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Abstract Atmospheric gravity waves (GW) serve as an essential mechanism in the transport of energy
and momentum flux from the low to the upper atmosphere. In the last decades satellite observations
have become an important part in the analysis of GW due to their global and frequent coverage. Present
procedures often provide GW absolute momentum flux (MF), ambiguous 3-D propagation direction,
and apparent vertical wavelengths. We here introduce a method with close sounding quartets, which
allows the calculation for GW of the net MF, the definite propagation direction, and “real” wavelengths.
Among the satellite observational techniques, Global Positioning System (GPS) radio occultation (RO)
retrievals provide temperature profiles that after adequate processing may yield GW properties like
wavelengths, MF, and energy. Our procedure is illustrated by an example under requirements that tend
to ensure that four GPS RO soundings are observing the same GW. The future increase of satellite measuring
devices due to new missions (including GPS RO) will lead to a higher spatial and temporal density of profiles
that may eventually allow the attainment of GW climatologies of net MF, propagation direction, and “real”
vertical wavelengths.

1. Introduction

Gravity waves (GW) are mostly generated in the troposphere and are very important in controlling the dynam-
ics of the stratosphere and upper layers. The major GW influences occur in the middle atmosphere (up to
about 100 km) because of the increasing wave amplitudes with altitude. Diverse studies (e.g., P. Alexander,
de la Torre, Schmidt, et al., 2015) have indicated a potential for GW penetration into the termosphere and iono-
sphere, where other physical mechanisms become dominant. The momentum flux (MF) and energy that they
carry from the lower to the middle and upper atmosphere play a crucial role from mesoscale to global scales.
In particular, as climate simulations do not resolve the full spectrum of GW and as observational constraints
for them are scarce, their effect has to be represented within the numerical models by drag parameterizations
based on simple physical assumptions. The chosen representations govern the resulting profile of simulated
MF, which is relevant in the knowledge of the GW breaking levels, the vertical dissipation characteristics and
the forcing on the mean flow. Model tuning parameters are used to modify this flux in order to obtain real-
istic middle atmosphere winds and temperatures. Nevertheless, biases are observed and they are attributed
to these parameterizations being deficient. This fact urges for observational information on GW sources,
their propagation, breaking, and diffusion and their spatial and temporal variability (e.g., Geller et al., 2013;
Plougonven & Zhang, 2014).

Some decades ago the observational information of GW was provided by measurements from the ground
or in situ like rockets, aircrafts, radars, lidars or radiosondes. These platforms provided data only at specific
geographical locations and under appropriate meteorological conditions. However, the ample need for GW
observations required a continuous attainment of data on global scales. The accomplishment of this aim has
only been possible in the satellite era, mainly with an increasing amount of profiles in the last two decades.
However, satellite-based retrievals also have their pitfalls. At present, two difficulties of the satellite pro-
files and their afterward processing methods regarding the study of GW (M. J. Alexander, Gille, et al., 2008;
P. Alexander, de la Torre, & Llamedo, 2008; Ern et al., 2004; Preusse et al., 2002) are as follows: (a) There is a need
for the determination of the net momentum flux, but usually absolute values are obtained and in addition a
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wave propagation direction ambiguity cannot be elucidated, and (b) there always is a discrepancy between
“real” (from hereon just real) wavelengths and apparent (measured) ones. Specifically, unless measuring tra-
jectories exhibit configurations that are perfectly parallel or perpendicular to the ground, observed horizontal
and vertical wavelengths will differ from real ones. Regarding the discrepancy between apparent and real hor-
izontal wavelengths, the problem has already been satisfactorily addressed in previous work (e.g., Ern et al.,
2004; Faber et al., 2013; Wang & Alexander, 2010).

A direct measurement with satellites of absolute GW MF, propagation direction, and real wavelengths is in
general not possible. Just one sounding cannot provide enough information to infer them, but they can all be
deduced with additional retrievals through the phase shift between GW-induced perturbations on close tem-
perature profiles and the knowledge of their spatial and temporal separation. M. J. Alexander (2015) stressed
the relevance of adequately studying the time and three-dimensional structure of GW, Wright et al. (2016)
highlighted the importance of obtaining net rather than absolute GW MF calculations, de la Torre et al. (2018)
quantified the possible dramatic differences between apparent and real wavelengths and the corresponding
significant effects on the calculation of derived GW parameters, whereas Ern et al. (2017) derived net GW MF
from temperature data of a nadir-viewing satellite instrument.

In the present study we employ for the first time a set of four close (in space and time) atmospheric sound-
ings in order to infer the ground-based frequency and the zonal, meridional, and vertical real wavelengths
of a dominant GW in a sounded region. Some previous GW MF studies focused on triples to find the two
real horizontal wavelengths. Usually, they calculated the absolute MF and determined an ambiguous GW
propagation direction. In some studies apparent and real vertical wavelengths were wrongly taken as equiv-
alent. Our method below allows to determine without sign ambiguities the three phase velocity components
(i.e., the wave propagation direction or phase progression), the net GW MF, and the three real wavelengths.
Section 2 explains the analysis procedure allowing to find out the ground-based GW frequency, the three real
wavelengths, and thereafter the propagation direction and the net MF and elaborate comparisons between
real and apparent vertical wavelengths. It also gives an overview and specifications of the Global Positioning
System (GPS) radio occultation (RO) observations that we use for application of our method and exhibits some
details of these retrievals. Section 3 presents an application example, and section 4 summarizes the main
results of our case study and the possible benefits of the future application of the method.

2. Data and Method

GPS RO is a unique satellite technique regarding the retrieval of global and continuous (but nonuniform in
space and time) atmospheric information, which is not affected by meteorological conditions. It presently pro-
vides about 2,000 daily profiles of water vapor, temperature, refractivity, and pressure from the troposphere
up to the middle stratosphere. In April 2006, the Constellation Observing System for Meteorology, Ionosphere,
and Climate (COSMIC) mission launched six GPS RO satellites, which significantly increased the number of
daily available profiles at that time. For some months after the COSMIC launch all of its satellites were nearly
together and there were several sets of close in space and time soundings, but thereafter the orbit charac-
teristics changed and the amount of this kind of sets decreased significantly. The present study analyzed all
the newest so-called reprocessed data from all available RO missions (CHAMP, SAC-C, GRACE, etc.) provided
by CDAAC (COSMIC Data Analysis and Archive Center), but we only found sets of adequately close profiles
during the early months of the COSMIC mission.

GPS RO is a limb sounding method that has an observational window that allows it to detect only a portion
of the GW spectrum (as all other techniques). It is particularly sensitive to GW with small ratios of vertical
to horizontal wavelengths (Wu et al., 2006). Its vertical and horizontal resolutions are respectively around
1 and 200 km (Kursinski et al., 1997). Lange and Jacobi (2003) concluded that horizontal wavelengths smaller
than about 100 km will hardly leave any imprint on the retrievals, whereas Marquardt and Healy (2005) found
out that only vertical wavelengths above 2 km may be observed. The so-called RO dry temperature profiles
reflect air temperature usually above 10 km height (where moisture is negligible), but they are not reliable
for extracting GW above 30 km (Luna et al., 2013). We therefore consider the height interval 10 to 30 km for
calculations, which roughly coincides with the altitudes where RO profiles are the result of a high amount of
observational component with respect to background information (Healy & Eyre, 2000).

A first step requires the separation in the T profiles of GW from the background (including planetary waves).
Special care has to be taken in avoiding spurious amplifications of GW near the tropopause, which usually
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occur after the use of a digital filter to isolate them (de la Torre et al., 2006). It must be also considered that dif-
ferent isolation methods may lead to diverse GW results (John & Kumar, 2013). According to the conclusions of
Schmidt et al. (2016) we regard the use of ERA Interim reanalysis data as the most reliable method for obtain-
ing the background temperature, which was here prepared in daily 10∘ by 5∘ longitude latitude bins. Ideally,
after this separation procedure the remaining perturbation profiles contain only contributions from GW.

Following previous approaches (e.g., Ern et al., 2004; Faber et al., 2013; Schmidt et al., 2016), we assume that
one dominant monochromatic GW exists in each analyzed case, whose parameters become determined. The
perturbed temperature T ′ may be then represented by

T ′(x, y, z, t) = To(z) sin(kx + ly + mz − 𝜔t + 𝜑0) (1)

where x, y, z, and t represent horizontal and vertical coordinates and time; k, l,m, and𝜔 are the corresponding
wave numbers and frequency as seen from the ground; To is the GW amplitude;𝜑0 is a constant and the whole
expression within parentheses on the right is called the wave phase. Observations will be here evaluated in
equation (1) at the vertical but slanted profile positions. Between two diverse times and positions i and j the
phase differences d𝜙ij are given by

d𝜙ij = k(xi − xj) + l(yi − yj) + m(zi − zj) − 𝜔(ti − tj) (2)

Close triples have already been used to infer ∣ k ∣ and ∣ l ∣ (e.g., Ern et al., 2004; Schmidt et al., 2016): Phase
differences are calculated from two profiles with respect to the remaining one at constant height and with
negligible time difference. Therefore, two linear equations provide the two wavelength components at each
constant height. A fourth sounding should be added with nonnegligible time difference with respect to the
other ones to also obtain 𝜔, leading to three equations with three unknowns. In order to also incorporate
m we will not include another retrieval, but we will use one of the already existing ones at two different
heights (see the complete configuration in Figure 1). Our equation system will look like this at every altitude z1

(13.1, 13.2, ..., 27.0 km; a solution for the complete 10-30 km height range cannot be obtained as explained
below)

d𝜙21 = k(x2 − x1) + l(y2 − y1) (3)

d𝜙31 = k(x3 − x1) + l(y3 − y1) (4)

d𝜙41 = k(x4 − x1) + l(y4 − y1) − 𝜔(t4 − t1) (5)

d𝜙1∗1 = k(x∗1 − x1) + l(y∗1 − y1) + m(z∗1 − z1) (6)

where 1∗ means that profile 1 becomes evaluated at height z∗1 instead of z1 (and also at x∗1 , y∗1 instead of x1, y1).
The four equations contain four unknowns (k, l,m, 𝜔), whereas the four phase differences may be inferred
as explained below and the 12 coordinate differences may be easily calculated from the available RO infor-
mation. At every height level z1 then k, l,m, 𝜔 are simultaneously obtained by a standard linear equation set
solution procedure, so we obtain the three wavelength components and the frequency as a function of alti-
tude. The use of the time difference in equation (5) is the key to find net rather than absolute GW phase
progression and MF values. If it was not introduced, then the equation system would be like a static photo
where no motion information was introduced into the description of the scenario. Another slightly modi-
fied version of the above equation set would have two pairs, each one containing nearly simultaneous RO,
but each pair separated from the other by a nonnegligible time. However, we found no quartets like this
option. Equations (3)–(4) are the same as used, for example, by Schmidt et al. (2016) for close in time triples.
In equation (6) z∗1 − z1 will be 3 km, which is about twice the lowest vertical resolution of RO, that is, 1.4 km in
the stratosphere (Kursinski et al., 1997). Notice that whereas equation (6) in combination with (3)–(5) senses
the real vertical wavelength, an identification with the apparent value from a T ′ versus z representation from
a single RO is wrong, as this sounding is not perfectly vertical. Therefore, one should be extremely cautious
on the requirement (in previous works) for small differences between apparent vertical wavelengths from
close RO in order to obtain acceptable GW MF calculations. Here we will alternately use the three remain-
ing RO in equation (6) and compare the four real vertical wavelength results among them in order to decide
wether the same GW was likely present along the four ROs. McDonald (2012) evaluated as a function of hori-
zontal separation and time difference the percentage of paired profiles that may be expected to contain the
same GW.
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Figure 1. An illustration of the quartet configuration showing the line of tangent points (LTP) or trajectory of each
sounding and the measurements positions at a fixed height zo and time to and at displaced height dz and time dt.
The steps of the procedure are outlined.

In order to optimize the reliability of the results we set the following requirements for the quartets. To con-
straint phase difference uncertainties in the nearly simultaneous triple we avoid using pairs of RO that are
less than 70 km and more than 15 min apart (Schmidt et al., 2016). The fourth RO will have the same spatial
requirement but to ensure that it will be able to sense the GW time evolution we require that the time dif-
ference with the remaining three ROs has to be at least 1 hr. To reduce the probability that not all the four
profiles are sampling the same GW, we limit the separations between pairs to 300 km and 120 min. The line
of sight (LOS) among all four retrievals must in addition differ by less than 10∘ to ensure that the atmosphere
is being sampled in all of them in a similar way. In general, the requested conditions for triples have become
more severe in studies over time (see, e.g., Faber et al., 2013; Hindley et al., 2015; Schmidt et al., 2016; Wang
& Alexander, 2010). M. J. Alexander (2015) studied GW MF with triples from combined RO and High Resolu-
tion Dynamics Limb Sounder data and found that 10 to 20 min and 200 to 600 km sampling ranges produced
variations around 20%.

The calculation of GW phase differences at given positions and times of the profiles has been performed by
wavelet coherence (Torrence & Compo, 1998). It was applied at constant height to two neighboring T ′ pro-
files (equations (3)–(5)) or at two positions in one profile (equation (6)). Initially, we assumed that the phase
difference d𝜙 was between −𝜋 and 𝜋; otherwise, we would have aliasing problems (e.g., Ern et al., 2004;
Schmidt et al., 2016). However, we then also contemplated a possible “aliased d𝜙” between −2𝜋 and 2𝜋,
that is, “d𝜙” = d𝜙 +∕− 2𝜋 (depending whether d𝜙 </> 0). Physically, this implies that we consider a priori
one potential solution for each phase progression direction. If we assumed that the four phase differences
at every height have no aliasing effect, then we could uniquely determine the solution (without sign uncer-
tainty and therefore no propagation ambiguity). However, we include the possibility that we have detected
an aliased d𝜙, which as defined above will have opposite sign to the nonaliased one. We could consider more
possible aliased cases, but this would lead to n4 instead of 24 possible solutions. The above equation system
then turns into 16 possible branches. Once we obtain the 16 solution sets of frequency and wave numbers
𝜔, k, l,m (wavelengths 𝜆x , 𝜆y, 𝜆z), we remove from them any part where the phase difference approaches
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and then exceeds ±2𝜋 because it would imply that it surpasses one wave cycle. As we detect the phase dif-
ferences in [−2𝜋, 2𝜋] instead of [−𝜋, 𝜋], notice that the Nyquist requirements for acceptable (horizontal and
vertical) wavelengths and period become halved.

Some physical constraints are then also imposed, which may further downsize from 16 the amount of accept-
able solutions. (a) For the total horizontal wavelength 𝜆h, 100 km < 𝜆h < 𝜆hc

so that it remains visible for RO
(as stated above) and 𝜆hc

is defined to ensure that no GW frequency stays below or close to the inertial fre-
quency (e.g., Schmidt et al., 2016). Also, 𝜆h must be larger than the (halved) Nyquist wavelength, which is
here taken as the largest distance between all profile pairs at each height. (b) In the vertical direction 1.4
km < ∣ 𝜆z ∣< 20 km, where the limits are related to the (halved) Nyquist condition and the complete data
height range. (c) The period must be less than the inertial period to ensure the midfrequency GW range
(for valid use of the MF equation below) and stay above the largest time difference between all the RO pairs
due to the (halved) Nyquist requirement. Thereafter, we also eliminate a solution if it exhibits an abrupt change
of sign in any phase velocity component at any height. Also, any solution that does not have at least a valid
10 km height interval is discarded. After all these steps we may still have many different possible solutions.
In order to eliminate the physically spurious options we introduce a root-mean-square (rms) procedure that
assesses the fulfillment of the GW dispersion relation by every surviving solution. In the midfrequency range
it is given by

�̂�2 =
N2𝜆2

z

𝜆2
h

(7)

where N is the Brunt-Väisälä frequency, which will be calculated from the RO T profiles. In order to obtain the
intrinsic frequencies we need the horizontal components of wind, which were also obtained from ERA Interim
reanalysis.

For the horizontal MF components calculations we use the following equations (see, e.g., Ern et al., 2004):

Fx,y = −𝜌
cz

cx,y

1
2

( g
N

)2
(

To
T̄

)2

(8)

where g is gravity, 𝜌 is density (obtainable from RO retrievals), and T̄ stays for temperature background. We
use the components of phase velocity c instead of the more usual wavelengths 𝜆 (without sign) in equation
(8) as it preserves the adequate sign for Fx,y . RO typically underestimate GW amplitudes (P. Alexander, de la
Torre, & Llamedo, 2008), which may lead to an equivalent effect in Fx,y calculations according to equation (8).

3. Application Example

Only three sets emerged when the requirements on space, time, and LOS differences between the pairs of pro-
files within a quartet were applied to the whole RO database. Two quartets occurred on day 222 and another
one on day 282 of the year 2006. As explained in general above, we proceed the following way. First, the back-
ground is removed from the four RO T profiles by the use of the Era Interim data. Thereafter, phase differences
are calculated at every altitude z1 for profiles 2, 3, and 4 with respect to 1 and for profile 1 between heights
z1 and z∗1. Then, we are able to solve the four linear equations system (3)–(6) at every altitude z1 to obtain the
four unknowns k, l,m, 𝜔 at those heights. However, only one of the three quartets had at least one accept-
able case after the above requirements on the solutions (frequency and wavelength ranges, a minimum 10
km height interval, and no unphysical abrupt change of sign in any phase velocity component). We interpret
that the two quartets that provided no solutions either contained no detectable GW or their properties stayed
beyond the resolution window of the method.

In Figure 2 we show for the surviving quartet the T and T ′ profiles of the four RO used to determine GW charac-
teristics. They all exhibit some general similarities regarding temperature ranges, tropopause characteristics,
and oscillation patterns. It may be seen that according to their latitudes and longitudes all of the soundings
are located within 300 km distance and that three of them are separated in time by a few minutes, whereas
the remaining one is about 2 hr away. For this final quartet, from the 16 possible solutions, only four satis-
fied the above requirements. We used then an assessment of minimum rms to evaluate the accomplishment
of a dimensionless version of dispersion relation (7) along the whole altitude range and so keep the most
appropriate of the four branches. The physically more meaningful solution was then found after calculation
for each case of rms (N2𝜆2

z∕(𝜆
2
h�̂�

2) − 1). The results showed slight changes with respect to the use of the full
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Figure 2. The four RO (a) T and (b) T ′ profiles on day 222 of year 2006 identified by mission, universal time, and location.
CHAMP = CHAllenging Minisatellite Payload; COSMIC = Constellation Observing System for Meteorology, Ionosphere,
and Climate; RO = radio occultation.

or the simplified midfrequency dispersion relation. Table 1 summarizes the tests of the physical constraints
on the 16 solutions. The final choice of the most adequate of the four surviving cases by a minimum rms
criterium is the one with the value 0.5. Notice that 𝜆z in the rms evaluation was not inferred from single pro-
files (apparent wavelength) but from the solution to the equation system (real value). As explained above, we
finally checked for the final solution that all four RO were probably observing the same GW, which was done
by comparing the mean dominant vertical wavelengths obtained when exchanging the RO used in equation
(6). The results were respectively 3.9, 3.1, 3.4, and 3.2 km. The GW intrinsic period was also calculated with our
solutions and the aid of the horizontal velocities provided by the ERA Interim reanalysis, and the average over
the whole altitude range was about 11 hr (the inertial period at the latitude of our study was 30 hr).

Table 1
Rejection Causes in 12 of the 16 Solutions of the Analyzed Quartet in Terms of
the Sign Sij of the Four Phase Differences d𝜙ij : LH Stays for Horizontal
Wavelength and TT for Period Out of the Accepted Range (Respectively 100 km
<𝜆h <𝜆hc

and Between the Inertial Period and the Nyquist Requirement)

S21S31∖S41S1∗1 ++ +− −+ −−
++ 0.8 2.6 TT, LH TT, LH

+− TT, LH TT, LH LH LH

−+ 1.0 0.5 TT, LH TT, LH

−− TT, LH TT, LH LH LH

Note. In this quartet none of the solutions failed due to the conditions
on the vertical wavelength, abrupt change of sign in phase velocity com-
ponents, or a vertical profile smaller than 10 km. Dispersion relation
root-mean-square values are indicated for the solutions satisfying the
physical constraints.

In Figure 3 we show the calculated GW variables in terms of altitude
according to the selected solution of the equation system for this quartet.
Although the RO temperature information is provided between 10 and 30
km height, all calculated variables are shown below between 13 and 27
km as there are various intermediate quantities that require known values
above and below every given vertical level (e.g., N and d𝜙). We see the hori-
zontal and vertical wavelengths, the horizontal phase speed ch, the vertical
phase velocity, the horizontal angle of phase propagation 𝜃P , the horizon-
tal momentum magnitude Fh, and angle 𝜃F (180∘ out of phase with 𝜃P). The
phase velocity components are given by

cx,y,z =
𝜔

k, l,m
(9)

ch =∣ 𝜔√
k2 + l2

) ∣ (10)

whereby the signs of the k, l,m, 𝜔 solution must be carefully kept in order
to adequately compute the phase velocity components (for example, if
k, l,m, 𝜔 are all positive or all negative, it means phase progression toward
east, north, and upward). Notice that it is not possible to find the horizontal
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Figure 3. Gravity waves quantities against height obtained from the solution: (a) horizontal and vertical wavelengths;
(b) horizontal phase speed as seen from the ground, vertical phase velocity, and horizontal phase propagation direction;
c) absolute horizontal momentum and direction. The angles are measured counterclockwise from the East.

momentum flux angle unless one can determine univocally the horizontal wave propagation direction (see
equation (8)). In Figure 3 wavelengths and phase velocity components remain nearly constant against height,
momentum flux exhibits a sharp decrease, whereas the horizontal phase propagation and momentum flux
directions show a 30∘ rotation in the studied altitude range. Depending on the RO used in equation (6), the
mean vertical wavelength of our solution in the whole altitude range is located between 3.1 and 3.9 km (see
above). The application of a wavelet analysis to each of the four RO temperature profiles against height leads
respectively to the following values of one dominant vertical wavelength in each case: 6.5, 4.6, 5.1, and 5.1 km.
As 𝜆z and MF have a linear relationship, the above calculated real values (3.1–3.9 km) imply that apparent val-
ues (4.6–6.5 km) may be producing an overestimation in both between 18% and 110%, which highlights the
problem of using apparent rather than real wavelengths. In general, much worse outcomes could be expected
(de la Torre et al., 2018). In our specific case, assuming a constant wave vector magnitude and angle and a
straight sounding path, their formula provides an overestimation of 𝜆z and MF by 48% (sounding elevation
angle 31∘ for RO1, angle of wave vector projected on the sounding plane 101∘).

It is convenient to quantify the potentially achievable sample size of useful quartets in future missions. Com-
binations of GPS RO with other limb instruments have been contemplated in other works. We limit our
estimations only to GPS RO quartets as the use of different instruments may lead to distortions in the cal-
culations due to the different GW observational windows or heights that the diverse tools are able to see.
If these combinations prove to be adequate in further works, then they will increase our estimations below
of useful quartets in the future. Our study case above follows from extreme requirements that lead to opti-
mal conditions for MF calculations. We now develop our estimation of useful quartets in future missions for
more moderate requirements but which are not beyond the context of other recent works mentioned in
the following lines. As stated above, M. J. Alexander (2015) found GW MF variations around 20 % for 10–20
min and 200 to 600 km sampling ranges. If we relax our requirements to both maximum values, increase the
LOS variation maximum from 10∘ to 20∘, and reduce the minimum distance between pairs from 70 to 50 km
(Hindley et al., 2015 used respectively 30∘ and no minimum distance between pairs), we obtain 2,246 quartets.
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However, 1,633 belong specifically to the six initial months of the COSMIC mission when all the satellites were
close together. In our study only one out of three quartets was leading to a meaningful GW solution. If we
consider the same proportion of one third of useful quartets, it would lead to an estimation of more than
250 GW MF values per month over the globe for the initial months of the COSMIC mission. On the other hand,
we can use for our rough evaluation of useful quartets the estimations of McDonald (2012) on the percentage
of paired profiles that are able to see the same GW in terms of distance and time separation. He found that
approximately 50 % of the pairs at midlatitudes separated between 50 and 600 km and between 15 min and
2 hr (LOSs were mentioned as similar, but no value was given in that work) were seeing the same GW. In the
case of independent observations the probability of observing the same GW would become 0.53 for any three
pairs of RO profiles (e.g., 21, 31, and 41). However, they are not independent and our one third probability
estimation (one useful quartet out three we had at disposal) for three dependent pairs looks as a reasonable
intermediate value between one eighth and one half probability for just one pair (McDonald, 2012). Finally,
a mission like COSMIC 2 would increase the amount of soundings from 2,000 to 12,000 per day. This would
mean that more than 1,500 GW MF values over the globe per month could be obtained if a configuration
similar to the initial months of COSMIC 1 was deployed.

4. Conclusions

With the expected future sharp increase of the space and time density of soundings (in particular GPS RO
retrievals) this work presents a method that allows to exploit this potential in order to obtain net MF GW
climatologies. This may be very valuable to improve climate simulations. In addition, the method allows to
unambiguously determine in each analyzed case the direction of wave propagation and real wavelengths
(as opposed to apparent ones detected in slant soundings). In our analyzed case we estimated that if real
𝜆z were not considered, there could have been an overestimation in this quantity and MF between 18% and
110%. The main method constraints and assumptions should be kept in mind when applying it: One domi-
nant GW is observed by the four soundings, and it lies within the midfrequency and linear regime; GW and
background are adequately separated by ERA Interim reanalysis, and there are no further aliasing effects than
the considered one.
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