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Abstract

The number of gravity wave (GW) activity climatologies in the stratosphere started to increase more than 10 years ago since the
appearance of large amounts of limb and nadir satellite sounders data. There have been very few discussions regarding the adequate
statistical description of GW activity in terms of a distribution function and its parameters. We put forward the question whether a gen-
eral statistical functional representation adaptable to the characteristics of GW activity in diverse geographic regions and seasons exists.
Here we approach this issue for two different types of limb sounders and in particular we try to find out which parameters may represent
at best the climatological features. We study results for a region close to the Patagonian Andes and their prolongation in the Antarctic
Peninsula, which is well-known for the generation by topography of intense stratospheric GW, specially during winter and spring. Global
Positioning System (GPS) radio occultation (RO) records presently provide over 2000 profiles per day. We used 5 years of COSMIC
(Constellation Observing System for Meteorology, Ionosphere and Climate) mission GPS RO data, which supplied almost 150,000
retrievals for our study. Three different distribution functions have been approached to describe the GW activity climatologies: gaussian,
log-normal and gamma. The latter function has not been used in previous work. It has been shown here that it is a competitive option to
the log-normal distribution. In addition, its use allows not only to quantify the GW activity level of each climatology in the stratosphere,
but also to find out the number of significant modes that essentially determine it. Alternative parameters to the mean like the median may
be used to characterize the climatologies. The use of the median may exhibit advantages in cases where the presence of spurious large GW
activity measurements are suspected in GPS RO data. The mean is equally suitable to establish GW activity comparisons. As a priori we
may not know if the above mentioned artifacts are present, in general it may be more appropriate to use the median. We perform a sim-
ilar general study for data from the SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) limb instrument, as it
is presently also used to obtain global GW climatologies in the stratosphere. Although the observational window and data processing
features are not identical for both instruments, the results exhibit many similarities.
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1. Introduction

About 20 years ago it was possible to approach gravity
wave (GW) activity climatologies for a limited amount of
soundings in restricted areas and times (e.g., Allen and
Vincent, 1995). Recent advances in satellite remote sensing
technology have begun to provide valuable information on
GW, so global and regional studies in the stratosphere have
spread. Satellite data acquired using limb and nadir tech-
niques have demonstrated great potential for studying
GW sources and their propagation (e.g., Wu et al., 2006),
but not all instruments can optimally contribute to the con-
struction of GW climatologies. Some of them have no reli-
able records for several years or they provide a fair number
of profiles per day or they exhibit a poor coverage over
some geographical areas.

The Global Positioning System (GPS) radio occultation
(RO) technique is able to provide huge amounts of retrie-
vals (e.g., Baumgaertner and McDonald, 2007; Alexander
et al., 2010b). A GPS RO occurs whenever a transmitting
satellite from the global navigation network at an altitude
about 20,000 km rises or sets from the standpoint of a low
Earth orbit (LEO) receiving satellite at a height of about
800 km and the signal traverses the atmospheric limb.
The Doppler frequency alteration produced through the
refraction of the ray by the Earth’s atmosphere in the tra-
jectory between the transmitter and the receiver is detected
and then may be converted through a sequence of estab-
lished procedures into profiles of diverse variables in the
neutral atmosphere and ionosphere (see e.g., Kursinski
et al., 1997). The technique has a typical measurement time
in the neutral atmosphere of 1 min (as compared to the
much longer dynamical processes), it has global coverage,
all-weather and all-time capability, no recurrent need of
instrumental drift or bias corrections (observations are
stable in the long-term due to permanent self-calibration)
and it exhibits a vertical resolution of about 1 km in the
stratosphere (see e.g., Kursinski et al., 1997; Kursinski
et al., 2000; Marquardt and Healy, 2005).

In April 2006, the Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC)
launched six LEO satellites. The aim of the mission was
to produce up to 2500 GPS RO daily with global distribu-
tion. It is still obtaining real time and post-processed verti-
cal profiles of temperature, pressure, refractivity, and water
vapor in the neutral atmosphere and electron density in the
ionosphere. It has generated an extensive amount of data
to support operational global weather prediction and cli-
mate change monitoring, and also to improve the study
of neutral atmosphere and ionospheric phenomena, space
weather, and possible relations between meteorological or
ionospheric processes with solar activity (e.g., Liou et al.,
2007). The number of the daily retrievals is presently
exhibiting a declining trend, as the expected lifetime has
already been outranged. This study uses post-processed
data (product version 2010.2640) from the COSMIC
mission provided by CDAAC (COSMIC Data Analysis
and Archive Center). We use the atmospheric vertical pro-
files of temperature to construct the GW activity climatolo-
gies as explained in the following section.

We perform a similar general study also for data from
the SABER (Sounding of the Atmosphere using
Broadband Emission Radiometry) instrument, as it is also
used to obtain global GW climatologies in the strato-
sphere. The SABER instrument (e.g., Mlynczak, 1997) is
an infrared emission limb sounder covering the upper tro-
posphere, stratosphere, mesosphere and lower thermo-
sphere and is on board of the Thermosphere Ionosphere
Mesosphere Energetics and Dynamics (TIMED) satellite.
Here we use temperatures from version 2.0 retrievals.
SABER and GPS RO share a similar observational sensi-
tivity regarding the horizontal and vertical resolutions,
but the latter technique has a slightly better performance
(e.g., Sivakumar et al., 2011; Wright et al., 2011).

GW activity is usually quantified in each individual
event by calculating the mean potential energy per unit
mass Ep or nearly equivalently the mean temperature per-
turbation amplitudes or variances. The momentum flux
may be also calculated in the presence of a sufficiently high
density of retrievals (e.g., Wang and Alexander, 2010;
Faber et al., 2013). In general, when characterizing clima-
tologies through Ep, the most significant statistical param-
eter usually seems to be the arithmetic mean (e.g., von
Storch and Zwiers, 2003). Its wide use is probably related
to the fact that it is easy to calculate and due to the law
of large numbers we know its functional distribution and
dispersion. An implicit assumption which in some pro-
cesses may not be applicable is that the observations exhi-
bit distribution symmetry. In addition, the mean may not
be an adequate representation of the typical state, as for
example in a scenario described by a distribution with
two far away Gaussian peaks. Moreover, in the analysis
of phenomena that exhibit similarities to the normal distri-
bution but clearly are not, alternative parameters to the
mean and its range of variability may be considered.

Distributions based on symmetry may have more appeal
than skewed ones. The normal shape is often assumed to
describe the distribution of the occurrence of diverse pro-
cesses. The curve can easily be described by two values:
the mean and the standard deviation. However, many cases
show skewed distributions, which sometimes emerge when
the observed variable cannot be negative (e.g. energy). In
some cases the variability around the mean may be clearly
asymmetrical, for example subtracting one standard devia-
tion from the mean produces a negative value (see below).
Such skewed curves sometimes fit the log-normal shape.
Log-normal distributions are usually characterized in terms
of the log-transformed variable (Johnson et al., 1994).
Specifically, a random variable X is said to be
log-normally distributed if log(X) is normally distributed.
The distribution is skewed to the left. Two parameters
are needed to specify it: the mean m and the standard
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deviation s of log(X). The median of X is em. A distinct
aspect of the log-normal distribution as compared to the
normal counterpart is that uncertainties could be expressed
in an asymmetrical way and a remarkable feature of the
median is that it is much less affected by outliers than the
mean.

Preusse et al. (2000) compared the results from four dif-
ferent satellite instruments at a very early stage of global
GW climatologies. Wu et al. (2006) made a very compre-
hensive review of limb and nadir sounders used to observe
the GW. They recalled the instruments sensitivity limits in
terms of vertical and horizontal wavelengths. McDonald
and Hertzog (2008) mentioned previous work showing that
the observational filter of each technique determines the
portion of the full spectrum of GW that it may observe
and they recalled in particular the effect in GPS RO obser-
vations. Preusse et al. (2008) showed in the horizontal and
vertical wavelengths plane the sensitivity ranges covered by
the diverse limb and nadir instruments, whereas Alexander
et al. (2010a) also included the visibility limits in frequency.
GPS RO has typically the best visibility when GW have
wavelengths between a few and several km in the vertical
direction, a few and several 100 km in the horizontal direc-
tion and periods above one hour. Hertzog et al. (2012) used
various data sets to study the intermittency of GW in the
lower stratosphere above Antarctica and the surrounding
area. The obtained GW momentum flux distribution func-
tions consistently showed long tails related with the occur-
rence of sporadic and large-amplitude cases. The tails were
longest above mountains. It was found that these sporadic
events represented the main contribution to the total
momentum flux during winter, but its relevance signifi-
cantly decreased in late spring and summer. It was also
shown that, except above mountainous areas in winter,
the momentum-flux distribution functions tended to look
log-normal. Previously, Baumgaertner and McDonald
(2007) used the log-normal distribution function to fit
GW potential energy spectra above Antarctica. The
log-normal distribution has appeared several other times
when modeling observations of diverse quantities associ-
ated to GW (e.g., Nastrom and Gage, 1985; Plougonven
et al., 2013).

Some problems appear in the analysis of skewed pro-
cesses. On one hand, skewed distributions produce large
values that may appear to be outliers. Such observations
could be eliminated and the analysis would then be per-
formed without them, thereby making the observations
to look more symmetrical, but at the expense of introduc-
ing unknown bias. On the other hand, skewed data are
often grouped together and averaged, whereby the mean
is normally distributed (law of large numbers) and used
for further analyzes. By following this way, important fea-
tures of the data may remain hidden. This is one aspect we
will explore below regarding GW climatologies. Alexander
et al. (2009) used medians instead of the mean to avoid
skewing COSMIC GW temperature variances by a few
very large values. We are not aware of any specific study
assessing the pertinence of the mean to describe Ep accord-
ing to its distribution. We would like to take this challenge
and analyze the observed distributions of Ep and thereafter
consider if alternative parameters should be used to
describe it. We should stress that there are for the moment
no specific explanations of the observed skewed Ep distri-
bution shape in terms of basic physical concepts or of the
observational window or errors of the sounding technique.
We therefore search below from basic physical and statisti-
cal principles for a distribution model that suits these
expectations. In addition, the new distribution function will
lead to two statistical parameters, that may be interpreted
in terms of elementary GW activity characteristics.

In general, the median as an estimator has the significant
advantages that (i) it is more robust in the presence of out-
liers and (ii) it better characterizes skewed distributions
than the mean. Regarding (i) it makes this estimator less
sensible to large Ep fictitious cases due to GPS RO profile
initialization problems (see e.g., Ao et al., 2006), which usu-
ally show up as several Kelvin temperature oscillations
above about 25 km height and typically correspond in
our work to events about Ep > 4 J/kg. In reference to (ii)
the median may be understood as percentile 50, regardless
of the distribution function (normal, log-normal or any
other possible choice). On the contrary, the interpretation
of the mean is dependent on the distribution function, for
example in bimodal distributions its meaning is not
straightforward.

Section 2 describes the GPS RO and SABER data and
their transformation into GW activity climatologies. In
Section 3 we evaluate the adequateness of the normal
and log-normal distribution functions and the mean and
the median to describe GW activity with GPS RO data
and the possible impact in these results of potential outliers
due to sporadic retrieval artifacts. We also argue in favor
of a new model to represent the Ep distribution function.
In Section 4 we repeat calculations for SABER data.
Conclusions are drawn in Section 5.
2. Data and analysis method

A vast range of satellite, balloon and numerical model-
ing studies have shown that there is a zone in the Southern
Hemisphere, close to the Patagonian Andes and their pro-
longation in the Antarctic Peninsula, that exhibits a strong
GW activity in the lower stratosphere in winter and spring
(see e.g., Baumgaertner and McDonald, 2007; Alexander
et al., 2010b; Sato et al., 2012; Plougonven et al., 2013;
Jiang et al., 2013), mainly due to topography (see e.g.,
Alexander and Teitelbaum, 2011). We take advantage of
this characteristic to perform our study in the area 90–
30W and 30–90S. The region was divided in 12 zones to
study any geographical variations: 10� latitudinal bands
to the West and to the East of the rough longitude of the
highest topography. In Fig. 1 we show the studied region
and the bands.



Fig. 1. The studied region divided in 10� latitude bands to the West and
East of 70W at 60–30S (50–30W excluded) and of 60W at 90–60S.
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We used COSMIC GPS RO temperature profiles
between day 200 of year 2006 and day 200 of year 2011.
The 5 years supplied 149,715 retrievals. In the region stud-
ied here Alexander et al. (2009) found that about 41% of
COSMIC RO have a LOS within 30� of the North–South
direction, which is a value somewhat lower to the 52%
for the CHAMP (Challenging Minisatellite Payload)
LEO satellite. This preferential meridional alignment of
the LOS is advantageous regarding the detection of GW
originated by the topography in this region, as it is
expected that this fact will favor the observation of the
searched signatures (see e.g., Baumgaertner and
McDonald, 2007).

The mean potential energy per unit mass Ep was here
calculated through the average relative temperature T vari-
ance between altitudes z1 and z2 in each profile (Wilson
et al., 1991)

Ep ¼
1

z2 � z1

Z z2

z1

1

2

g
N

� �2 T 0

T b

� �2

dz ð1Þ

where g is the gravitational acceleration and N represents
the Brunt-Väisälä frequency, which may be derived from
each background temperature profile (T b). Notice that Ep

is a positive quantity. The ratio of perturbation and back-
ground temperatures T 0=T b was obtained as follows in each
case. The T profiles were low pass filtered, with a cutoff at
15 km, obtaining T b. The filter applied is nonrecursive and
a Kaiser window was used (e.g., Hamming, 1998). The fil-
ter was applied again to the difference T � T b, now with a
cutoff at 2 km, giving T 0 profiles, which isolate wavelengths
between 2 and 15 km. GW in this region typically belong to
this range (e.g., de la Torre and Alexander, 2005;
Alexander et al., 2008b), whereby smaller wavelengths can-
not be detected due to noise and processing of the original
raw GPS RO data (e.g., Marquardt and Healy, 2005). The
z1 to z2 vertical column for the integral was 15–33 km (i.e.
lower stratosphere in this region). Although this procedure
does not actively remove planetary waves, it has been used
in some works as the effects due to GW are generally much
larger than those due to planetary waves (McDonald et al.,
2010; Alexander et al., 2011). We applied the lapse rate def-
inition of the World Meteorological Organization to iden-
tify the tropopause height in each retrieval. Profiles with
the tropopause above 15 km were discarded. Although tro-
pospheric data are available, it is standard use to study
only the stratosphere because a problem arises around
the tropopause, as the sharp change in temperature gradi-
ent sign leads to an artificial enhancement in wave activity
when using digital filters to isolate the components (e.g., de
la Torre et al., 2010). In addition, the much lower amounts
of water vapor in the stratosphere imply a much better
quality for the temperature retrievals than in the tropo-
sphere. The vertical resolution of the temperature profiles
typically ranges between 0.5 and 1.4 km from the tropo-
sphere to the stratosphere (see e.g., Kursinski et al., 1997).

We then repeated similar calculations with SABER tem-
perature profiles for the same time period. We obtained for
each profile the Ep value between 20 km and 42 km height
using the same band-pass filter but with cutoffs at 2 and
20 km. GPS RO profiles were limited to a maximum of
33 km height due to the their low reliability at higher alti-
tudes (Luna et al., 2013). The larger height interval allows
for SABER profiles the possible inclusion in the analysis of
longer vertical wavelengths. This fact and the higher top
altitude of the analyzed SABER retrievals (it allows a fur-
ther growth of wave amplitude with height) lead to an
expectation of larger Ep for data obtained from this instru-
ment, and therefore also the corresponding medians and
means.
3. Results with GPS RO data

In Fig. 2 we show the number of GPS RO soundings per
band and month. Variations against band are more
remarkable than per month, where the former are related
to the combined effect of growing band surfaces towards
lower latitudes and the preferential occurrence of GPS
RO at middle latitudes due to the orbital characteristics
of the COSMIC satellites. There are no order of magnitude
variations over time per zones. Then, we may infer that
there were no significant drop-offs in the number of GPS
RO due to malfunction over the period studied, so no
biases should be expected in certain months or seasons
due to this potential problem.

In Fig. 3 we show the corresponding Ep means and
medians. The maximum levels of activity are found during
austral winter and spring. The effect is most visible at the
highest latitudes for both quantities. In the latitudes 40–
60S there are local minima about June due to the appear-
ance of an April surge. Notice that the highest latitudes
exhibit the lowest values during summer and autumn.
The median values are always lower than the mean values
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Fig. 2. Amount of GPS RO per band against month number (1 is January and so on) between day 200 of year 2006 and day 200 of year 2011.
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Fig. 3. Mean and median Ep for GPS RO data and their error bars per zones against month number.
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(the distribution functions are always skewed to the left),
but they both follow the same trends. In addition for both
parameters, values to the East are nearly systematically lar-
ger than to the West, which confirms the significant role of
topography for GW generation in the studied region.

As mentioned above, there is a significant increase of
activity around April between latitudes 40–60S in Fig. 3.
A consistent April enhancement in Ep was also seen in this
region using radiosondes by Moffat-Griffin et al. (2013). A
possible explanation for this surge may be the presence of
an additional source of GW besides topography, which is
flow imbalance adjustment (Uccellini and Koch, 1987;
Fritts and Alexander, 2003; Sato et al., 2012). Possible gen-
eration of GW by jet streams was extensively studied exper-
imentally and theoretically by Gavrilov and Fukao
(1999a,b, 2001). Jet streams may generate downward and
upward propagating modes, whereby inertia-GW are the
typical byproduct of flow imbalance adjustments and they
belong to the optimal observational range of RO
(Alexander et al., 2008a). With GPS RO data de la Torre
et al. (2006) detected inertia-GW at jet levels above the
Southern Hemisphere mid-latitude Andes mountains,
which were generated by flow imbalance adjustment while
the atmosphere was trying to restore equilibrium. The
effect waned with increasing horizontal distance to the
mountains. In Fig. 4 we show NCEP (National Center
for Environmental Prediction) reanalysis zonal wind
Mont
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ied region about early autumn the subtropical jet stream
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One of the possible alternatives to present GW activity
climatologies is through an average of Ep taken over a
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some cases along various years), as shown e.g. by
Baumgaertner and McDonald (2007) and John and
Kumar (2012). A normal distribution representation of
Ep would be expected to be centered at some positive value
(as defined above it must be positive). In several cases in
our work the standard deviation of Ep in a given zone
and month exceeded the mean value and the distribution
function exhibited clear skewness. These aspects may be
visualized in the histogram example in Fig. 5 for October
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log-normal distribution seems then to be a more adequate
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distribution function. This kind of test is used to compare a
given sample against a reference probability density distri-
bution function, whereby the significance level (we chose
5%) will lead in each case to rejection or insufficient evi-
dence for rejection (which is not the same as acceptance)
of the null hypothesis (the sample resembles the reference
distribution). We performed the tests for the 12 zones
and the 12 months (144 samples).

Before doing the tests we explore if another distribution
function might be appropriate, trying to give a physical
interpretation to the observed skewed statistical distribu-
tion of Ep. The relative temperature perturbation ampli-
tudes of the modes are all positive, many of them
probably having small values, whereas it is physically
expected that they tend to disappear for very large values
as energy cannot tend to infinite. We might model this gen-
eral behavior by a half-normal distribution. We notice that
we could observe positive or negative perturbations at dif-
ferent measurement points, but we are now focusing on the
amplitude of every mode, which is the governing factor in
the calculation of the potential energy in a given zone. The
measured fluctuations are the sum of the positive and neg-
ative perturbation values of the modes at every observa-
tional point. As defined in Eq. (1) and when using any
technique to decompose the perturbations into orthogonal
modes, Ep should be considered proportional to the sum of
the square of the corresponding amplitudes. We may
perform our calculation over an integer number of sinu-
soidal cycles if we assume a statistical compensation
between excess and defect contributions of modes in a real
ensemble, so

Ep ¼
1

2

g
N

� �2
P

iX
2
i

2
ð2Þ

where X i are the relative temperature perturbation ampli-
tudes, which we conjecture to follow a half-normal distri-
bution. It is then expected that Ep should resemble a C
distribution (see Appendix A). By optimizing the fit for
any data-set we may obtain two parameters: (i) the typical
number of significant modes that determine the Ep calcula-
tion and (ii) a mean value of the half-normally distributed
relative temperature perturbation amplitudes. Regarding
the first parameter, we recall that the application of stan-
dard spectral techniques to detect the GW present in a
measured atmospheric profile often lead to the identifica-
tion of a few modes that have significantly larger ampli-
tudes than the rest (see e.g., de la Torre et al., 1994).

From the 144 samples analyzed, the normal hypothesis
became rejected in 67 cases (47%). Theses results rule out
the Gaussian description as a faith model for the Ep distri-
bution. The results do not exhibit a specific dependence on
the latitudinal band or month. The log-normal hypothesis
was rejected in no one of the samples, whereas the gamma
distribution was rejected in just 6 samples (4%). In Fig. 6
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we show the results derived from the physical interpreta-
tion of the C distribution for all months and zones.
Regarding the second C model parameter, the relative
value has been converted into an absolute measure after
multiplying by 220 K, which is a typical stratospheric tem-
perature. We may notice that the number n of prominent
modes range between 2 and 6 and the perturbation mean
amplitudes l between 0.2 and 0.7 K. The only latitude
band with clearly more modes on the Eastern side is 90–
80S, whereas the opposite happens in 70–60S. However,
it must be recalled that the 90–80S band has less data than
the other regions because it is much smaller and due to the
GPS RO geographical coverage characteristics. The other
regions have a mixed behavior throughout the year. In
the zone 70–30S there is a surplus of the Eastern ampli-
tudes compared to the Western ones throughout the year,
as expected from topographic GW generation in the
Antarctic Peninsula and continental Andes, mainly
between late autumn and spring (see e.g., Eckermann and
Preusse, 1999; Alexander et al., 2008b; Hei et al., 2008;
Alexander et al., 2009; Yan et al., 2010; Sato et al., 2012).

We further spatially zoom in the GW activity and divide
the studied area in cells 3� � 6� and zoom out the time
interval over 3 months, whereby the mean and median
energy are calculated for two seasons which exhibit differ-
ent behavior regarding Ep: autumn (March, April and
May) and spring (September, October and November).
Parameters from Gamma fi

0 2 4 6 8 10 12
0

1

2

3

4

5

6
Latitude 90S − 80S

Month

Pa
ra

m
et

er
s 

in
fe

rr
ed

 fr
om

 fi
ts

0 2 4 6 8 10 12
0

1

2

3

4

5

6
Latitude 70S − 60S

Month

Pa
ra

m
et

er
s 

in
fe

rr
ed

 fr
om

 fi
ts

nW
nE

µW(K)

µE(K)

µE−µW

0 2 4 6 8 10 12
0

1

2

3

4

5

6
Latitude 50S − 40S

Month

Pa
ra

m
et

er
s 

in
fe

rr
ed

 fr
om

 fi
ts

Fig. 6. Quantities derived from fits of Ep to a C distribution. Notice that lE ha
difference lE � lW is shown centered at 1. Subscripts W and E refer to rough
The size of the cells is determined by the achievement of
a sufficient number of cases to perform statistical calcula-
tions in each of them and the period is determined by the
similarity of Ep values over time. In Fig. 7 we show the
mean, the median and the number of cases per cell for
autumn. GW activity is high to the East of the
Patagonian Andes. In Fig. 8 we show the results for spring.
This is the season with largest activity, specially to the East
of the Andes and their prolongation in the Antarctic
Peninsula. There is a somewhat smaller activity above the
Drake Passage. This reinforces the idea of the topographic
origin of the waves: although the absence of mountains
would imply null activity in the 55–65S latitude range,
some of the neighboring North and South intense activity
may be leaking into the zone.

An intense GW activity may be noticed in Figs. 7 and 8
to the East of the Patagonian Andes in both seasons, but
only during spring to the East of the Antarctic Peninsula.
We would like to establish comparisons by using the mean
�Ep and the median Êp and their corresponding uncertain-

ties. We defined the former zone by 35–55S and 70–60W
and the latter by 60–80S and 60–30W to perform our cal-
culations. The mean uncertainty was evaluated by the stan-
dard error of the mean. The median uncertainty was
assessed by two different methods (Sheather and Maritz,
1983; Ratel, 2006), which led to the same result for the
most significant digit, which is exhibited in each case.
t to RO energy spectrum
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s been vertically shifted by 1 unit to avoid the superposition with lW. The
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Fig. 7. The mean and the median Ep and the number of GPS RO per cell
in the analyzed zone for autumn over the 5 years studied.
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Fig. 8. The same as Fig. 7 for spring.
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The former work estimates the uncertainty by

1=ð2k1=2f ðmÞÞ where k is the amount of sample values
and f ðmÞ the density estimator evaluated at the sample
median, whereas the latter publication uses for the calcula-

tion 1:858M=
ffiffiffiffiffiffiffiffiffiffiffi
k � 1
p

, where M is the median of the abso-
lute deviations from the sample median. We also
evaluated the effect of the cases with Ep > 4 J/kg, the
potentially fictitious retrievals mentioned above, by repeat-
ing the calculations without them. All the results are shown
in Table 1. It may be seen that the extreme tail events pro-
duce some effect on the mean and the median values (they
represent here about 3% of the soundings, whereas in the
histogram of Fig. 5 they were about 4% of the cases).
However, Ep changes between autumn and spring remain
statistically significant in both regions, regardless wether
the artifacts are present or not or the mean or the median
are used (68 % confidence intervals from Table 1 do not
overlap). However, the median is remarkably more robust
in the presence of the outliers. But it should be also
observed that the mean highlights the absolute variations
more than the median, because the latter is always smaller
due to the skewed distribution of Ep, independently from
the season or the region. Even if the mean is used to present
results, it does not imply that credibility on the normal dis-
tribution becomes restored.

Monte Carlo simulations were performed in order to
quantify the possible effects of outliers on the mean and
the median and the possible effect of under-sampling in
their calculations. We constructed GW fields according to
the following procedure. We considered the East box 40–
50S during the month of October, which has more than
1000 RO available (Fig. 2) to construct a power spectral
density (PSD) against vertical wavenumber kz, which

resembled the typical k�3
z relation (see e.g., Smith et al.,

1987) from a least squares fit. The Ep mean is 1.1 J/kg,
the median 0.6 J/kg and about 4% of the values are above
Table 1
Mean �Ep and median Êp energy values describing GW activity to the East
of the Patagonian Andes and the Antarctic Peninsula, their associated
uncertainties and the number Ns of GPS RO soundings used in the
calculations (superscript 4 refers to the removal of cases with Ep > 4 J/kg).
Uncertainties were calculated as explained in the main text.

Autumn Spring

Patagonia
�Ep (J/kg) 0:81� 0:02 1:07� 0:03
�E4

p (J/kg) 0:70� 0:01 0:86� 0:01
Êp (J/kg) 0:49� 0:01 0:64� 0:02
Ê4

p (J/kg) 0:48� 0:01 0:61� 0:01
Ns 3361 2914
N4

s 3297 2822
Antarctica
�Ep (J/kg) 0:45� 0:02 1:03� 0:02
�E4

p (J/kg) 0:41� 0:01 0:89� 0:01
Êp (J/kg) 0:31� 0:01 0:72� 0:01
Ê4

p (J/kg) 0:31� 0:01 0:71� 0:01
Ns 5116 4655
N4

s 5101 4541
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4 J/kg (see Fig. 5). For the same geographical area and
month we created synthetic vertical temperature profiles
between 15 and 33 km height, by adding background and
perturbation components. The former parts consisted of
1100 vertical profiles of temperature between 18 km and
33 km from daily NCEP reanalysis randomly selected
between the latitude and longitude limits of the box within
days of October between years 2006 and 2011. Five sinu-
soidal waves were added to each background profile, where
each phase and vertical wavelength (between 2 and 18 km)
were randomly assigned and the amplitude was determined
according to the constructed PSD(kz). We randomly
selected 4 % of the profiles to introduce a downward dying
4 K amplitude oscillation between 33 km and 25 km to sim-
ulate the GPS RO initialization issue as a possible source of
the outliers. We computed Ep for all the profiles with the
above explained standard procedure, including the use of
the digital band-pass filter. We finally considered 50 ran-
dom sets of each subgroup size of 100, 200, 300,. . .profiles
and computed their dispersion with and without the 4% of
outliers. The impact of the outliers is quite clear on the
mean and the median in Fig. 9, but the effect on the latter
is less significant in magnitude. In addition, the lower dis-
persion of the median is also quite visible (for samples of
diverse size). Note the similarity of all these effects with
those of Table 1.

It should be stressed that Luna et al. (2013) have shown
that the effect of the temperature measurement uncertain-
ties on the individual energy calculation of each sounding
Fig. 9. Mean and median Ep values and dispersion for different sampling sizes
October background conditions and the possible effect of outliers on GPS RO
is much less significant than the data processing procedures
(mainly the choice of the detailed separation of back-
ground and waves and the height interval analyzed), so
the same applies to the propagation into the statistical rep-
resentation of the GW energy. It may be then also inferred
that the distribution shape may be very similar among dif-
ferent GW studies for the same region and season, but the
climatologies and in particular the values of the statistical
parameters are only comparable if the same measurement
technique and data processing have been employed.

4. Results with SABER data

In Fig. 10 we show the number of soundings per band
and month. Polar regions are not covered during certain
time intervals (John and Kumar, 2012), so some empty
groups will be found in our calculations. In Fig. 11 we exhi-
bit the Ep means and medians. Again the maximum levels
of activity are found during austral winter and spring.
The effect is most visible at the highest latitudes for both
quantities. Also the median values are always lower than
the mean values, but they both follow the same trends. In
addition for both parameters, values to the East are nearly
systematically larger than to the West, which as with GPS
RO data confirms the significant role of topography for
GW generation in the studied region. SABER lacks data
between 60 and 90S for some months, so comparisons with
GPS RO are hard to establish in that region. Fig. 12 com-
pares to Fig. 5 and it may be seen that the distribution
according to Monte Carlo simulations for 30–40S, East box during typical
calculations.
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Fig. 10. Amount of SABER profiles per band against month number. Lines corresponding to cases with some null values have been drawn with light gray
to avoid a messy look due to excessive superposition.
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Fig. 11. Mean and median Ep and their error bars for SABER profiles per zones against month number.
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Fig. 13. Quantities derived from fits of Ep from SABER soundings to a C distribution. Notice that lE has been vertically shifted by 1 unit to avoid the
superposition with lW. The difference lE � lW is shown centered at 1. Subscripts W and E refer to the West and East of 70W.
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Fig. 14. The mean and the median Ep and the number of SABER profiles
per cell in the analyzed zone for autumn over the 5 years studied.
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Fig. 15. The same as Fig. 14 for spring.
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shape is similar but values are typically different. It is not
only that both techniques have different observational win-
dows, but also as stated above the different processing and
assumptions at the retrieval stage lead to differences in the
outcomes. Fig. 13 is the SABER equivalent to Fig. 6 for
GPS RO. It should be said that differences in the typical
number of significant modes may be expected from both
observational techniques because although their filtering
window is similar, it is partially different in respect to the
observed horizontal and vertical wavelengths. The same
applies to the calculated mean amplitudes. Finally, energies
in Figs. 14 and 15 resemble Figs. 7 and 8, mainly the hot
spot to the East of Southern Patagonia and the Antarctic
Peninsula and most importantly during Spring.
5. Conclusions

We used 5 years of GPS RO data from the COSMIC
mission in a zone close to the Patagonian Andes and their
prolongation in the Antarctic Peninsula that exhibits a
strong GW activity during several months per year. We
verified diverse distribution hypotheses for GW activity
with v2 goodness-of-fit tests. The normal and log-normal
functions were analyzed, but we also investigated the C
function, which was not used in previous work. It was
shown to be a reasonable alternative to the log-normal
curve as a good representation of the Ep distribution. For
GPS RO data the normal hypothesis became rejected in
47% of all the tests, so it may be discarded as an adequate
representation of the Ep distribution. The log-normal
hypothesis was rejected in no sample and the gamma distri-
bution in just 4% of the tests. For SABER profiles in the
same geographical area and time span the rejection rates
were larger, respectively 78%, 2% and 7%. This implies that
all the representations performed worse for SABER. The
results do not exhibit a specific dependence on the latitudi-
nal band or month. The C function is slightly not as good
as the log-normal representation to describe the Ep his-
tograms but it has the advantage that it offers an explana-
tion of the observed distribution in terms of GW
properties: the obtained parameter values may lead to extra
information in relation to the modes contributing to the
observed climatology. The C interpretation allows not only
to quantify the GW activity level of each climatology, but
also to find out the number of significant modes that essen-
tially determine it. Number differences between West and
East boxes are typically less than one so the higher Ep val-
ues on the East side should be attributed to strength rather
than to the number of modes.

Although the success of the log-normal distribution
function may suggest a priori that the median might be a
more adequate parameter than the mean to represent the
level of GW activity in a given region and time, it was
found that the results of both parameters are nearly equiv-
alent regarding the statistical significance of regional or
seasonal variations. It was shown that the calculated mean
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values with GPS RO data could be significantly affected in
the presence of spurious large activity cases located in the
distribution tail (possible artifacts generated by initializa-
tion problems in some profiles that were not ruled out in
the quality control process). If those spurious cases are
absent or minimal in the data, then the mean should be
used, as it tends to better highlight than the median the
absolute variations. However, if those artifacts are signifi-
cantly present, then the median should be used. The mean
has the advantage that it has a clearer meaning. It is an esti-
mator of the average state of the atmosphere in a given
area, height interval and season given possible variabilities
in GW potential energy within the three corresponding
ranges. The meaning of the median is not as straightfor-
ward, but its advantage relies on the fact that its definition
is independent from the distribution, so we may even
ignore the latter. All these calculations and tests may be
extended in the future to other geographical regions in
order to be then eventually able to reach a higher degree
of generalization of the results.
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Appendix A. The derivation of the distribution for Ep

If a quantity X i�½0;1Þ and it exhibits a so-called
half-normal distribution, then it depends on a single scale
parameter r. A property relevant for our work is that

ðX i=rÞ2 � v2
1

i.e. chi-squared distribution with one degree of freedom
(e.g., Johnson et al., 1994). Then, if successive X i are inde-
pendent and have the same half-normal probability
distribution,

Xn

i¼1

ðX i=rÞ2 � v2
n

i.e chi-squared distribution with n degrees of freedom. The
last equation is a consequence of a well-known property of
the addition of independent chi-squared variables.

If we recall that X i are the relative temperature pertur-
bation amplitudes of the modes, then from Eq. (2) we
obtain that

Ep=ð1=4ðg=NÞ2r2Þ � v2
n ðA:1Þ

Let us consider a random variable
Z � v2
n

and

a ¼ 1=4ðg=NÞ2r2 ðA:2Þ
Then for a > 0

Y ¼ aZ � Cðn=2; 2aÞ
as shown e.g. by Johnson et al. (1994).

From the fit of each Ep data-set to the C distribution
we obtain two optimal values: one for n=2 and another
one for 2a. From the first C parameter value we may infer
the typical number of relevant modes n that determine
relation (A.1). Non-integer values are obtained as it
reflects an estimate over all the measurements that were
made. To obtain r we use the second C parameter value
with the aid of Eq. (A.2). The r result should be consid-
ered a measure of the typical relative amplitudes of the
modes. This follows from the fact that they exhibit a
half-normal distribution, so

l ¼ r
ffiffiffiffiffiffiffiffi
2=p

p
where l is the mean. We used g ¼ 9:8 m s�2 and

N ¼ 2:2� 10�2 s�1 in the stratosphere when calculating
the Ep values in Eq. (1).
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