temperature from radiative equilibrium [Andrews et al., 1987; Hamilton, 1995]. On a smaller scale, GWs also
provide signiﬁcant ﬂuctuations of wind and temperature, which are linked to the formation of polar stratospheric clouds and related microphysical processes [Dörnbrack et al., 2002; Höpfner et al., 2006]. Owing to
their spatial scales, gravity waves are generally too short to be explicitly resolved by general circulation
models (GCMs) so their effects have to be parameterized [Kim et al., 2003]. However, results will differ with
different gravity wave drag parameterization schemes [Charron et al., 2002]. An important difﬁculty in the
development of these parameterizations is the poor understanding of the intensity of wave sources, in
particular, the global distribution of momentum ﬂux [Fritts and Alexander, 2003]. A variety of techniques have
greatly improved our knowledge of gravity wave characteristics. For example, gravity wave momentum ﬂux
has been measured with ground-based radars [Vincent and Reid, 1983], radiosondes [Allen and Vincent, 1995],
satellite instruments such as the Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere
(CRISTA) [Eckermann and Preusse, 1999; Ern et al., 2004] and the High Resolution Dynamics Limb Sounder
(HIRDLS) [Alexander et al., 2008], and GPS radio occultation observations [Tsuda et al., 2000; Baumgaertner
and McDonald, 2007]. Nevertheless, these observations still suffer from poor geographic coverage, short
duration, or limited spatial resolution. Importantly, frequencies are always measured in a ground-based reference frame rather than in the frame moving with the background wind. It is the latter frequency, the intrinsic
frequency, which determines wave properties.
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Superpressure balloons (SPBs), which ﬂoat on isopycnic or constant density surfaces, have been used in both
troposphere and lower stratosphere studies since the early 1960s [Julian et al., 1977]. The balloons drift with
the horizontal wind as quasi-Lagrangian tracers in the atmosphere, providing a direct way to measure the
properties of GWs as a function of wave intrinsic frequency. Compared to ground- or space-based observations, SPB has the advantages of both fully characterizing wave packets and providing information over wide
geographic regions during long duration ﬂights [Alexander et al., 2010]. In particular, SPBs are the best
platform for measuring the intermittency of GW ﬂux with profound consequences for GW forcing of mean
ﬂow. For example, for the same long-term mean momentum ﬂux, intermittent GWs with higher amplitude
will break lower in the atmosphere than those produced by a steady source [Hertzog et al., 2008].
The Concordiasi ﬁeld campaign launched a constellation of 19 balloons developed by the Centre National
d'Etudes Spatiales (CNES, the French space agency) from McMurdo station (77°51′S, 116°40′E) in 2010
[Rabier et al., 2010]. A similar campaign in 2005, the Vorcore campaign, was very successful and provided signiﬁcant knowledge on the characteristics of gravity waves in the Antarctic region [Vincent et al., 2007; Boccara
et al., 2008; Hertzog et al., 2008, 2012]. However, an important limitation of the Vorcore observations was the
relative low sampling period (15 min) of the Global Positioning System (GPS) receivers due to the low data
transmission capability. The corresponding Nyquist period (30 min) is much longer than the Brunt-Väisälä
period (approximately 5 min in the lower stratosphere in the Antarctic region), the cutoff period of gravity
waves. In the subsequent Concordiasi campaign, the improved data transmission system enabled the GPS
receivers to record observations at 30 s intervals, which means full coverage of the GW spectrum. The better
GPS vertical position accuracy (~1.5 m) improves by nearly 10 times over that achieved in the Vorcore
campaign, making it possible to use a more direct and accurate method to estimate the GW parameters
[Vincent and Hertzog, 2014]. Furthermore, two of the 19 balloons in the Concordiasi campaign carried highaccuracy, dual-frequency GPS receivers developed originally for GPS radio occultation (ROC). These data
make it possible to attempt much higher precision GPS positioning based on the PPPAR (Precise Point
Positioning with Ambiguity Resolution) [Zumberge et al., 1997; Ge et al., 2008] technique, with an expected
improvement in GW parameter retrievals.
The paper is organized as follows: The data and strategy used in the balloon position estimation based on the
PPPAR method are described in the second section and the positioning precision is evaluated and compared
to the standalone GPS receiver used in previous studies in the third section. In the fourth section, a spectral
analysis of the balloon position time series over the Antarctic Peninsula is presented. The ﬁfth section
describes the method used in the wavelet analysis for GW parameter estimation. The improvement of the
GW parameter estimation due to the higher precision positions is described. Discussion and conclusions
follow in section 6.

2. Data and Strategy
2.1. Concordiasi Campaign
The Concordiasi campaign, a joint French-United States initiative, took place over the Antarctic region in
2010. It aimed to reduce uncertainties in atmospheric models in the Southern Hemisphere, providing validation data for satellite sounding, and for studying gravity waves [Rabier et al., 2010]. Nineteen helium-ﬁlled
superpressure balloons with 12 m diameter were launched between September 2010 and January 2011.
The scientiﬁc payload common to all balloons included a single-frequency GPS receiver to measure the balloon positions with a 30 s sampling rate and instruments to measure air temperature and pressure. The balloon positions were calculated onboard in real time and sent back to the ground.
Balloon 18 (referred as PSC18—for Physics and Stratospheric Chemistry) was also equipped with a GPS radio
occultation equipment package, including two high-accuracy and dual-frequency GPS receivers sampling at
30 s [Haase et al., 2012]. PSC18 was launched on 29 September 2010 and ﬂew for 54 days. One receiver
recorded continuously over the entire campaign, and the second receiver recorded data on only one day,
13 October 2010, in order to evaluate balloon dynamics. Because of data transmission bandwidth limitations,
the sample rate for both receivers was shifted to 60 s for the time period when two receivers were operating.
PSC19 carried one such receiver, sampling at 30 s for the whole period. It was released on 8 October 2010 and
ﬂew for 42 days. Instead of recording receiver positions directly, the GPS carrier phase and pseudorange observations were recorded by the onboard receivers and sent back to the ground for precise positioning analysis.
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Figure 1. Ground-based GPS station distribution and balloon trajectories: (a) Green dots denote the ground-based GPS
stations from the IGS network used for satellite clock and FCB estimation. The blue line and red line are the trajectories
of GPS receiver #1 on PSC18 and the receiver on PSC19, respectively. The Antarctic Peninsula region is enlarged in the inset
ﬁgure when PSC19 passes over the Antarctic Peninsula on 7 November 2010; (b) Altitude time series derived from the ROC
GPS receiver #1 on PSC18 and (c) from the ROC GPS receiver on PSC19. Data gaps are indicated by straight lines.

2.2. Precise Point Positioning With Ambiguity Resolution
Compared to the ~1–2 m balloon position accuracy derived in real time from single-frequency receiver, as
assumed in Vincent and Hertzog [2014] (referred to as VH14 hereafter), the high-accuracy dual-frequency
receivers carried on PSC18 and PSC19 have the potential to get much higher position accuracy. This has
a direct impact on GW parameter retrievals. Analyzing the data after transmission to the ground allows
use of precise orbital information and the use of advanced methods to remove other positioning errors
such as ionospheric and neutral atmospheric effects, satellite and receiver clock errors, and the resolution
of the integer number of cycle ambiguities in the interferometric carrier phase measurements. Because of
the relatively sparse distribution of ground-based GPS reference stations in the Antarctic region and the
dynamics of the balloons, the PPPAR method is used to estimate the 3-D positions of the balloons.
Twenty-eight GPS ground stations distributed in Antarctica and the surrounding southern continents from
International Global Navigation Satellite Systems (GNSS) Service (IGS) network (Figure 1) are selected to
estimate the regional satellite clock errors and the carrier wave fractional cycle bias (FCB) products. The estimated regional satellite clock products are used instead of the global satellite clock products (for example,
the IGS ﬁnal clock product) in PPPAR since the estimated regional clock errors can compensate for some
other unmodeled errors [Lou et al., 2014]. The FCB products are utilized for the ambiguity resolution for
higher accuracy in PPPAR [Ge et al., 2008; Geng et al., 2010] compared to the conventional PPP (Precise
Point Positioning) method [Zumberge et al., 1997].
The GPS ﬁnal orbit products provided by IGS and the known differential code biases between frequencies
from the Center for Orbit Determination in Europe (CODE) are used. Antenna phase center corrections
[Schmid et al., 2007], phase wind-up corrections [Wu et al., 1993], and relativity corrections are applied. In
the ﬁrst step satellite clock errors are estimated as parameters with white noise variance and then are held
ﬁxed in the FCB solution in the next step and in the ﬁnal step of the PPPAR positioning calculation. Widelane FCB is taken as constant over a day, while narrow-lane FCB is estimated every 15 min as described in
Ge et al. [2008]. Ground-based GPS station positions from IGS SINEX (Solution INdependent EXchange format) products are ﬁxed in the satellite clock error and FCB estimation. Receiver positions on the balloon are
estimated in kinematic mode without any constraints between consecutive epochs. Ionospheric delays are
eliminated by using the ionosphere-free combination of phase and pseudorange observations. Neutral
atmospheric zenith total delays are constrained with an a priori Saastamoinen model [Saastamoinen,
1972] based on pressure and temperature taken from global pressure and temperature model [Boehm
et al., 2007]. Corrections to the zenith wet delay (ZWD) component at the ground stations are estimated
pﬃﬃﬃ
as a random walk process with a power density of 20 mm/ h in the satellite clock error and FCB estimation
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Figure 2. Comparison of PPPAR and RelP solutions: (a) Time series of the baseline distance between the two receivers on
PSC18 derived from the PPPAR solutions. The mean value and standard deviation are given at the top of the panel and the
mean value is also indicated with the red horizontal line; (b) similar to Figure 2a but derived from RelP solutions; (c)
Differences of the baseline from PPPAR and RelP solutions in the east (black), north (red), and vertical (blue) components.
The RMS values of the differences are also indicated at the top of the panel.

steps. For a balloon at ~17–18 km in the Antarctic region the ZWD parameters are very small and can be
neglected in the PPPAR step. Neglecting the ZWD correction signiﬁcantly reduces the number of estimated
parameters and improves the solution stability. In all calculations, receiver clock errors are estimated at
each epoch as parameters with white variance. All satellite clock error estimation, FCB estimation, and
PPPAR are based on the PANDA (Position And Navigation Data Analyst) [Shi et al., 2008] package
developed at Wuhan University.

3. Positioning Assessment
It is not possible to evaluate the balloon position accuracy independently due to the absence of the known
true value of the positions. Fortunately, we have two receivers with constant separation on PSC18 and they
recorded GPS data simultaneously on 13 October 2010 (day of year (DOY) 286). This makes it possible to
assess the PPPAR-based position accuracy by comparing with the baseline solutions based on a relative positioning (RelP) method. The baseline was processed using GrafNav GNSS postprocessing software developed
by NovAtel in a kinematic mode. Time series of the derived distance between the two antennas on PSC18 are
shown in Figure 2b. In the RelP method, almost all of the errors described in the correction method for the
PPPAR absolute position are common to the two receivers so are negligible in the solution for the short
distance between them. The standard deviation (STD) of the baseline distance time series is around 1.1 cm,
which is sufﬁciently accurate to be taken as truth in assessing PPPAR accuracy. The distance calculated by
the two receiver positions derived from the PPPAR solutions is shown in Figure 2a, with an STD of around
8 cm and a bias of about 7 cm from the known separation of 32 cm. The differences of the baseline in the east,
north, and vertical component derived from PPPAR and RelP solutions are shown in Figure 2c. The horizontal
positions differences are smaller, with root-mean-square (RMS) values of ~5.3 cm and 7.1 cm in the east and
north components, respectively, compared with the vertical positions (RMS of ~19.7 cm). Therefore, the
respective accuracies of the balloon positions derived from PPPAR solutions are around 3.5 cm, 5.0 cm and
14.0 cm in the east, north, and vertical components if we assume that the two receivers have the same
pﬃﬃﬃ
accuracy (divide the RMS of differences by a factor of 2).
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Figure 3. (left column) Differences between time series of the entire ﬂight derived from PPPAR solutions and RTP solutions
of PSC18 for: (a) position in east component, (b) position in north component, (c) altitude, (d) zonal velocity, (e) meridional
velocity, and (f) Eulerian pressure perturbation. The mean value and the standard deviation of the time series are indicated
in each panel and the zonal and meridional velocities are also plotted with red dots in Figures 3a and 3b. (right column) As
for Figure 3 (left column) but only for 1 day. Spikes in velocity are clearly marked when the RTC clock is reset.

3.1. Position and Velocity Improvements
The single-frequency GPS receivers carried by all 19 balloons in the Concordiasi campaign calculate the 3-D
positions on board in real time and, instead of GPS observations, transmit the positions every 30 s to the
ground. All previously published gravity wave information are based on these single-frequency receiver measurements. However, the positions were not time stamped with the GPS time but by an onboard real-time
clock (RTC) in order to ensure a time stamp for all of the data streams even when the GPS information was lost.
Unfortunately, the RTC time is output with a precision of 1 s. During each ﬂight, the onboard RTC time drifted
and when the time difference between the RTC and the GPS time exceeded 1 s, the RTC was reset to the GPS
time. The real-time positions recorded by the single-frequency receivers and the derived velocities (referred as
RTP solutions) are compared with solutions derived from the high-accuracy GPS receivers based on the PPPAR
method in order to evaluate the improvements by using the high-accuracy GPS receivers. The differences of
positions and velocities for the entire ﬂight periods are presented in Figures 3 and 4 for PSC18 and PSC19,
respectively. The two high-accuracy receivers (receiver #2) on PSC18 operated simultaneously only for 1 day
for the purpose of the estimating the rotation of the balloon and will not be used in the comparison here.
As can be seen in Figure 3, there is a strong correlation between the magnitude of the horizontal position
differences and the horizontal velocity. This is because the position biases contributed by the clock stamp
errors increase when the balloon moves faster, producing a position error that is proportional to velocity.
Many jumps in the horizontal position differences can be seen in the zoomed 1 day time series. Those jumps
occur at times when the RTC was reset, over intervals usually shorter than 30 min. The mean values of the
position differences in the east and north components are 0.06 m and 0.11 m, respectively. The mean difference of about 7.45 m in the altitude is due to the fact that these two kinds of GPS receivers are placed in two
separate gondolas with an offset of ~8 m beneath the balloon. The STD of position differences in the east,
north, and vertical components is 4.75 m, 3.22 m and 5.05 m, which are signiﬁcantly poorer than the assumed
accuracies used in VH14 of 0.75 m in the horizontal and 1.5 m in the vertical positions. There are no obvious
systematic biases in the horizontal velocities when averaged over the entire ﬂight, with STD of 0.05 ms1 and
0.04 ms1 in the zonal and meridional velocity, respectively.
PSC19 was launched later than PSC18 and ﬂew over a wider area with a faster velocity in the stratosphere,
which resulted in larger positional differences than for PSC18. The position STD values are 9.61 m, 5.33 m,
and 5.11 m in the east, north, and vertical components. The corresponding respective STDs for the zonal
and meridional velocity components are 0.11 ms1 and 0.10 ms1.
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Figure 4. (left column) Differences between time series of the entire ﬂight derived from PPPAR solutions and RTP solutions
of PSC19 for: (a) position in east component, (b) position in north component, (c) altitude, (d) zonal, velocity, (e) meridional
velocity, and (f) Eulerian pressure perturbation. The mean value and the standard deviation of the time series are indicated
in each panel and the zonal and meridional velocities are also plotted with red dots in Figures 4a and 4b. (right column) As
for Figure 4 (left column) but only for 1 day. Spikes in velocity are clearly marked when the RTC clock is reset.

The spikes in the velocity differences at the RTC reset epochs can reach several decimeters per second.
We believe that the later momentum ﬂux calculation will ﬁlter out spikes with frequency components higher
than the buoyancy frequency (period ~5 min). For the zonal and meridional velocity differences, the STDs of
the ﬁltered time series are 0.04 ms1 and 0.03 ms1 for PSC18 and 0.07 ms1 and 0.05 ms1 for PSC19,
respectively. These values are larger than velocity uncertainties assumed in VH14 (0.025 ms1).

4. Characteristics of Gravity Waves in the Balloon Position Time Series
4.1. Balloon Trajectory
The horizontal trajectories and the altitude time series of PSC18 and PSC19 derived from the PPPAR method
are shown in Figure 1. Altitude has been converted from the World Geodetic System 1984 (WGS84) reference
ellipsoid height, which is directly determined from GPS observations, to the orthometric height above sea
level based on the Earth Gravitational Model 1996 (EGM96) [Lemoine et al., 1998]. The difference between
height above the reference ellipsoid and mean sea level, which is used in atmospheric measurements and
models, varies from 106 to 85 m due to variations of mass distribution within the Earth, which cannot be
neglected in these measurements.
As can be seen from Figure 1, the ﬂight of PSC19, which was launched later than PSC18, covered a wider
domain and the amplitude of the altitude ﬂuctuation is larger than PSC18. There are some data gaps for
both balloons due to data transmission constraints, making the time series discontinuous. Considering
the signiﬁcant contribution of the topography to the gravity wave generation, we focus on a 3 day continuous period from 6 November to 8 November 2010, including the event when PSC19 passed over the
Antarctic Peninsula on 7 November. The trajectory of PSC19 when passing over the peninsula is also shown
at the bottom left of Figure 1a where a signiﬁcant deviation in the trajectory is visible. Studies have shown
that the topography of the Antarctic Peninsula can induce strong gravity waves [Bacmeister et al., 1990; Wu
and Jiang, 2002; Baumgaertner and McDonald, 2007; Plougonven et al., 2008]. The horizontal velocities
deduced from positions through a ﬁnite differencing method, the altitude, the air temperature, and air
pressure measured by PSC19 are presented in Figure 5. We assumed that the SPB is a perfect tracer of
the horizontal wind in the atmosphere [Vial et al., 2001]. All time series in Figure 5 exhibit strong ﬂuctuations during the period indicated by two vertical black lines at the time when the balloon passed over
the Antarctic Peninsula.
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Figure 5. (left column) Time series for PSC19 from 6 November (DOY 310) to 8 November (DOY 312) 2010 and (right
column) the zoomed time series during the period indicated by the two vertical black thin lines when the balloon
passed over the Antarctic Peninsula. The time series from top to bottom show horizontal velocities, MSL (Mean Sea Level)
altitude, air temperature, and air pressure (Lagrangian).

^ >> ^f where ω
^ and ^f denote the intrinsic and inertial
The polarization relations for pure gravity waves (i.e., ω
frequency in rad/s, respectively) can be expressed in a simpliﬁed form [Fritts and Alexander, 2003; Plougonven
et al., 2008] as
k
e
u¼ e
v
l
^2
Te
N
¼ e
ζ:
g
T

(1a)
(1b)



T are the complex amplitudes of the zonal velocity, meridional velocity, vertical air parcel disHere e
u; e
v; ζ ; e
placement, and air temperature perturbations from the background; (k, l) are the zonal and meridional wave
^ denotes the Brunt-Väisälä frequency (buoyancy frequency) in
numbers; T is the background temperature; N
rad/s, and g is the Earth gravitational constant. The eastward wind blowing over the mountain range of the
Antarctic Peninsula, which has a southwest-northeast orientation, generates gravity waves with k ~ l < 0.
Therefore, according to equation (1a), there should be a 180° phase difference between the wave-induced
zonal and meridional velocity perturbations. This is seen to ﬁrst order in the time series in Figure 5, which
are dominated by the large mountain waves with intrinsic period of ~1–2 h (signiﬁcantly smaller than the
average 13 h inertial period) during DOY 311.40 and 311.45. Similarly, the wave-induced altitude and temperature perturbations are roughly in antiphase, as expected according to equation (1b). However, it should
be noted that an SPB does not undergo vertical displacements that are exactly the same as the parcel displacements because it ﬂoats on an isopycnic surface (see VH14).
4.2. Spectral Analysis
The quasi-Lagrangian superpressure balloons enable estimation of the intrinsic frequency spectrum. The
power spectral density (PSD) of the zonal and meridional velocities from PSC19 from DOY 310 to DOY
312 are estimated based on the Welch method [Welch, 1967] using a Fourier transform with a window
length of 2048 points (30 s interval), with a Hamming window taper and 50% overlap. The results are presented in Figure 6, where the average inertial period of ~13.1 h (2.1 × 105 Hz) at the balloon latitude and
buoyancy period of ~300 s (3.3 × 103 Hz) are indicated by the red vertical dashed lines (f and N denote
inertial and buoyancy frequency in Hz, respectively). A peak is visible near the buoyancy frequency for
both spectra. For gravity waves in the range from the inertial frequency to buoyancy frequency, the horizontal wind velocity frequency spectra are expected to follow a negative power law [Fritts and Alexander,
2003] with typical exponent values in the range of 1 to 2, with most slopes falling close to ﬁve thirds
when computed from ground-based measurements. The estimated slopes of the spectra for gravity waves
observed in intrinsic frequency from the Lagrangian balloon platform shown in Figure 6 are 1.95 (zonal)
and 1.97 (meridional). These results are consistent with the results of ~2 in Hertzog and Vial [2001] and
Hertzog et al. [2002] in intrinsic frequency. Signiﬁcant departures of the PSD from the power law spectra
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Figure 6. (left) Zonal and (right) meridional velocity spectra from ﬂight PSC19 from DOY 310 to DOY 312. The red dash lines
indicate the inertial (f) and buoyancy frequency (N) and the bold red lines are the ﬁt to the total energy spectra based on a
power law assumption.

can be found in the frequency range from 1 × 104 to 4 × 104 Hz, which corresponds to periods for the
mountain waves induced by the topography in the Antarctic Peninsula.

5. Gravity Wave Parameter Retrieval and Comparison
5.1. Gravity Wave Parameter Retrieval
Observational studies have highlighted that gravity waves are generally observed as wave packets rather
than as a spectral continuum [e.g., Alexander and Pﬁster, 1995; Eckermann and Preusse, 1999].
Instantaneous snapshots of high-resolution numerical simulations also tend to exhibit wave signatures that
are associated with wave packets [Watanabe et al., 2008]. This packet-like description implicitly stresses that
gravity wave activity in the atmosphere is intermittent [Alexander et al., 2010; Hertzog et al., 2012; Wright et al.,
2013]. Several recent studies further describe observations of the intermittent nature of gravity waves [Wright
et al., 2015; Cao and Liu, 2016; John and Kumar, 2016], which motivates us to use a wavelet analysis method to
retrieve GW parameters.
The 3-D positions of the balloon and their errors impact the GW parameters in different ways. The momentum ﬂux is directly dependent on the horizontal velocities derived from horizontal positions, and the intrinsic
phase speed retrieval depends on the horizontal velocity and the vertical position used in the estimation of
the Eulerian pressure perturbation. Gravity wave parameters, including momentum ﬂux and intrinsic phase
speed, are retrieved from the measurements following the procedures given in Boccara et al. [2008] (referred
to as B08 hereafter). However, in that paper a hydrostatic assumption was made for the gravity waves in the
retrievals because of the large uncertainties in the vertical positions. We use the method as given in VH14
instead, where altitude and pressure are explicitly resolved due to the much better GPS vertical precision
in the Concordiasi campaign. We brieﬂy introduce the retrieval algorithm here, while more details can be
found in B08 and VH14.
The zonal and meridional velocities (u,v) of the balloon are ﬁrst calculated from the horizontal positions by
central ﬁnite differencing. The density (ρ) is estimated from the measured pressure (pL, Lagrangian pressure)
and temperature (T) through the ideal gas law. The GPS altitudes (ellipsoidal height) are converted to orthometric height (ζ b) above sea level using EGM96. Excluding the launch period, the ﬂight-mean values of


u; v; pL ; ζ b are calculated and removed from the time series to get the perturbation time series
 ′ ′ ′ ′
 
u ; v ; pL ; ζ b . The Eulerian pressure perturbation p′E is then estimated from
p′E ¼ p′L þ ρgζ ′b
where
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p′L

(2)

is the Lagrangian pressure perturbation and ρ is the ﬂight-mean density.
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ujj . Scale units are ms , ms , Pa, Pa, Pa ms , and Pa ms , respectively. In each panel the white curve
pE j, (e) e
pe e
Figure 7. (a) je
uj, (b) je
v j, (c) je
pL j, (d) je
pL e
shows the COI region edge and the large mountain wave event is indicated by the white box.

Because of the observed intermittent nature of gravity waves as wave packets, we assume they can be


described as Morlet wavelets. All time series u′ ; v ′ ; p′L ; p′E ; ζ ′b are decomposed using the continuous complex
Morlet wavelet transform [Torrence and Compo, 1998] (referred to as TC98 hereafter). The Morlet wavelet
basis is chosen with nondimensional frequency (ω0) of 6, in order to satisfy the admissibility condition so that
the wavelet transform is reversible and so as to be able to infer wave amplitudes from the CWT (Continuous
Wavelet Transform). As shown in Figures 1b and 1c, there are some data gaps in the time series during the
ﬂights. We use a linear interpolation method to ﬁll the missing values when the gaps are less than 600 s
and break the time series into different segments that are analyzed separately when the gaps are larger than
600 s. In order to get reliable results, time series with lengths shorter than 19 h are discarded in the gravity
wave parameter retrievals. Wavelet frequencies corresponding to periods ranging from 60 s to 19 h are used
in the wavelet transform, since a gravity wave packet may project onto wavelets with frequency outside of
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Figure 8. (top left) The propagation direction in each time-(intrinsic) frequency bin; (bottom left) Cross section at period
(~1.1 h) indicated by the black line in the top panel; (right) Density-weighted absolute momentum ﬂux in each time(intrinsic) frequency bin. Note the log scale.

the gravity wave band. However, the momentum ﬂux will only be calculated for the range of frequencies
lower than N. The derived wavelet coefﬁcients represent the amplitude and phase of the decomposed signal


^ j corresponds to the decomposed
in time-(intrinsic) frequency space and are denoted with tildes, e.g., e
u ti ; ω
^ j . The scale
zonal velocity perturbation time series at time ti and the jth wavelet with central frequency of ω
resolution (δj) is selected to be 0.4, which corresponds to decomposition into 26 wavelets according to equation (3) (TC98):
J ¼ δj1 log2 ðsJ =s0 Þ;

(3)

where s0 and sJ are 60 s and 19 h, respectively, in this calculation. The scale resolution is kept the same in the
wavelet analysis for all segments of the time series. The coefﬁcients are then normalized using a delta (δ)
wavelet function as described in section 3i in TC98 so that the time series can be reconstructed with accurate
amplitude and to ensure that the total energy is conserved under the wavelet transform.


 
An example of the modulus of the wavelet coefﬁcients for the perturbation values of je
uj, je
v j, je
pL j, je
pE j, e
pE e
ujj ,


 
and e
pL e
ujj  is shown in Figure 7 for the 3 day time period corresponding to the balloon passage over the
Antarctic Peninsula of Figure 5. Here e
ujj denotes the complex conjugate of ũ||, where ũ|| is the velocity components parallel to the wave propagation direction. All of the parameters shown in Figure 7 will be used in
the later momentum ﬂux and phase speed calculations. Generally, the modulus of the coefﬁcient increases
as the wavelet period increases for each variable. However, the orographic gravity waves generated by the
Antarctic Peninsula show up clearly in each velocity component and pressure variable with a maximum at
a wave period of about 1–2 h around the midday on DOY 311 as indicated by the white box in each panel of
Figure 7. Large values can also be found at near the buoyancy frequency with a period of ~300 s, especially for
the pressure and momentum terms in Figures 7c to 7f.
To avoid interpreting noise as GWs, wavelet coefﬁcients for which the modulus is smaller than 3 times the
STD of the observation uncertainties are set to zero in the momentum ﬂux calculation. STD values for (u,
v, ζ b, andpL) are set to be (0.005 ms1, 0.005 ms1, 0.2 m, and 0.1 Pa) for PPPAR solution and (0.05 ms1,
0.05 ms1, 5 m, and 0.1 Pa) for RTP solution. The cone of inﬂuence (COI) region is also set to zero in the
momentum ﬂux calculation to avoid the artifact edge effects in the wavelet transform (TC98), as, for example,
seen clearly in the large coefﬁcient values in the top (low frequency) corners of each panel of Figure 7.


^ j (counterclockwise from east) is found by geometrically rotatThe gravity wave propagation direction θ t i ; ω
ing each (e
u, e
v) using a principle component analysis so as to ﬁnd the largest variance on the rotated direction,


^ j (see B08 and VH14 for more details). ũ|| and û⊥are the velocity comporetaining a 180° ambiguity in θ ti ; ω
nents parallel and perpendicular to the propagation direction. An example of the propagation direction in
each time-(intrinsic) frequency bin as well as the cross section at the wavelet period of ~1.1 h are shown in
Figure 8. A high variability of propagation directions is evident, especially for short periods, but the coherent
direction for the gravity waves upstream and downstream of the peninsula is clear at ~1.3 h period.
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The density-weighted vertical momentum ﬂux of the gravity waves can be related to the balloon observations by (B08):




^
ω
e ¼  j Im e
pL e
ρRe e
ujj w
ujj
(4)
^
HN
where Re() and Im() stand for the real part and imaginary part of the complex quantities. H is the density scale
height calculated from a 3 day average of ERA-Interim
 lapse
 rate held constant for the entire ﬂight. Only the
e , because the imaginary part will vanish when averreal part of the moment ﬂux is relevant, namely, Re e
ujj w
aged over a wave period. We calculate the density-weighted vertical momentum ﬂux at each time-(intrinsic)
frequency bin (as shown in Figure 7b) according to equation (4) from the pressure and rotated balloon velocities assuming H is 6.45 km. We also calculate the zonal and meridional components of the density-weighted
 

 

^ j and sin θ t i ; ω
^j .
momentum ﬂux by multiplying by cos θ ti ; ω
The intrinsic phase speed of the gravity wave ĉ can be inferred from the polarization relationship [Fritts and
Alexander, 2003] and estimated directly at each time-(intrinsic) frequency bin from the Eulerian pressure
perturbation:


pE e
ujj
1 Re e
^c ¼
;
(5)
ρδ
e
u2jj
^2

where δ ¼ 1  ω^f 2 ..
j

In order to estimate the phase speed and propagation direction of individual gravity wave packets, their central frequency must be identiﬁed. Each wave packet can project onto several wavelets and there may be several wave packets present at one time. A number of wave packets, k, with central frequencies, denoted as
 c
^ k ðti Þ k may be identiﬁed in the frequency range from f to 0.5 N at one observation time ti, by identifying
ω
all local maxima in the momentum ﬂux at that time. The envelopes of the wave packets are then identiﬁed
by selecting the neighboring frequencies within the range of 1/19 h1 to 0.5 N for which the vertical momentum ﬂux is greater than 10% of the central frequency.
h

i
h
i Re e
e ti ; ω
ujj w
^ ck ðt i Þ


e ti ; ω
^j ≥
:
(6)
Re e
ujj w
10
^ gw
Here ω
j ðt i Þ now indicates the frequencies j that are included in any identiﬁed wave packet. The absolute GW
momentum ﬂux at time ti is computed by summing over the selected frequencies contained in all of the gravity wave packets present at that time:
n
h
io
X
e ti ; ω
^ gw
ρRe e
ujj w
:
(7)
j ðt i Þ
j

The high frequency and low frequency portions of the absolute GW momentum ﬂux at time ti are also calculated from equation (7) separately over the two frequency bands. The ﬂight-mean momentum ﬂux is then
calculated in each geographic bin by taking the mean of all time points when the balloon passed through
the bin, equivalent to averaging over time. Note that we truncate the high frequency wave packets at a frequency of 0.5 N, which will exclude some wave packets with frequency content higher than 0.5 N. This is done
to avoid the issues highlighted in VH14 where the balloons go off their isopycnic surfaces at frequency higher
than ~0.5 N.
Initial estimates of the phase speed and momentum ﬂux are calculated assuming upward vertical propagation. To examine the distribution of phase speeds represented in the gravity wave packets that include
upward and downward propagation, the 180° ambiguity of the propagation direction is resolved in the following way. Assuming a perfect isopycnic balloon (equations (28) and (29) in VH14) the sign of the vertical
wave number m can be determined from the balloon observations:
 


signðmÞ ¼ sign Im e
ζ be
pL :
(8)
This is calculated at each time-(intrinsic) frequency bin. If vertical propagation is determined to be downward,


^ j is rotated by 180°, changing the direction of the phase speed,
i.e., vertical wave number m > 0, then θ ti ; ω
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Figure 9. (a) Values of momentum ﬂux in mPa plotted as a function of wave packet amplitude, u0. The blue star symbols
1
represent the retrieved momentum ﬂux with PPPAR noise added (0.005 ms in horizontal velocities) and the red symbols
1
show the retrieved values without noise. (b) Similar to Figure 9a but with higher noise (0.025 ms in horizontal velocities)
added. (c) The percentage of the difference between the retrieved and input values w.r.t. the input values for the low noise
case (Figure 9a). (d) The percentage difference for the high noise case (Figure 9b).

and the sign of the momentum ﬂux is also reversed. The intrinsic phase speed is assigned to the frequencies
representative of the wave packet envelope after the packet identiﬁcation to describe the distribution of
 
 

^ ck ðt i Þ ; ^c ti ; ω
^ ck ðti Þ and then the momentum ﬂux associated with the individual wave packet ρRe
θ ti ; ω
h

i
e
e ti ; ω
^ ck ðti Þ is integrated over the frequencies contained in the packet.
ujj w
5.2. Simulation Comparison
The uncertainties of the instruments carried on the SPBs will set a noise ﬂoor, below which the gravity wave
parameters cannot be reliably retrieved. In order to test which part of wave packets will be mostly affected by
the balloon position accuracy, a series of simulations were conducted using the methodology described in
^ and a Gaussian envelope of the form
VH14, where a wave packet of a wave with frequency ω
u′jj ¼ u0 et

2

=2σ 2

cosðωt
^ Þ

(9)

was used. Thirty realizations of noise were added to simulated wave packets with amplitude, u0, set to 0.1, 1,
^ ¼ 2π=^τ , ĉ = 40 ms1
and 8 ms1, respectively. Here the simulated values of ^τ = 60 min, ω
and θ = 300° were
,
used. The retrieved results are shown in Figure 9. Figures 9a and 9c show momentum ﬂux retrievals for packets with the PPPAR velocity errors (0.005 ms1) added and Figures 9b and 9d are with the velocity errors
assumed in VH14 added. Note VH14 assumed 0.75 m and 0.025 ms1 position and velocity errors, but we
showed that the magnitude of the RTP horizontal position errors are about 5 m and velocity errors are around
0.05 ms1 (PSC18) and 0.1 ms1 (PSC19). In the best case, ﬁltering out high frequency spikes (higher than
buoyancy frequency) due to RTC offsets, the realistic RTP velocity errors are closer to 0.035 ms1 and
0.060 ms1. The red stars in Figure 9 are the retrievals where there are no errors added in either case.
Ignoring the small offsets, the noise levels of the PPPAR solutions show much smaller dispersion and bias
in retrieving momentum ﬂuxes at small amplitudes than results with assumed errors from VH14 added.
Waves with small amplitudes will likely break higher up in the atmosphere and therefore are important for
momentum transfer to the upper middle atmosphere. The PPPAR solutions provide the opportunity to estimate ﬂuxes for packets with much lower amplitudes than is presently possible.
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5.3. Gravity Wave Parameter Comparison Results
We have estimated the terms that contribute directly to the momentum ﬂux (horizontal velocities) and intrinsic phase speed (horizontal velocities and vertical position) in Figures 3 and 4 in order to assess the impact of
the improved positions over the RTP solutions. The mean Eulerian pressure differences between PPPAR and
RTP solutions of 8.23 Pa for PSC18 (Figure 3) and 8.70 Pa for PSC19 (Figure 4) are attributed to the difference in GPS antenna location height on the balloons. The STD Eulerian pressure perturbation differences are
5.56 Pa and 5.70 Pa, respectively, which are equivalent to the scaled values of altitude differences because of
the relationship given by equation (2). All the mean values of the differences including the velocity and
Eulerian pressure are removed in the wavelet analysis, producing no impacts on the GW parameter retrieval.
Following the wavelet decomposition method described previously, the momentum ﬂux and intrinsic phase
speed are retrieved from both the PPPAR and RTP solutions and the differences between these retrievals are
calculated to study the improvement contributed by the high-accuracy GPS receivers in a real world situation.
The geographical distribution of the density-weighted absolute momentum ﬂuxes in the wave propagation
direction is shown in 10° × 5° latitude-longitude bins in Figure 10 (top row). There are usually one to three balloon passes in each bin, with an average of 988 measurements per bin. Hot spots can be seen in the vicinity of
the Antarctic Peninsula, the ridge of Wilkes Land (~110°E) and the Mac. Robertson Land (~60°E) from both
results based on the PPPAR and RTP solutions. Density-weighted momentum ﬂuxes can reach ~80 mPa in
the most active areas of the Antarctic Peninsula, a value which is ~10 times larger than the average value
of ~8 mPa over the entire sampled Southern Hemisphere (SH) during this time period. The average value
measured during the previous Vorcore campaign was 2.5 mPa because a signiﬁcant portion of the higher frequency momentum ﬂux was not observed. The smallest values are observed over the Antarctic plateau from
0 to 90° east with momentum ﬂuxes below 5 mPa, although this region is not well sampled by these particular balloons. Areas of slightly higher momentum ﬂux activity can be found over oceanic regions, principally
north of the Atlantic coastline. Waves in this region have been identiﬁed historically as both nonorographic
waves generated locally and orographic gravity waves advected downwind from the peninsula [Hindley et al.,
2015; Jewtoukoff et al., 2015]. Although mountain waves from remote islands have been observed in past studies [Alexander and Grimsdell, 2013; Hoffmann et al., 2013], the data set used in this study does not sample the
small oceanic islands, indicating the sources are primarily from locally nonorographic origin or are of orographic origin from peninsula. Jewtoukoff et al. [2015] associated the nonorographic gravity waves observed
at the latitude of storm tracks with midlatitude jets and fronts and geostrophic adjustment. Most of differences between the two solutions (PPPAR minus RTP) are found to be positive, indicating an underestimation
of momentum ﬂuxes from the RTP solutions, which is mainly due to the larger noise threshold values used for
RTP solutions. There are only a few bins, mainly over the coastlines, where the differences are negative (overestimated by RTP), and we attribute these to random errors. The mean value of the momentum ﬂux differences over the entire area covered by the two balloons is ~0.56 mPa and the RMS deviation is about
0.74 mPa, which is ~8% of intrabin variations before differencing (~9.79 mPa for PPPAR and ~9.84 mPa for
RTP). In Figures 10–12, bins with poor statistical signiﬁcance are indicated with black dots, based on the balloon path sampling less than 50% of the latitudinal width of the bin.
The density-weighted zonal momentum ﬂuxes are presented in Figure 10 (middle row). The zonal momentum ﬂuxes are found to be negative almost everywhere, showing the gravity waves propagate against the
mean eastward ﬂow in the SH springtime stratosphere, which is consistent with the results from observations
from the previous campaign in Antarctica in 2005 [Vincent et al., 2007]. Not surprisingly, the zonal momentum
ﬂux hot spots are also observed in those areas with large absolute momentum ﬂux, reaching
nearly ~ 50 mPa over the Antarctic Peninsula and ~ 15 mPa along the Indian Ocean coastline.
Moderately large values of ~ 10 mPa can be seen in the southern Atlantic region contributed by
nonorographic sources. Mean values of density-weighted zonal momentum ﬂuxes are ~ 3.09 mPa
and ~ 2.32 mPa based on PPPAR solutions and RTP solutions, respectively. The mean difference is around
0.76 mPa with RMS deviation reaching ~1.36 mPa which is ~25% of intrabin variations of zonal momentum
ﬂuxes (5.61 and 5.30 mPa for PPPAR and RTP) before differencing.
In contrast to the zonal momentum ﬂuxes, the campaign averaged density-weighted meridional momentum
ﬂuxes in Figure 10 (bottom row) are signiﬁcantly smaller in magnitude. Again, the most active area found in
the meridional momentum ﬂux, exceeding 43 mPa, is over the Antarctic Peninsula. However, the hot spots
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Figure 10. Comparison of the geographic distribution of density-weighted momentum ﬂuxes derived from (left column) PPPAR and (middle column) RTP solutions
and (right column) their difference (PPPAR-RTP). Absolute, zonal, and meridional momentum ﬂux results are shown in Figures 9 (top row) to 9 (bottom row). The color
scales have been divided by a factor of 10 for the right most column compared with the left two columns. Values given in the brackets at the top right of each panel
are the mean value, the standard deviation and the RMS values in all bins, respectively. Bins in the right most columns ﬁlled with black dots denote statistical
insigniﬁcance due to insufﬁcient measurements.

along the Indian Ocean coastline are opposite in sign to the zonal component. Mean values of the PPPAR and
RTP solution-derived meridional momentum ﬂuxes are approximately 0.54 mPa and 0.60 mPa, with standard
deviation of ~5.65 and 5.64 mPa and the difference is ~ 0.07 mPa with an RMS of ~1.28 mPa (~23% of the
PPPAR intrabin variations).
According to equation (4), it is the time differences of horizontal positions, i.e., the horizontal velocities, rather
than the absolute horizontal positions that are used in the momentum ﬂux estimation. As can be seen from
the zoomed time series in Figures 3 and 4, the horizontal position errors in RTP solutions between the clock
resets vary quite systematically with time, which induces small systematic velocity errors between two spikes.
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Figure 11. Comparison of the geographic distribution of density-weighted momentum ﬂuxes for the high frequency portion of GWs (intrinsic period shorter than
1 h) derived from (left column) PPPAR and (middle column) RTP solutions and (right column) their difference (PPPAR-RTP). Absolute, zonal, and meridional
momentum ﬂux results are shown in Figures 11 (top row) to 11 (bottom row). The color scales have been divided by a factor of 10 for the right most column
compared with the left two columns. Values given in the brackets at the top right of each panel are the mean value, the standard deviation and the RMS values in all
bins, respectively. Bins in the right most columns ﬁlled with black dots denote statistical insigniﬁcance due to insufﬁcient measurements.

They are, however, estimated to be insigniﬁcant. The discontinuous velocity spikes with frequency higher
than the buoyancy frequency will be ﬁltered out in the wavelet analysis and only those parts with frequency
ranging from ~1/30 min1 to 0.5 N will impact on the high frequency gravity wave momentum ﬂux retrievals.
The retrieved momentum ﬂuxes are divided into a high frequency portion, which are typically parameterized
in global circulation models (GCMs), corresponding to periods shorter than 1 h, and a low frequency portion
for periods longer than 1 h. Results are presented in Figures 11 and 12, respectively. Jewtoukoff et al. [2015]
argued that the Concordiasi results should be greater by a factor of 2 than previous results from the
Vorcore by including higher frequencies. The PPPAR results conﬁrm that the mean absolute momentum ﬂux
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Figure 12. Comparison of the geographic distribution of density-weighted momentum ﬂuxes for the low frequency portion of GWs (intrinsic period greater than 1 h)
derived from (left column) PPPAR and (middle column) RTP solutions and (right column) their difference (PPPAR-RTP). Absolute, zonal, and meridional momentum
ﬂux results are shown in Figures 12 (top row) to 12 (bottom row). The color scales have been divided by a factor of 10 for the right most column compared with the
left two columns. Values given in the brackets at the top right of each panel are the mean value, the standard deviation and the RMS values in all bins, respectively.
Bins in the right most columns ﬁlled with black dots denote statistical insigniﬁcance due to insufﬁcient measurements.

for high and low frequencies are comparable, 4.13 mPa and 3.96 mPa, respectively. Mean values of differences
are 0.55, 0.58, and 0.09 at high frequency and 0.01, 0.19, and 0.03 at low frequency for absolute, zonal,
and meridional momentum ﬂuxes, respectively. The RMS of the absolute total momentum ﬂux differences
between the PPPAR and RTP solutions is only 0.09 mPa in the low frequency portion but ~0.72 mPa for the
high frequency portion, which are ~2% and ~15% of PPPAR intrabins variations, respectively. The RMS of zonal
momentum ﬂux differences are 0.55 and 1.14 mPa in the low frequency and high frequency portions, respectively, around 16% and 41% of values before differencing. The RMS of meridional momentum ﬂux differences
are 0.81 and 1.00 mPa, reaching ~21% and 40% of ﬂux intrabin variations based on PPPAR solutions.
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Figure 13. Distributions of gravity wave packet number density as a function of intrinsic phase speed derived from (a)
1
PPPAR and (b) RTP solutions. Horizontal and vertical axes denote ĉx and ĉy in ms , respectively. Color scales denote the
number of wave packets.

Apparently, the improvements of PPPAR positioning beneﬁt the momentum ﬂux retrieval much more for the
high frequency GWs than the low frequency GWs. This is particularly signiﬁcant for the meridional momentum
ﬂux because the size of the differences (RMS 1.00 mPa) are about 5 times greater than the campaign averaged
momentum ﬂux (0.14 mPa) and ~40% of the intrabin variations. The meridional momentum ﬂux hot spots
appear to be associated with areas of strong topographic contrast at the coastline, which may also be affected
by katabatic ﬂow, and the differences between PPPAR and RTP in these locations can be as much as 5 mPa.
Intrinsic phase speeds are estimated for each of the wave packets and assigned to the center frequency of the
wave packet. The distributions of gravity wave packet number density as a function of zonal intrinsic phase
speed (ĉx) and meridional phase intrinsic phase speed (ĉy) are plotted in Figure 13. The distribution based on
the PPPAR solutions is more concentrated near zero phase speed than that based on the RTP solutions, indicating an overestimation of intrinsic phase speed from the RTP solutions. The distributions are quite symmetric around zero. In Figure 14, the distribution of the zonal momentum ﬂux as a function of (ĉx,ĉy) is
presented. There is considerable difference in the spread of the distribution of zonal momentum ﬂux
between the PPPAR and RTP solution results. The PPPAR results are more compact, indicating once again
possible overestimation of momentum ﬂux at greater phase speed in the RTP results and underestimation
of momentum ﬂux at lower phase speed. This was anticipated in an assessment of the method in Hertzog
et al. [2008]. The high negative values with westward propagation in the upper left quadrant Figure 14a

Figure 14. Distributions of zonal momentum ﬂuxes as a function of intrinsic phase speed derived components ĉx and ĉy
derived from (a) PPPAR and (b) RTP solutions. Negative momentum ﬂux (westward propagation) is shown in blue, while
the red scale denotes positive ﬂux (eastward propagation).
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are also found in Figure 14b. However, some hot spots near (ĉx = 30 ms1 and ĉy = 20 ms1) in Figure 14a do
not appear in Figure 14b where the PPPAR results have greater amplitude. In addition, Figure 14b shows high
values of momentum ﬂux associated with eastward propagation at phase speed greater than 40 ms1. The
feature is not found in the PPPAR results in Figure 14a.
Parameterizations of the GW drag in GCMs often use an exponential distribution of gravity wave sources with
a characteristic momentum ﬂux (Fm) and intrinsic phase speed (ĉp) [Hertzog et al., 2008; Alexander and
Dunkerton, 1999], for example,


^c x=y 




;
(10)
F ^c x=y ¼ F m sign ^c x=y exp 
^c p
where F(ĉx/y) denotes zonal or meridional momentum ﬂux. Fitting an exponential to the broader distribution
seen in Figure 14 for the RTP results would have higher characteristic phase speed than for the PPPAR results
and lower momentum ﬂux at low phase speeds. This conﬁrms the suggestion in Hertzog et al. [2008] that the
ﬂux was previously underestimated at low phase speeds. This affects the height in the middle atmosphere
where the parameterized GW momentum is deposited by wave breaking and thus affects the mean thermodynamic state of the middle atmosphere and global mean ﬂow in the GCMs.

6. Discussion and Conclusions
The 19 superpressure balloons launched in the Concordiasi ﬁeld campaign over Antarctica from September
2010 to January 2011 provide a unique means of measuring gravity wave characteristics as a function of
intrinsic frequency. The Antarctic polar vortex provides ideal conditions for balloons drifting in the lower stratosphere to provide good coverage over this region, with continuous sampling that makes it possible to evaluate the intermittency of GW activity as well as momentum ﬂux. The high sample rate of the GPS receivers
carried on the balloons enables us to study the entire gravity wave frequency range compared to previous
campaigns, and better positioning accuracy makes it possible to estimate the vertical displacement directly
rather than infer the effect of vertical displacement from the pressure measurements.
Two of the 19 balloons also carried high-accuracy dual-frequency GPS receivers initially designed for the purpose of GPS radio occultation research. Compared to the single-frequency GPS receiver on each balloon, the
high-accuracy receivers enable us to signiﬁcantly improve the estimated balloon position accuracy with the
PPPAR GPS postprocessing analysis method. Two high-accuracy receivers with constant distance between
the antennas were deployed on PSC18 in order to investigate the motion of the balloon platform and provided an independent method to evaluate the position precision estimated from the PPPAR method. The
PPPAR method derived positions with precision better than 0.1 m in the horizontal and 0.2 m in the vertical.
In order to evaluate the impact of the improved positions from the PPPAR method on the ﬁnal determination
of gravity wave momentum ﬂux and phase speed retrievals, the time series of 3-D positions, horizontal velocities and Eulerian pressure perturbations derived from high-accuracy receivers are compared with the
results from the single-frequency GPS receiver for the two balloons for the entire duration of the ﬂights.
Due to the inaccurate time tagging of the position data by the onboard clock (RTC) with ~1 s precision for
the single-frequency GPS receiver, the position differences between PPPAR solutions and real-time singlefrequency GPS (RTP) solutions turn out to be quite large. The standard deviation is ~3–10 m in the horizontal
and ~5 m in the vertical, depending on the velocity of the balloon. These position accuracies are several times
worse than the uncertainties assumed in simulations of the accuracy of gravity wave retrievals in Vincent and
Hertzog [2014]. The standard deviations of horizontal velocity differences for PPPAR and RTP are ~0.05 ms1
to ~0.1 ms1 for PSC18 (the slower balloon) and PSC19 (the faster balloon), and many spikes are found in the
differences which can reach near 0.4 ms1 due to discontinuities in the RTP time series at the RTC reset. The
standard deviation of the Eulerian pressure perturbation differences using the PPPAR versus the RTP vertical
positions is around 5–6 Pa during the ﬂights. New simulation tests and results from the higher accuracy
PPPAR solutions show that the improvement can provide more reliable estimates of ﬂuxes for low amplitude
wave packets than is otherwise possible.
Based on the position time series derived from the PPPAR method, one event from a balloon passage over
the Antarctic Peninsula is used to examine gravity waves properties associated with the topography through

ZHANG ET AL.

POSITION IMPROVEMENTS AND IMPACTS ON GWS

9994

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024596

time series and spectral analysis. Strong ﬂuctuations are found in all time series during the period when the
balloon passed over the peninsula. The estimated slopes of the spectra for gravity wave frequencies are
1.95 and 1.97 for zonal velocity and meridional velocity, respectively, and signiﬁcant departures of the
PSD from the power law spectra can be found in the frequencies corresponding to the mountain waves
induced by the topography in the Antarctic Peninsula.
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The density-weighted momentum ﬂuxes and intrinsic phase speed were retrieved from balloon measurements for the entire ﬂight durations and comparisons made between the results using the PPPAR position
solutions and RTP position solutions. Hot spots of momentum ﬂuxes are observed in the vicinity of the
Antarctic Peninsula, which shows the largest mean high frequency momentum ﬂux (~37 mPa) among all bins
and where instantaneous values as large as ~150 mPa (more than 30 times the mean value) have been
observed. Higher momentum ﬂuxes are also found along the coastline of Wilkes Land and Mac. Robertson
Land for both data sets, where the momentum ﬂuxes can be several times larger than the mean value and
are associated with the topographic wave sources, as also described in Jewtoukoff et al. [2015]. Signiﬁcant
momentum ﬂuxes are also found in the southern Atlantic Ocean, which are considerably stronger than areas
on the east Antarctic plateau, indicating that nonorographic gravity wave sources are also present. Mean
values of the density-weighted absolute, zonal, and meridional momentum ﬂuxes are, respectively, ~8.08,
3.09, and 0.54 mPa from the PPPAR solutions of the two balloon ﬂights. We point out that 8.08 mPa is
signiﬁcantly greater than the ~2.5 mPa average absolute momentum ﬂux estimated from the 2005 Vorcore
campaign [Hertzog et al., 2008], primarily due to including GWs with periods shorter than 1 h. The mean
differences between the PPPAR and RTP solutions were ~0.56, 0.76, and 0.07 mPa with RMS of 0.74,
1.36, and 1.28 mPa. We break up the analysis into the high and low frequencies bands. The RMS of absolute,
zonal, and meridional momentum ﬂux differences are ~0.72, 1.14, and 1.00 mPa (~15%, 41%, and 40% of
PPPAR-based ﬂux intrabin variations) for the high frequency portion and are ~0.09, 0.55, and 0.81 mPa
(~2%, 16%, and %21 of PPPAR-based ﬂux intrabin variations) for waves with intrinsic periods longer than
1 h (low frequency portion). Mean values of differences are 0.55, 0.58, and 0.09 at high frequency and
0.01, 0.19, and 0.03 at low frequency for absolute, zonal, and meridional momentum ﬂuxes, respectively.
Both the simulations and balloon observations show that the improvements due to PPPAR positioning
particularly beneﬁt momentum ﬂux retrievals for both small amplitude and high frequency gravity waves.
We point out that the most signiﬁcant impact of PPPAR is on the meridional ﬂux at high frequencies, where
the differences between PPPAR and RTP have an RMS of 1.00 mPa, which represents variations 5 times the
mean meridional ﬂux of 0.14 mPa and ~40% of intrabins variations of ~2.55 mPa. Since these high-frequency
GWs will be parameterized in GCMs, the climate model results can be signiﬁcantly improved due to more precise ﬂux estimates from PPPAR solutions.
Intrinsic phase speeds show signiﬁcant differences between PPPAR and RTP results due to the relatively large
vertical displacement differences. The PPPAR phase speed distributions have more momentum ﬂux at lower
phase speeds and less momentum ﬂux at higher phase speeds. Parameterizations of the GW drag in GCMs
that use, for example, an exponential distribution with a characteristic intrinsic phase speed [Hertzog et al.,
2008; Alexander and Dunkerton, 1999] will be affected. As theorized in Hertzog et al. [2008], these results conﬁrm that the ﬂux was previously underestimated at low phase speeds, which affects the height in the middle
atmosphere where the parameterized GW momentum is deposited by wave breaking and thus affecting the
global mean ﬂow in the GCMs.
Dual-frequency GPS receivers can record balloon positions with high accuracy. However, they also require a
larger storage capability and greater data transmission bandwidth and thus have greater cost than singlefrequency receivers. Based on the discussion here, we have quantiﬁed the improvement produced by better
GPS receivers and the absolute accuracy of the single-frequency GPS receivers, as well as the corresponding
impacts on important gravity wave parameters. This will provide valuable information for planning equipment in the future campaigns for the purpose of gravity wave research.
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