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Abstract. Superpressure balloons (SPB), which float on con-  Tracking the horizontal position of SPB using global po-
stant density (isopycnic) surfaces, provide a unique way ofsitioning satellite (GPS) techniques means that SPB are well
measuring the properties of atmospheric gravity waves (GW)suited to study horizontal motions in the atmosphere. Mea-
as a function of wave intrinsic frequency. Here we devisesurement of vertical air motions is, however, more difficult
a quasi-analytic method of investigating the SPB responsdecause of the small vertical displacements that SPB gener-
to GW motions. It is shown that the results agree well with ally undergo. A balloon displaced from its EDS experiences
more rigorous numerical simulations of balloon motions andbuoyancy forces that act to restore it, so it undergoes neutral
provide a better understanding of the response of SPB tduoyancy oscillations (NBO) around its EDS. Furthermore,
GW, especially at high frequencies. The methodology is apthe EDS itself will oscillate in the presence of gravity (buoy-
plied to ascertain the accuracy of GW studies using 12 mancy) waves (GW). By analysing the governing equation of
diameter SPB deployed in the 2010 Concordiasi campaigmmotion through numerical integratiofMassman(1978 ex-

in the Antarctic. In comparison with the situation in earlier plored the nature of both these factors, including the am-
campaigns, the vertical displacements of the SPB were meaplitude and phase response of an SPB to GW-induced sinu-
sured directly using GPS. It is shown using a large numbersoidal variations of the EDNastrom(1980 extended this

of Monte Carlo-type simulations with realistic instrumen- work by considering the simultaneous wave-induced varia-
tal noise that important wave parameters, such as momertions of density and vertical wind. He developed an ana-
tum flux, phase speed and wavelengths, can be retrieved witlytical relationship between the amplitude and phase of a
good accuracy from SPB observations for intrinsic wave pe-SPB in the presence of a sinusoidal gravity wadassman
riods greater than ca. 10 min. The noise floor for momentum(1981) demonstrated how SPB can be used to study grav-
flux is estimated to be ca. TdmPa. ity wave activity in the Southern Hemisphere upper tropo-
sphere and lower stratosphere. An advantage of using SPB to
study gravity waves is that, because the balloons drift with
the background wind, they measure the intrinsic frequency
(frequency relative to a moving reference frame). It is the in-

. trinsic frequency that appears naturally in the Navier—Stokes
Superpressure balloons (SPB) have been used in both th(?quations that determine important wave properties. In con-

troposphere and lower stratosphere since the early 1960ﬁast to either ground- or space-based sensors, SPB observa-

(Tgllv ERLE Tealm 197|7)' Th?_"ba(ljlloqr;]s u?e (élosed, inexften- tions have the ability both to fully characterize wave packets
sible, spherical envelopes filled with a fixed amount of gas.; .y 1, provide such information over wide geographic re-

After launch, balloons ascend until they reach a float level ions @Alexander et al.2010.

where atmospheric density matches the balloon density. Org The French Space Agency, CNES, developed and applied
this isopycnic or equilibrium density surface (EDS) a bal- 8.5m and 10m diameter SlsB and’ more recently, devel-
loon is free to float horizontally with the motion of the wind. oped 12 m diameter balloons that Cén carry payloads of up

sH;f?:r?a’ SPB behave as quasi-Lagrangian tracers in the atmeg 4 kg. These balloons are significantly larger than those

1 Introduction
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1044 R. A. Vincent and A. Hertzog: Superpressure balloon response to gravity waves

used in previous studies and have long flight times on the2 Theory
order of months. A mixture of 8 and 10m diameter SPB

were used to study motions and transport in the AntarcticFollowing Nastrom(1980, the governing equation of mo-
stratosphere during the Stratéole/Vorcore campaign in 200§0n in the vertical direction for a balloon floating in the at-
(Hertzog et al.2007). The long duration of SPB flights dur- mosphere is

ing Vorcore proved invaluable in studies of atmospheric grav- 5257 1

ity waves and the geographical variation of wave SOUrCes yru 1 nM,) §2h — —g (Mg — Ma) — =paCdAB

(Vincent et al, 2007 Boccara et a).2008 Hertzog et al. ot 2

2008 Walterscheid et al2019. In the subsequent Concor- <8§l§ w/> ‘34“;

/
/
w

ow
+ (Mg + nMy)

ot ’ @)

diasi campaign in 2010, held during the Antarctic late win- ot ot
ter and spring, 12m diameter SPB were used exclusively
(Rabier et al.2010. where the symbols are defined in Talle

A limitation of the Vorcore observations of gravity waves  Physically, the terms on the right hand side of EQ.dan
by SPB was the effective 15 min sampling interval imposedbe attributed to the three non-negligible forces acting on the
by the data transmission rate. The corresponding Nyquist peballoon. The first term is the buoyancy force, which acts
riod of about 30 min was Considerab|y |Onger than the ap-whenever the balloon is displaced vertically to restore it to
proximately 5min short period cutoff to the gravity wave its EDS. The second term is the drag force, which acts to
spectrum due to the Brunt—Vaisala frequency in the |owerf€SiSt the motion of the balloon. The third term comes from
stratosphere. In subsequent SPB campaigns this limitatio@ dynamic force supplied to the balloon by the surrounding
was overcome by the implementation of a new communi-atmosphere when it is in motion. Any other forces acting on
cations system which allows a time resolution of about 30 s the balloon, such as skin friction drag, aerodynamic lift and
Improved time resolution is particularly important for SPB small-scale turbulence are assumed to be small in compar-
studies in the tropics where convection is predicted to generison (Nastrom 1980. The left hand side of the equation is
ate waves over a wide range of scales and periods, but witthen the net force acting on the balloon.
wavelengths between 5 and 50 km and periods between 10 Assuming small vertical displacements and considering
and 60 min being especially prominemRigni et al, 2009  spherical SPBs, Eql) can be simplified to
Beres 2004 Lane and Moncrieff2008 Jewtoukoff et al. 5. ,
2013. Hence, SPB observations now cover the full range of 9% _ —2f + EgR _A (3% B w/>
the GW spectrum, a unique characteristic of this technique 972 B> T3 ot
(Preusse et gl2008 Alexander et a|.2010). Ay ,

This paper consists of two parts. In the first part we investi- ’W -
gate the response of SPB to gravity wave motions by extend-
ing the analysis oNastrom(1980 of the balloon equation whereR is a wave-induced relative density perturbation and
of motion. We introduce a quasi-analytic method for ana- A is a constant dependent on balloon paramefdastfom
lyzing the SPB response to an atmospheric wave. When att980. The neutral buoyancy oscillation (NBO) frequency
SPB responds to a gravity-wave-induced displacement of thevg is the frequency with which a constant-volume balloon
EDS the equation of motion is such that there is a phase shifwill oscillate around its EDS, and is given by
between the balloon and the EDS displacement. This phase
shift is a factor in the retrieval of important GW parameters, W2 = 2_8 (ﬂ + i) ©)
. R L. . . B =
including the intrinsic phase speed (i.e., the speed relative to 37\ 9z Ra

the background wind). Amplitudes and phases derived from . .
the simplified technique are compared with the numericalWlth temperaturd”, vertical temperature gradied’/3z and

calculations of the equation of motion of the SPB and it is atmospheric gas constaRj. A balloon of radius- and drag

shown that they agree well. There is a specific emphasis offO€fficientCq givesA as

the response of the newer 12 m SPB, although the results are

guite applicable to the smaller diameter balloons. In the secA = —. (4)

ond part of the paper, we test how well the improved instru-

mentation on the 12m SPB is able to detect GW motions The first two terms of Eq2) originate from the buoyancy
and retrieve wave parameters. For this aspect we carried odérm and the third and fourth terms come from the drag and
a large number of statistical realizations that covered the fulldynamic terms, respectively. This simplification assumes that
spectrum of GW frequencies. The computational efficiencythe balloon is always near to its EDS, so that~ Mg at all

of the analytic techniqgue means that it is very suitable fortimes. It is also assumed that the balloon is perfectly spheri-
this analysis. This second part extends the worBoécara  cal. See Nastrom (1980) for further details.

et al.(2008 who dealt with Vorcore observations, and in par-  If the EDS is disturbed by a GW of intrinsic frequengy
ticular only considered the case of hydrostatic waves. and vertical velocity amplitude,, so that the instantaneous

ow’

at

: )
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Table 1. Definition of terms used in the text. Table 2. Atmospheric and balloon parameters in the Antarctic lower
stratosphere.
Symbol  Definition
Mg Mass of balloon system Parameter  Value
Ma Mass of the air displaced by the balloon system T 200 K
n Added mass coefficient (1/2 for a sphere in a perfect fluid) — ) _1
¢/ Vertical displacement the balloon from its EDS d7T'/dz —160x10"°Km
b . ) 2 —4 2
oa Density of ambient atmosphere N 4x107"s
Cyg Drag coefficient w% 9.7x 107452
AB Cross-sectional area of balloon ? 0.105 kg nr3
w’ Vertical wind velocity. P 6000 Pa
Cq 0.5
r 6.0m
vertical velocity isw’ = w,e~'¥!, then the wave-induced A 0.0208 nrt

fractional density perturbation is given by the polarization
relation (e.g.Hines 1960 as

o N2 Figurela shows the result of numerically solving Eg) (
R= > = i ” w', (5)  using afourth order Runge—Kutta meth@iéss et al1992).

For this example the total duration of the time series was
wherep is the ambient densityy is the Brunt—Vaisala fre- 12.5h (i.e., 50 oscillations) and a time step of 1s (0.1 % of

quency, defined as the period) was used, although the results are not particularly
sensitive to the time step. Transients due to the initial condi-

N2_ & <§ 3_T> ©6) tions persisted for less than a cycle, so the results shown in

T \c, 0z Fig. 1a are the steady-state response. The red line represents

the vertical position of the balloon plotted against time. The

andc,, is specific heat capacity. blue line represents the balloon displacement derived using

High vertical resolution temperature soundings show thatgn analytic method described below.
on global and seasonal scalg$ ranges from~ 4 x 10~ to While the numerical solution is almost sinusoidal, it is no-

~ 8x10~*rad’ s~? at heights near 20 kn@(rise etal.2010. ticeable that higher frequency components are also present.
These values correspond to temperature gradients ranginghe power spectral analysis of the whole 12.5h period,
betweer~ 0 and~ 7 Kkm~1, with the largest values associ- shown in Fig.1b, illustrates the absence of even harmonics
ated with the region just above the tropical tropopause. Thisand the dominance of the first harmonic over the other odd
means that for realistic temperature gradieis,is always  harmonics. The third harmonic is approximately ten percent
greater thaV; a gradient greater than 40 K krhis required  jn magnitude of the first harmonic and the fifth harmonic less
for wg/N < 1. Hence, at lower stratosphere heights, neutrakhan five percent. Higher harmonics are less than one percent
buoyancy oscillations are always higher in frequency than theyf the first harmonic. This result supports the analysis of Nas-

highest frequency gravity waves. trom (1980) that shows that only odd harmonics are present
in the vertical displacement, with the first harmonic dominat-
3 Models ng.

The harmonic content shown in Figb is typical of the
response to short period waves. However, the amplitude of
the harmonics decreases as the wave period increases. At a

For a GW of given intrinsic frequency and amplitude, B). ( pgriod of 30 min for example, the third harmonic has an am-
can be solved numerically to derizg as a function of ime. ~ Plitude of less than 3% of the fundamental.

As an example, consider a case study where the balloon

parameters are typical of a 12m diameter SPB used dur3.2 Analytic model

ing the Concordiasi campaign. It is assumed that the atmo-

spheric conditions used are similar to those experienced ifThe dominance of the first harmonic in the balloon response
the Antarctic lower stratosphere in early spring. Tebigves shown in Fig.1b suggests that a linear relationship between
the basic atmospheric and balloon parameters. For the pui, and¢’ is a reasonable approximation to the balloon’s re-
poses of illustration, a gravity wave was used with a verti- sponse to a gravity wave. Hence we now consider the bal-
cal wind perturbation amplitude @, = 1ms ' and intrin-  loon and its environment as a quasi-linear system, treating
sic period? = 15min or angular frequency @b = 6.98 x the gravity wave as the input and the balloon response as the
10-3rad s'L. This produces a fractional density perturbation output signal of this system. Using linear system theory there
of 5.85x 1073, will exist a transfer function (complex frequency response)

3.1 Numerical model

www.atmos-meas-tech.net/7/1043/2014/ Atmos. Meas. Tech., 7, 104%5 2014
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60T T T T ] It should be noted that Eq9) is an approximation that

- 1 needs to be modified for large vertical wavelength GWs,
“Of B such as those that might be generated by deep convection
2 ;/\ /\ /\ /\ /\ /\ /\ h (Eckermann et 8l.1998. Eckermann et al(1998 show

r 1 Eqg. ©) is accurate to within a few percent in amplitude and

. - phase for vertical wavelengths less than 20 km and so we use

the approximation in the following analysis.
Substituting Eq.8) and Eq. 9) into Eq. @) and evaluating
the derivatives of; and¢’ gives

-20

Vertical Displacement (m)
o

-40 -

[ ] R 2 R R
60 1 1 1 —&%¢) = —we) + SN?¢ — A(—idg, +idt')
1.0 15 2.0 25 3.0 3

Time () |—idey +ide'|— o2 (10)

1.0000 E
; From Eq. ¥) and substituting fot, while retaining only the

first harmonic in the non-linear drag term leads to
0.1000 E

EN2— &2 — i AG%¢,Y

Z= :
T w2 —iAd3,Y

(11)

0.0100

Magnitude

whereY = |1- Z|.
A value for Z can be calculated iteratively using an ini-
tial value ofY = 1. |Z| converges to a fractional difference
00001 | . . . . of less than 10* within two or three iterations fob? <« N2
0 5 4 6 s 10 (i.e., periods greater than about 10 min) and within six steps
Normalized Frequency for @ ~ N. Hence, the SPB response to any gravity wave can
be obtained using Eq7), as illustrated in Figla where the
Fig. 1. (@) Vertical displacements of a 12m diameter superpressurey|e |ine is the analytic solution. It is evident that the ana-

balloon induced by a gravity wave with period 15min and vertical |yic solution slightly overestimates the numerical solution,
wind amplitude of 1 ms21. Results are plotted for the interval 1 but the difference is no more than a few meters
to 3 h after the simulation was turned on to avoid transient effects ’

nears = 0. The red curve shows the numerical simulation while the

blue curve shows results from the analytic meth@) .Normalized 4 Analysis

power spectrum of the numerically simulated SPB vertical displace-

ments computed from the whole 12.5 h duration of the time series. g ther insights into the response of large diameter SPB to

wave-induced motions are gained by considering both the

numerical and analytic approaches. Here we use the same
balloon parameters and atmospheric conditions as given in

% _ 7_ 1] ot @ Sect_.3 and derive the response as a function of a number of

o == gravity wave parameters.

Firstly, the value ofw, was varied over a range from 0.1
where|Z| and ¢ are, respectively, the absolute value and o 2.0ms! for the three different GW intrinsic periods of
phase of the transfer functiolZ); ¢; is the vertical varia-  ; — 15 30 and 60 min. Figur@ shows the amplitude ratio,
tion of the balloon around its EDS due to the gravity wave. |Z|, and phase computed using both the numerical and ana-
Here the phasep, is relative to the time of maximum wave |ytic methods. For all three periods the two methods give am-

0.0010

relating the output to the input. The function is of the form:

5

displacement. plitude ratios that do not differ by more than 5% and phases
Now consider a sinusoidal GW for which the complex am- that differ by no more than a few degrees.

plitude is ¢’ = ,e ™, whereg, is the wave vertical dis-  similar results are displayed in Fig. Here the amplitude

placement amplitude. The vertical wind and density pertur-and phase response derived from the numerical and analytic

bation in terms ot are, respectively, methods are plotted as a function of wave period for values
Y R - R of w, that were fixed at values 0.5, 1.0 and 1.5Th.sThe

W= = —i@g,e”' " = —iag’, (8) amplitude and phase start to vary markedly as the wave pe-

riod approaches the buoyancy period of about 5 min. Never-

theless, the relative amplitudes derived by the two methods
N? agree well. Similarly, the phases agree to within at leést 5

R= ?5 : (©) We note that the expression that relates the density to vertical

Atmos. Meas. Tech., 7, 1043L055 2014 www.atmos-meas-tech.net/7/1043/2014/
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Fig. 2. Comparison of the analytical solution (dashed) with the nu- Fig. 3. As in Fig. 2, but with the SPB response as a function of wave
merical solution (solid) for the response of a 12 m diameter SPB toperiod for waves with vertical velocity amplitudeswof equal to 0.5
gravity waves with different values of vertical velocity amplitude (black), 1.0 (red) and 1.5 174 (blue). The symbolsg andzy in-

and periods of 15min (blue), 30 min (red) and 60 min (black). The dicate the periods corresponding to the neutral buoyancy oscillation
top panel shows the balloon displacement normalized to wave dis{ws) and Brunt-Vaisalax) frequencies, respectively.
placement{//¢,) and the bottom panel the relative phage,

Manipulating Eq. {1) shows that

velocity perturbations, (E@), does not apply wher@ > N, (N2 — 03)AQE,Y

which is outside the internal gravity wave range. However, 18" = (2N2— AZ)( 2 52) + (Ad2 Y)z‘
we retain it for the purposes of illustration Bf For example, 3 @ )lep @ @
arbitrarily settingR = 0 when® > N gives almost identical Since 23N2 < w2, the numerator in Eq.1Q) is negative.

curves to those shown in Figwith discontinuities ab = N. The denominator is always positive, which means this

In all subsequent analysis and discussion we are concerne . :
s . N always negative and the balloon displacement lags the wave
only with internal waves in the rangé > @ > | f].

The analytic model also works for wave packets. Figlire displacement. These results show that a SPB starts to depart

. . . ubstantially from its EDS for wave periods less than about
shows the numerical and analytic solutions for a wave packe

: - . : Omin (i.e., foro = N/2).
of a wave with frequency and a Gaussian envelope defined L : L
as Two approximations give further insight into balloon be-

havior. First, in the low frequency limit whed? « N2

(13)

(3N2 — w3)AG%,Y
2 2
§N?0g

¢ = g0 "% codonn). (12)

tang — (14)

Here, the wave period is= 15 min and the “width” param- ) ] ) ) )
etert, = 7, so the packet has about five oscillations. Again, Which shows that the phase is proportionakikt, = dw,

the numerical response shows some influence of the odd haflll Other parameters remaining constant. Hence the phase
monics, as demonstrated in the lower panel of Bigbut departures.become grea}ter for larger wave amplitudes and
otherwise there is good agreement between both solutions. Shorter periods, as seen in F2j.

One benefit of the analytic approach is that it gives in- S€cond, whed ~ N, then
sight into the SPB response as a function of wave frequency. (2N2 — o2)
For example, whem? < N2 it is evident from Eq. {1)  tang ~ -3 B
that |Z| — 2N?/3w3 = |Z|eps. This limiting value, when
the balloon is on its EDS, has a numerical valu¢Aitps ~ so now the phase departure is greater for smaller amplitude
0.25 with the temperature gradient used here. Similarly, thewaves, as observed in Fig.
phase limit isp — 0. These are the limiting values evident  Equations {4) and (L5) also show that tagioc A o< r—1
in Figs. 2 and 3 and they correspond to the behavior of a when®? << N2 and tamp x A~1 o r when® ~ N. So at
perfect isopycnic balloon. The actual valueZdps will de- lower frequencies the phase shifts will be greater for smaller
pend on the ambient conditions, especially the temperaturéalloons for a given wave amplitude, while the opposite is
gradient as this determine% andN?. Zgps is always less  true when the wave frequency is néér Finally, without go-
than 0.5 using realistic gradients in the lower stratosphere, amg into details, it is straightforward to show that| o r for
discussed at the end of Se2t. o~ N.

—— 15
AG?Y (19

www.atmos-meas-tech.net/7/1043/2014/ Atmos. Meas. Tech., 7, 104%5 2014



1048 R. A. Vincent and A. Hertzog: Superpressure balloon response to gravity waves

60T " " " 1 Here we make use of the techniques described in Sect.

r 1 above to accurately model the SPB displacements and repeat
the Boccara et al(2008 simulations, but with the measure-
ment parameters and uncertainties appropriate to the Concor-
diasi campaign SPB observations. There were important dif-
ferences between the Vorcore and Concordiasi observations
which make the later measurements of wave fluxes more ac-
curate:

Vertical Displacement (m)

ot ‘ ‘ ‘ — Observations were made at 30 s intervals in Concor-
10 15 20 o5 20 diasi, but only at 15 min intervals in Vorcore. Hence,
Time (hr) in Concordiasi the full spectrum of GW motions from

- the between the Brunt-Vaisalé& & min) and inertial
(~ 13 h) periods could be studied, whereas in Vorcore
the measurements were restricted to periods greater
than 1 h Hertzog et al.2008.

— More sensitive GPS measurements were available on
the SPB during Concordiasi than in Vorcore, with
Table 3 summarizing the instrumental uncertainties.
Most importantly, it was possible to measure directly

s s the vertical displacement of the balloons with an accu-

0 2 4 6 8 10 racy improved by a factor of 10 compared to the pre-

Magnitude

Normalized Frequency vious campaign. Having direct measurements of ver-
Fig. 4. As in Fig. 1, but for the SPB response to a gravity wave tical dllsplacelment mgans th_at momentum fluxes can
packet defined by EqL0). be derived without using the indirect and less accurate
method used iBoccara et al(2008, as discussed be-
low.

The findings discussed above have ramifications for SPB _ _
measurements of gravity waves and the retrieval of impor5.1 Simulations

tant wave parameters, such as momentum flux. This issue is _ _
discussed further in the next section. To test our retrievals of gravity wave parameters a Iarge num-

ber of simulated SPB observations was made and then ana-
lyzed and the results compared with the original input param-
5 Simulations and retrieval of gravity wave parameters  eters. Each simulation produced a notional 10-day time series
. ] with a basic 30 s time sample period. The balloons were as-
Boccara et ak2008 described a methodology by which SPB. g meqd to drift eastward with a constant zonal wind speed
observations made during the Vorcore campaign could bgy 10m s at a latitude of 60S, so that, without any wave

analyzed to obtain gravity wave characteristics. To test th%erturbations, there was a steady change with time in the lon-
methodology, a series of Monte Carlo-type simulations Were€yitudinal position, but not in the latitudinal.

made that mimicked the SPB observations of GW-induced Time series were of the SPB observables: pressare (
perturbations in pressure and horizontal balloon displace—p/T), temperatureTJrT;), position in terms of longitude
ment. It was assumed that waves occurred in packets and g latitude ¥+x', ') and vertical balloon displacemeng)
wavelet analysis technique was used to detect the packets {jere then synthesized. Here, an overbar indicates the ambi-
space and time and so to estimate the wave parameters.  gnt value while the primed value indicates the wave-induced
In the Boccara et al(2008 simulations, waves were al- yeryrhation. It should be noted that the pressure and temper-
lowed to propagate in random directions in the horizontal, 3 re perturbations are a combination of the relevant wave
butit was assumed that all waves propagated energy and Msertrhation and of the pressure and temperature changes due

mentum upward. Using the associated errors in the measureg he vertical displacement of the balloon in the presence of
meteorological parameters and by repeating the S'mU|at'°”Background gradients

many times they were able to estimate the uncertainties and

biases in the retrieved GW parameters, such as momentum, , dp

flux. Briefly, it was found that, the horizontal direction of P7 =P * g % (16)
wave propagation was accurately retrieved but that momen- d7

tum fluxes were somewhat underestimated. Tr =T+ d—zé“;;- 17)

Atmos. Meas. Tech., 7, 1043L055 2014 www.atmos-meas-tech.net/7/1043/2014/
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Table 3. SPB measurement uncertainties. 6. Finally, the total pressure and temperature values were
computed from Egs. (16) and (17) and time series of

Parameter Symbol  Uncertainty all observables computed and saved for later analysis.
Zonal displacement ox 0.75m The above procedure was repeated 1000 times so that the re-
Meridional displacement oy 0.75m trievals of wave parameters could be tested over the complete
Vertical displacement o tsm spectrum of wave frequencies and propagation directions.
Zonal velocity oy 0.025m s
Meridional velocity ov 0.025ms?t 5.2 Retrievals
Pressure op 0.1Pa
Temperature or 0.3K The formulae used to retrieve the wave characteristics from

the balloon observations are based on thodgoaicara et al.

(2008. However, their work only dealt with hydrostatic
~ Wave packets for a general wave parameftemwere de-  \yayes and used only pressure measurements to infer the bal-
rived with the form loon vertical displacements. The two improvements achieved

_2 A during the recent Concordiasi campaign (i.e., higher sam-

Y= Re(ﬂe i gttt wt)) ’ (18) pling rate and better precision of GPS vertical positions) en-
able us to relax these constraints, and extend the previous
. ) , s , -+ formulae. In the following description of the wave character-
bation amplitude derived from the gravity wave polarization istics retrieval algorithm, we focus on its novel features and

r_elationshipsk, ! andm are the zonal, mgridional and ver- only briefly mention those that have not changed, for which
tical wavenumber, respectively. The basic methodology forBoccara et al(2008 should be consulted

each simulation is

where Re means the real paft;is the complex wave pertur-

As stated previously, the balloon observables are the 3-
1. First, choose» from a uniform random distribution in D position, pressurep(), and temperatureT(). At first, the

therangdf| <o < N. zonal and meridional velocities: (and v, respectively) are
computed by centered finite differences from the horizontal
positions. The densityp is obtained using the perfect gas
law:

2. Then choose the intrinsic phase spege@nd direction
of propagationf (counterclockwise from east), from
uniform random distributions in the ranges<@ <
100mst and 0<6 < 36C°. The zonal and merid- p = P
ional wavenumbers are then derived fréra: kn cos9 Ral
and! = knsing, wherekn, = @/¢. A flight-mean density §) and pressuref() are computed,

and the total pressure perturbation is obtained from the lat-

ter asp’. = p —p. Similarly, the perturbations in zonal and
meridional velocities’ andv’, respectively) are obtained as

\/NZ —02 1 departures from the flight mean values. The Eulerian pres-
Im| = 2 19)

(20)

3. The vertical wavenumber is derived from the disper-
sion equation

7 /2 ki — 52 sure perturbat_ion;(’) is then estimated from the total pres-
sure perturbation:

whereH is the density scale height. In contrasBioc- P = 21

cara et al(2008), the sign ofn is set randomly, so that P = P1 T P85 (21)

—|m| (+|m[) means a wave with an upward (down- which is the reciprocal of Eq16) assuming hydrostatic equi-
ward) group velocity. librium for the background atmosphere. Note here that the

4. The complex wave amplitudes are then computed. InP@lloon vertical displacement;) is simply the departure
from the flight-mean altitude. In particular, no assumption

order to make the simulations as realistic as possi-, _ ;
ble, the horizontal perturbation velocity aligned along is made at this stage about the balloon flying at constant den-

the direction of propagatiomil, was first derived at S'tx lex Morlet et t form T q
the appropriatés based on the mean horizontal wind complex Morlet wavelet transformTérrence an

. . : SR
spectrum derived from the actual SPB observations.c/O mp/o ll:?(?z :130\5\??): a;IF t“he:efouaal':i(t)lrzgeinsfr:gsse(:;i;)rib;efer
Other wave parameters, v', w', p', I" are then de- {:)Tt'hlé )c.om lex am Iit:Jdes of thqe wavelet coefficients, which
rived from the GW polarization relation$itts and P b '

Alexander 2003 2012 are d_er_10ted with a tilde over the perturbaf[i_ons (&)y.These _
coefficients correspond to the decomposition of the wave sig-
5. The vertical displacement of the SPB;, is then  nalsin smallA®— Az blocks in the intrinsic frequency—time
computed from the wave vertical displacemeyit= domain. The wavelet set of frequencies are chosen to match
iw'/w, using either of the methods discussed in the range of gravity-wave intrinsic frequencies (i.e., frigfh
Sect.3. to N).
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As in Boccara et al(2008, 6 is determined as the angle Note that, in agreement with the previous assumption on the
for which the modulus of the horizontal wind perturbation wave vertical direction of propagatiom, < O here. The ac-
projected on that direction is maximizedis thus found with  tual sign ofm is now determined as follows. First, expressing
a 180 ambiguity, which is resolved later on. pr as a function ofw with the help of Egs.Z2), (24) and

The intrinsic phase speed in the wave direction of propa-(25), one obtains
gation is readily inferred from the polarization relation (e.qg.,

. . NZ _ N2
Fritts and Alexander2012: Re(T %) = —7 ( m > < —® ) P2 (28)
w

m2+1/4H2
p=pcs_iy), (22)

The sign of Réw p}) is thus the opposite to that of. Be-
wheres_ =1— f2/&2. Hence¢ is estimated as causes, = H R for a perfect isopycnic balloon one obtains
with the help of Eq. %):

~

~ o~ . ga) o o~k
Re(wpy) = Re(—t HN? {pr> . (29)

1 Retpif)

, 23
T (23)

¢ =

~ . -

WTgict::l |L tde et%cgﬁa?eerﬁgmzlriﬁ;Ogtg(gixt/iﬂisume that theHence, the sign of: can be inferred from the balloon observ-

pute the ! ' . Mables. Ifim > 0,0 is rotated by 188 and the sign of R@* i)

balloon vertical displacement is that of a perfect ISOpyCNiC. " e rsed. This process fully resolves the initial‘ila&bi-

tracer. As previously discussed, this will be a source of error Uity in @ ' P y
when the balloon departs from this ideal behavior (i.e., whendWy 0. . .

The horizontal wavenumbek;, is then derived from

@ — N). Yet this assumption enables us to relate the bal- . . . . .
. . ; . Eg. (19), the gravity wave dispersion relation. Finally, the
loon vertical displacements to those of air parcels. In partic- . .
round-based angular frequenay)(is obtained from the

ular, the Lagrangian component of the pressure disturbanc% . o
dp ../ . ) oppler-shift equation:
(azih) can then be related to the Eulerian value:

W=+ uk,cosd + vk, sind. (30)
B (imr - (14— )5 (24)
dz G =\1m 2 NZ_o2 )P 5.3 Results

This equation is obtained in the same manner and is equivinstrumental and wave propagation factors always impose
alent to Eqg. (9) inBoccara et al(2009, but includes in  limits on the extraction of GW parameters from observations
the second bracket an additional term associated with non¢Alexander 1998 Alexander and BarngR007 Alexander
hydrostatic waves. Similarly, we use the full non-hydrostatic et al, 2010. In principle, there are no limits on the range of
polarization relation between the horizontal and vertical ve-GW frequencies or wavelengths that can be determined using
locity disturbances: SPBs of the type described here. However, there are likely
” 5 _ to be difficulties in determining momentum fluxes for short
P <w —f > m+i/2H (25)  Period waves where a balloon departs from its EDS. Further-
N2 — @2 kn more, the uncertainties that are inherent in the instruments

. . carried on the SPB will set a noise floor, below which fluxes
which, with the help of Eq.24), enables us to relate the wave cannot be reliably determined. Similarly, the wavelet analy-

momentum flux from the balloon observables: sis itself will start to breakdown when packet amplitudes fall
N2 below some critical value. The procedures described above

Im(ﬁTﬁﬁ) =—pH— Re(zlﬁd)), (26) allow the limitations of the SPB momentum flux measure-
w

ments and the uncertainties of other wave parameter to be

where Im(z) stands for the imaginary part of Equation 26) explored.

turns out to be the same equation as the hydrostatic version In order to test the various factors that influence the ac-
of Boccara et al(2008. We demand here that the momen- curacy of the SPB flux measurements, a series of prelimi-
tum flux be positive, which may require a sign switchigf ~ hary investigations were conducted. Outcomes of trials that
(i.e., a rotation of by 180). In other words, at this stage of do notcontain instrumental noise indicate the influence of the

the analysis all the wave packets are assumed to propagawavelet analysis technique and of the retrieval algorithm. Re-

upward in the atmosphere. peating the analysis of the same data set, but with noise now
The vertical wavenumber of the wave packets can be inincluded, then shows the effects of instrumental noise. Re-
ferred from a combination of Eq22) and @5): sults for one such comparison are illustrated in Big-Here
a wave packet of the form
N2 -2\ Reujw)
_ _=2a Il .
m=—pcé- < o ) P (27) uil = uaeffz/hz coqwt) (31)
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Fig. 5. (a) Values of momentum flux in mPa plotted as a function of wave packet amplityd&@he x symbols represent the input values,
the red+ indicate the retrieved values without instrumental noise and the blue triangles show the retrieved values with) neisienilar
to (a), but whereAc = ¢sjm — Cin- (€) is similar to(a), but whereAd = 0sjm — Oin.

was used. Other wave parameters were derived via the

GW polarization relations as the packet amplitudg, was 1 32
changed systematically from 0.001 to 10misin this ex- Re(ujjw) = ____‘3|m([;T,;H)
ample values of = 60 min,¢ = 40ms ! andd = 300° were pg 2N (33)
used, but the conclusions are quite general. —_ 1 Im(pri)
Figure 5a shows that/w’ is determined well for values 2¢1Zlgps %
of u, > 0.05ms for trials both with and without noise. In where|Z|eps was defined in Sect. So the systematic devi-

thg case of and of¢ the same situation appll.es for the no ations in retrieved flux at short periods mark the departure of
noise case, but the effects of instrumental noise become N%he balloon off its EDS

i < 1 Simi . N
]Eg;e:ctj)lfi;c(gtleruezoj” grgﬁg:esr_s .flﬂlggou;cglrgﬁst\;]verehbh The retrievals of phase speed and direction are also excel-
u wave p » Su wav gth, whi lent, especially in the non-noisy situations (Félp, c), but

|n.d|cate_s that all wave par_ameters can be successfully ret'hey show some systematic differences when wave frequen-
trieved if the velocity amplitudes are above a threshold of

N 1 o . . cies are neay and N, especially when instrumental noise
roowero\./iITeS; » althoughuw’ can be reliably determined to is included (Fig6e, f). Foro, wheno ~ f the wind pertur-

In the results discussed below 1000 simulations were Sed(t;ation hodograph is almost circular, which makes the precise
o u IScUSSec W imuations were u etermination of direction of propagation more difficult. This
Deriving and then retrieving data from this number of simu-

. ; o . . accounts for the small spread in valuesdofiear f. While
lations is quite time consuming, so the analytic method wa

%he changes i are small (no more than a few degrees), the
used to determing, since the results are similar to the more g ( grees).

. . ; : . variations in¢ are proportionately larger at both ends of the
time-consuming numerical technique. Figufeand7 show y brop y arg

. ..._spectrum. Figur@ shows that similar systematic deviations
plots of retrievals of GW parameters from datasets thatelthefr%m input vglues are evident at shor)t/ and long periods in

include instrumental noise (lower panels) or no noise (upper

ls). Result | ded i d and blue denot other important wave parameters.
pane s). Results color code In red and blue denote Waves thare are a number of reasons why the retrieved values
with m < 0 andm > 0, respectively.

Simulations of momentum flux show ver d compar may show a bias at both short and inertial periods. Firstly,
diations of momentum HUX Show Very good Compar v, etrieya analysis assumes that the SBP is moving on an

|son? b?r:W eer;othzeolnput;ng oztpﬁhvall;res tat ?I.I pte”Od%sopycnic surface, but the SPB departs significantly from its
greater than- 10-20min (Fig.6a, d). The effects of instru- g a4 gyo1y periods, as illustrated in F&yIn particular, it
mental noise are minimal. However, it is clear that there are

systematic differences between the input and retrieved values, the phase variations i that vary most rapidly with fre-
i : . uency forN > @ > N /2, and produce the systematic bias.
at short periods. To understand why, consider E6), (vhich a y >wo>N/ p Y

: A second, more subtle, effect is caused by the use of wave
can be expressed using Eq. (15) fréuccara et al(2008, packets in the simulations. Packets described by Bij. (

as have a width in frequency space ofw ~ ®. When either
o 1 (g/R+09T/dz) o @~ N or @~ | f| the wave packets will project onto some
Rei|w) = —imm(muﬁ)v (32)  wavelet coefficients associated with frequencies greater than
§/¢p ¢ N orless thanf|. Furthermore, in this situation factors such
which in turn can be expressed as aS(N2—é)2), (@2_]‘2) OrS,, which appear in almost all ex-

pressions used to retrieve the wave parameters, reverse sign
thereby accentuating the effect. Nevertheless, these “non-
gravity wave” coefficients are retained in the retrieval process
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Fig. 6. Difference between computed and input values of momentum,ﬂ,u;((ugim—pgu’w{n) as a function of intrinsic period fdr) with-

out instrumental noise ar(d) with noise. Panelé) and(e) are similar ta(a) and(d) where the only difference is between the computed and
input intrinsic phase speeda{ = ¢sjm— ¢in). Panelgc) and(f) are similar to(a) and(d) where the only difference is between computed and
input values of direction of propagationn@ = 6sim — 6in)- In all panels, red (blue) values correspond to waves propagating energy upward
(downward).

provided that the central frequency of the wave packet is lo-and wave propagation direction are also the two parameters
cated betweew and| f|. If they are discarded then a signif- that do not contain frequency dependent terms sudf as

icant fraction of the wave momentum flux is lost. which explains the retrieval of these parameters over a wider
Another factor in the degradation of performance n¥ar frequency range.
is the effect of instrumental noise (e.g., Fég) acting in con- Table4 summarizes the statistics of the retrievals of im-

cert with the change in wave amplitude with frequency in the portant wave parameters. Except for the intrinsic and ground-
simulations. As noted in item 4 in Se&.1above, the start- based period ratios, the results for the whole wave spectrum
ing value ofu; was derived from the observed spectrum of and the more restricted frequency radg& 2> » = 1.5f are
horizontal kinetic energy, which scales-ag»~2. Hencey;, included. For the reasons discussed above, it is the latter fre-
is smaller at higher frequencies for shorter periods. Furthergquency range that provides the more realistic results. For the
more, the KE spectrum itself was derived from the averagewave periods the median values of the retrieved to input val-
over all flights, which means that wave amplitudes for spe-ues are included as well as the mean values. For the intrinsic
cific wave packets at a given frequency are probably underperiod the median and means are identical and show that the
estimated, and are therefore more likely to be noisier tharrecovered values slightly underestimate the true values. The
they would be in practice. A simple test in which the wave mean values of the ground-based periods are biased by some
amplitudes input into the retrieval process were increased byutliers, and the median values give a more accurate indic-
a factor of 3 confirmed the latter hypothesis. It showed thattion of the accuracy of the retrieved values. Overall, the wave
the random variations at short periods evident in, say,6eéig. parameters are well recovered.
had almost disappeared. All the results just discussed have been obtained with time
Finally, it is stressed that the important momentum flux series containing a single gravity-wave packet. In the atmo-
parameter is the one least influenced by noise. This supportsphere, however, multiple sources acting at different times
the simulations shown in Fida, where values of’w’ are may simultaneously produce a number of wave packets in
recovered well down to small values ©f. Momentum flux  the volume sampled by SPBoccara et al(2008 studied
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Fig. 7. As in Fig. 6, but for (a) and (d) the ratio of simulated to input horizontal wavelengtirsim/(An)in)- (b) and (e) for vertical
wavelength ratio@.;)sim/(A7)in)- (¢) and(f) difference between simulated and input ground-based horizontal phase spgge-(cgin)-

Table 4. Mean values of simulated parameters and their standard deviations Adersd, A(p,u’w’) andAcg are the differences between
the respective simulated and input values. The other quantities are the ratios of the simulated to input valuestid denotes the ratio

of the retrieved intrinsic wave period to the input value andzheatio is the ratio of the retrieved to input ground-based period. Figures in
brackets are median values. The statistics are provided for the full GW frequency NMrgé & f), unless otherwise stated, and both up
and down going waves are included in the averages.

Without noise With noise
Parameter mean SD mean SD
Aé(ms1 -36 11.1 -3.7 12.2
Aé(Mms (N2> & > 15f) —0.22 0.35 0.01 2.1
A6 (deg) -0.73 13.8 -28 22.4
A6 (deg) V/2 > & > 1.5f) 0.00 0.2 —-0.82 12.1
Apoufw') (MPa) 6x 104 5x1073 2x107% 7x10°3
A(poujjw') (MPa) (V/2> &> 15f)  —5x 107° 1x1073 —1x10% 4x10°3
Acg(ms) -38 11.3 —4.0 12.2
Acg(ms™hy (N/2> &> 15f) —-0.43 15 -0.12 2.5
An, ratio 2.2 40 1.1 3.6
Apratio V/2> & > 1.5f) 0.97 0.11 1.1 2.0
A ratio 2.8 45 3.3 96
A ratio (N/2 > & > 1.5f) 1.05 0.12 1.07 12.3
% ratio 0.93(0.93) 0.04 0.93(0.93) 0.09
Tg ratio 1.48 (0.93) 15 1.44(0.93) 10
% of momentum flux in right direction 98 97
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how the superposition of wave packets could change the petMomentum fluxes can be accurately measured down to val-
formance of their retrieval algorithm. They noted first that ues of about 10* mPa (Fig.5a). As newer instruments are
the wavelet analysis used to retrieve wave parameters is welhstalled, including more accurate GPS measurements of dis-
suited to separate wave packets that occur at the same tingacement, reductions in this noise floor are possible. Other
provided their respective central frequencies are sufficientlywave parameters such as intrinsic phase speed and horizontal
distinct. However, when superposition in the time—frequencyand vertical wavelengths are also recovered with good accu-
space does occuBoccara et al(2008 noted a slight degra- racy, although the optimum frequency rangeNig2 > o 2>
dation of their retrieval, for example, gravity-wave momen- 1.5 due to factors that complicate the retrieval process when
tum fluxes could be underestimated ®y20 % when 10-day & ~ f.

time series include 10 randomly chosen wave packets. Still, An important outcome is that the retrieval process is inde-
it is difficult to know precisely how many wave packets do pendent of the vertical direction of wave propagation propa-
occur within any given time interval in the real atmosphere. gation. This means that it will be possible to derive the net
The number will vary due to many factors, including the dis- momentum flux when the analysis is applied to real data,
tance from the source(s) and the dispersive characteristics a&fuch as that acquired during the 2010 Concordiasi campaign.
gravity waves contributing to separate wave packets accord-

ing to their frequency (e.gRrusa et a).1996. Therefore, the

multiple wave-packet experiments were not repeated, and wécknowledgementsRAV gratefully acknowledges support from
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