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Abstract. Global Positioning System (GPS) radio occul- find answers to related queries, has increased over the last
tation (RO) is a well-established technique for obtaining decades. Radiosonde soundings and ground-based measure-
global gravity wave (GW) information. RO uses GPS sig- ments, as well as air- and spaceborne measurements, cover a
nals received by low Earth-orbiting satellites for atmosphericlarge range of measuring possibilities. The two major mea-
limb sounding. Temperature profiles are derived with highsuring techniques for satellite measurements are (i) nadir-
vertical resolution and provide a global coverage underscanning instruments, like the Advanced Microwave Sound-
any weather conditions, offering the possibility of global ing Unit (AMSU) (Eckermann et 812006 and the Atmo-
monitoring of the vertical temperature structure and at-spheric InfraRed Sounder (AIRS)¢ffmann and Alexander
mospheric wave parameters. The six-satellite constellatior2009, and (ii) limb-sounding instruments, like the CRyo-
COSMIC/FORMOSAT-3 delivers approximately 2000 tem- genic Infrared Spectrometers and Telescopes for the Atmo-
perature profiles daily. In this study, we use a method tosphere (CRISTA)Ern et al, 2004, the High Resolution Dy-
obtain global distributions of horizontal gravity wave wave- namics Limb Sounder (HIRDLS), the Sounding of the At-
lengths, to be applied in the determination of the vertical fluxmosphere using Broadband Emission Radiometry (SABER),
of horizontal momentum transported by gravity waves. Here,and the many radio occultation (RO) receivers aboard the dif-
a method for the determination of the real horizontal wave-ferent low Earth-orbiting (LEO) satellites like the Constel-
length from three vertical profiles is applied to the COSMIC lation Observing System for Meteorology, lonosphere and
data. The horizontal and vertical wavelength, the specific po-Climate (COSMIC) (se&\Nright et al, 2011). The Global
tential energy £p), and the vertical flux of horizontal mo- Positioning System (GPS) RO technique provides vertical
mentum (MF) are calculated and their global distribution is profiles of atmospheric properties such as refractivity, from
discussed. which density p), pressure P), temperature®), and wa-
ter vapor pressuree) are derived. The vertical resolution
of RO profiles ranges from 0.1 km in the lower troposphere
to 1.4km in the stratospher&yrsinski et al, 1997. This
1 Introduction technique operates under any weather conditions and pro-
vides global coverage. However, the sampling in the GPS RO
The important role of gravity waves (GWs) for atmo- method is more irregular in time and space than the sampling
spheric circulation and energy transport is already recogin other techniques. A long-term series of GPS RO measure-
nized Nappq 2002 Fritts and Alexander2003 Suther-  ments is available from the CHAllenging Minisatellite Pay-
land, 2010 Alexander et al.2010. Recent developments in  |pad (CHAMP) satellite, which had provided approximately
gravity wave effects and momentum flux analysis are sum-15q daily profiles between 2001 and 2008i¢kert et al,

marized byAlexander et al(201Q. The variety of atmo- 2001, Wickert, 2002. A higher density of data is given by
spheric sounding instruments, designed to detect GWs and
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COSMIC. The joint Taiwan/US science mission started inthird T profile (not aligned with the others) is needed. Mea-
April 2006 and delivers 2000 profiles each da#ynthes et  surements must be close in time and space in order to provide
al., 2008. RO receivers are also operating aboard other satelobservations of the same wave packet. Assuming a single
lites, including the Gravity Recovery And Climate Experi- prevailing wave within the packet, the absolute value of ver-
ment (GRACE, launched in 2002), or the two radar satellitestical flux of horizontal momentum (MF) for mid-frequency
TerraSAR-X (launched in 2007) and TanDEM-X (launched approximation and is given by

in 2010). The RO technique has been widely used for GW

analysis (se&uo et al, 200Q de la Torre and Alexander | vF| = pﬂEp, (3)
2005 Alexander et al.2008a b; Horinouchi and Tsuda Ah

2009 Lin et al, 2010 Wang and Alexander2010. As
shown byMarquardt and Healy2005, small-scale fluctu-

ations of dry temperature RO profiles can be interpreted a rouped in 15 15° x 4 h (longitudex latitudex time) cells

gravity waves (GWs), when the vertical wavelength is equalto derivern and the MF in the altitude range of 17.5-22.5 km

?Ir gtrea;[e; thr‘;’:n le; m} \IN?e dn tth?] vivave_lrenEths atlrrf Ioiwﬁr’l_tth?juring December 2006 to February 2007. So carried out,

ng(i:sgar‘a?ioiort?é t:msea;:tur: flu?:tsuztio?l agce;\?e tf?es(,jgtea::tigrtlhis method represents an overdetermined set of equations
: . ) hich is not optimized. In our paper, we apply thi¢an

threshold, the analysis should be applied to altitudes Iowe}N 1en 1S plmiz ur paper, we apply 9

than 30 km Alexander et al 20083 or, as suggested byar- and Alexander(2010 method for derivingh from multi-

quardt and Heal§2005, in the 2030 km altitude range. The ple profiles, but limit the results to those derived from only

specific potential ener ) is a parameter for the charac- 3 profiles, and compute resulting GW parameters at a higher
pectlic p ) 9D S apa spatial resolution of 5x 5° lat./long. Other differences com-
terization of gravity wave activity, given by

pared toWang and Alexandef2010 are phase shiftA®)
1/ 2/ 2 limitations, and restrictions regarding the geometric arrange-
Ep(z) = > (N ) (T) (1) ment of the groupings (see Se@sand4).

z In Sect.2, the GPS measuring technique and the pro-
, g ( ST g ) cessing of the data set (Segtl) is described; SecB fo-

where Ay is the vertical wavelengtiWang and Alexander
2010 used clusters of three or more RO measurements

=T cuses on the determination of the real horizontal wavelength.
Section4 shows sensitivity studies for the determination of
where N, is the Brunt-Vaisala frequency, is the gravita- Anh and A{, and Sect5 shows the results of two different
tional accelerationg,, is the isobaric heating capacity, and methods for deriving the horizontal wavelengths. Secéion
]A“ andT are the amp"tude and background Components Ofpresents the gIObal distribution results of the GW parame-
temperature, respectively. The temperature amplitude profilders.
is derived from a wavelet analysis of the temperature fluctu-

: L .
ation profile ). Unlike planetary waves, small-scale GWs 2 GPS RO technigue

are usually sub-grid scale phenomena or under-resolved in
both the horizontal and the vertical in numerical weather pre-y spsg receiver on-board a LEO satellite measures the
diction models Alexander et a.2010). In prder to quantify Doppler shift of the dual frequency signal of one of the many
the effect of small-scale GWs alone, it is important (0 Sep-Gpg sateliites rising or setting on the local horizon. The
arate these GWs from planetary waves. The GW analysis ig;qnjer shift can be converted to the radio wave bending

based on the extraction of the vertid&! contribution. To- 55165 from which the atmospheric refractivity is derived. In

gether with the measuring technique, the background detery,e e \tral atmosphere, the refractivity is further reduced to
mination sets the range of detectable GWSs, even though th?emperature 1), pressure ) and electron density in neu-

amount of planetary waves can not be perfectly extractedyq| atmosphere profile\thes et al.2008 Kursinski et al,
Here, a continuous wavelet transform (CWT) analysis is usqugnl

for the background determination (see Sect). _ The capability of the RO technique to properly detect GWs
Ern et aI.(ZOO;l) mtrt_)duced a method_ to derive h_orlzon' depends principally on the relative orientation between the
tal_wavelength _)(h) prol_ected along the line connecting two wave fronts and the line-of-sight (LOS) between the GPS
adjacentl" profiles (using CRISTA temperature data) for a 5nq | EQ satellites. Wave amplitudes can be better resolved
given altitude: when the fronts are nearly horizontal or when the angle be-
» Ag;  2n tween the LOS and the horizontal component of the wave
h = Axij = E ) vector approaches/2 (Alexander et al.20083. Short hor-
izontal scale waves have a high probability of being attenu-
where Ax;; is the distance and\¢;; is the phase shift be- ated or not being detected at all. The geometry of gravity-
tween the two profiles at a given altitude. To extract the truewave detection is further explained Byeusse et a(2009.
horizontal wavelengthif,) of the gravity wave, at least a In contrast to CRISTA, the GPS RO data sets (irrespective of

3z ¢p
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which mission) have neither a regular spanned grid on whichtemporal and spatial windows were set to 2 h antl ih5all

the measurements are taken, nor an almost constant LOS. directions. The reason for these parameter settings will be
In this work, we use the COSMIC post-processed dry tem-explained in Sect.

perature profiles provided by the University Corporation for  Alexander and de la Torr€2010 used a similar method

Atmospheric Research (UCAR) COSMIC Data Analysis andto derive wavelengths in a Cartesian coordinate system from

Archival Center (CDAAC) Version 2007.3200 for the global three soundings. They describe that the ideal case would be

analysis. The dry temperature profiles are provided from near perpendicular arrangement between the three soundings;

the surface up to 40 km, at 0.1 km steps. however, the COSMIC constellation does not provide this
ideal arrangement.
2.1 Data processing The six identical COSMIC satellites were launched on one

rocket into an orbit of 405km and later raised to their final

In order to calculatetp, the fluctuation has to be extracted orbit of approximately 800 km. During the COSMIC clus-
from each? profile. Earlier works Klocke and Tsud®00% tering phase (the first months) several measurements were
Tsuda et al. 2000 2004 Baumgaertner and McDonald obtained in a small spatial and temporal window and with
2007 de la Torre et a).2006a b; Schmidt et al.2008 used  similar LOS.
a vertical filter directly on ther" profile. The resultingl’’ Before this method is applied to the RO data, the relative
profiles " = T —T) still include longer waves with vertical  positioning of pairs of RO profiles with respect to the wave
wavelengthgay) similar to GWs (e.g., Kelvin wavedolton  must be taken into account. In a case in which the alignment
et al, 200]). To exclude planetary and Kelvin wave contri- of one of the pairs is perpendicular to the wave propagation
bution, a7 including these waves must be computed. In ad-direction, there will not be a phase shift between the differ-
dition to that, the vertical temperature amplitudes are derivecent 7 profiles. Those pairs of RO measurements whede
using a wavelet analysis of the fluctuation profile. Following is lower than 0.5 radiamg >10000 km) are not taken into
Wang and Alexandg2009 2010, we first binned alll" pro- account (see Seat).
file data (taking into account a compromise between the res- From the CWT analysis (using a Morlet wavelet) the dom-
olution that we may obtain and the density of available pro-inant A, at considered altitudes is determined. We trEat
files) into a 10 x 15° lat./long. field between 9—-40 km with a profiles with a dominani, within an interval of 2km as
vertical resolution of 100 m. For the daily binned profiles, a belonging to the same wave system. The analyzed vertical
CWT as a function of longitude is performed for each latitude wavelength interval ranges between 2 and 12 km; therefore,
and altitude. This allows one to estimate wave numbers O-Ghe chosen vertical wavelength window is rather snitath et
for each longitude. The “large-scale variation”, reconstructedal. (2004 used a window of 6 km for the CRISTA-2 data set.
by wave numbers 0-6, is then interpolated back onto the lo4n Fig. 1a, two RO temperature profilegi(,) are displayed
cation of the originall' profile and subtracted from it. The for the altitude range between 20-30 km. Their global (for
resulting T’ represents the wave fluctuations of short scalethe entire altitude range) dominafit,) for 71 is shown in
waves (shorter than wave number 6). For this determinatiorFig. 1b, and for7> Fig. 1c. The phase shift between these pro-
of T, time variations of large-scale waves within 1 day are files was determined from the cross-wavelet spectrum, and is
not taken into account. shown for the dominant, at each altitude in Figld. The

Next, Ay (using a CWT analysis) anglp (using Eq.1) can  phase shift has been determined in the same way at each al-
be computed from th&” profiles (using thel’) in order to titude for all pairs off’ profiles. Once the phase shift and the
be presented as seasonal mean values inB8 resolution.  distances are knowi;, can be derived for all altitudes.
From Eq. @), xﬁ along the line connecting two adjacent
profiles for a given altitude is determined. This method is ,
restricted to pairs of measurements within a small temporaP®  Horizontal wave parameters
and spatial window (both measurements are supposed to

taken within the same-cycle of the wave). To ensure that . . . .
. mentioned before, a third measurement is needed to derive
they come from the same wave packet, the vertical structur . .
h. For a detailed explanation we take a look at Rigstart-

of the considered profiles must be similar. For the phase dif-

L ; , X o
ference determination, it is very important that all the RO :r? dv;|/tr21 Egﬁliae.)-r\geo \;er;ttlgglf) }choepr:gfrlilfjngall c;?sg I%V;
profiles are measured with a similar LOS. Ideally, the LOS » S€P y

of all the measurements should be parallel. In addition tore displayed. The\® between these measurements is de-

that, the geometric configuration between the LOS and ther|ved from a cross-wavelet analysis for each altitude. Fig-

. A GRE \ . ure 2b shows the derived{]’ (orange arrow) from thred
wave propagation direction limits one’s capability to see a

GW (Alexander et a).20083. Using at least three RO mea- measurements at one altitude and the lwegreen' aIrow).
) g . The dotted lines are the correspondk}”g(orange line) and
surements (not collinear with each other), we can dexjve

instead ofx\{j. All RO profiles of these groupings must ful- *h (green I_|ne). When using these three measureméts,
. . : S ; can be derived by
fill strict temporal and spatial restrictions. In this work, the

bI—Eor the determination of MF, we nedg instead ofk{]’. As
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Fig. 2. Displayed are two vertical temperature profiles with a phase
shift of 40° (a), the projected and real horizontal wavelet within 3
points of measurement when the corresponding horizontal wave is
known ), the 3 points of measurement and the well-known param-
eters €) and the three possible derived horizontal wave vectors for
those 3 pointsd). For explanations, see text.

Fig. 1. Two RO temperature fluctuatiorf'() profiles @) and their
corresponding horizontal wavelength,f spectralf,c). The cross-
wavelet shows the phase shift at each altitudjefor the dominant
vertical wavelengthi(y).

o reason for the wrong determination/gfat one RP becomes
Agij = k(xi —xj)+1Gi—yj) 1,j=123 clearer. The RP that produces the inconsistent result is placed
kh =+ (k2 +12), in between the other two points in relation to the wave fronts.
Another way to treat this problem is with a geometric de-
where ¢, ) are the horizontal components of the wave num- scription as presented in Figgand4. Considering the same
ber vector, andx(, ;, y; ;) are the RO coordinates at given three points as before, one can represent the intersection of
altitude. This equation is also the basis of the least squar¢hree closely separated RO profiles with a constant altitude
fitting method whichwang and Alexande(2010Q used to  plane. The unknown constant successive wave phasedines
determine the horizontal wavelength. Here, derivation of theand® + 2 are illustrated in Fig3a. The line of action (line
horizontal wavelength is always carried out using only threeab), as well as the direction bf are obviously also unknown.
measurements, thus avoiding an overdetermination of thé&low the three possible pairs of points, as shown in Big.
problem and optimizing the limited information available c, and d are considered. The slop&gfnay be determined,
(given the considerably sparse data density¥®;; is de-  for example in the case shown in Figp, in the following
rived from cross-wavelet analysis for each paifofprofiles  way: from Eq. @) and the knowledge of both the phase and
(Fig. 2c). Since this is an over-determined problem, there cardistance differences between each pair of poi)nﬁs(black
be more than one result. The reference point (RP) from whicksinusoidal lines) may be determined (Hg). If we now dis-
this system of equations is solved plays an important role. Aplace these curves along the blue lines defined by each pair,
shown in Fig.2c, the location of £;;, y;;) and the distances until we match them with a common extreme (red sinusoidal
between the pointsAx;;) are known, as are the phase shifts curves), the opposite extremes of these red curves define the
(A®;;) between each measurement pair. When using P1 aslope of® (line cd). We repeat this procedure in Fillp, ob-
RP, Eq. §) is solved using two equations favx;;: Ax;pand  serving identical result. In the case of Fég., note that one
Axi3. In a similar way, when using P2 as REy;; are Ax» of the black curves was displaced in the opposite direction in
andAxz3z; and for P3 as RR\x;; are Axiz andAxpz. When order to be able to obtain the same slope as in the preceeding
the equations are solved for each RP, thieare derived. As  two cases. The displacement to the side of the second point
displayed in Fig2d, at least two identicadl, (green arrows) (like in the other two cases) would lead to the gray line be-
and a thirdky, (purple arrow) are derived. All three displayed tween points e and f with a slope that does not match the re-
green arrows are identical in length and orientation. The twaosults from the two reference points before (brown and yellow
starting in P1 and P3 represent the computed wave vectorgoints, Fig.4a and b). The displacement along the alignment
and the third green arrow is shifted to fit the phase maximumsf the blue and brown point leads to the blue line cd, which
of the background wave. The inconsistéptan be different  matches the results from before.
from the two identicaky, in orientation as well as length of This happens when one of the inner angteg; or y (in
kn, but it can also be identical to the two others. This de-Fig. 3a), is an obtuse angle. If the three angles are acute,
pends on the angles between the three measuring points a® inversion is needed and the three possibilities described,
explained below. When one examines the wave fronts, thestraightforwardly render an identical result. In general — for

(4)
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Fig. 3. Part A of the geometrical description of the determination
of the real horizontal wavelength. Here the setup of the 3 poits (
and the three possible combinations of solving By fdr different o
reference pointdy, c andd) are displayed.

practical purposes and to handle a huge amount of 3-point
groupings — after computing the phase slope as in4&ago

¢ for each 3-point grouping, no possible uncertainty remains
if we simply consider the prevailing slope (to include 3-point
groupings with one inner obtuse angle}, is finally illus-
trated in Fig4a—c (green curves). When evaluating the phaseF

diff . istenci ise f d ef ig. 4. Part B of the geometrical description of the determination of
IITerences, Inconsistencies may arise from wraparound ey, o o5 orizontal wavelength. The derived horizontal wavelength

fects. Depending on the reference point, due to the periOdiCTor each reference point (the wavelength for part Ab is displayed in

ity of the problem, the same phase difference could be rex; the wavelength for part Ac ib; and the wavelength for part Ad
garded, for example, as either very small, or closeto 2 jn ).

Furthermore, the inner angle at the reference point must be
obtuse in order to allow us to determine a valuable horizontal
wavelength. These effects are accounted for by evaluating allith different phase shifts (Gand 180) and four horizontal
possible combinations of a considered group of three pointsiistances (100, 200, 500 and 1000 km). This only focuses on
and sorting out the inconsistent combinations. the one-dimensional case (). With a decreasing phase
shift, A, approaches very high values (Fi). This effect
is even stronger wherx increases. A detection of small
4 Sensitivity study phase shifts (lower than 3pshows very long wavelengths
(Aﬁ — oo) for all distances. For larger distances (for exam-
As mentioned in Sect, the temporal window should be kept ple 1000 km), a phase shift of 4%orresponds to aﬁ of
as small as possible, while still allowing a sufficient num- more than 10 000 km. These loig are unrealistic for GWs.
ber of 3-point groupings to extract global distributions of the This and the fact that alignments cannot be ruled out (small
wave parameters. We choose a 2 h interval. Shorter windowphase shift at a given altitude might be due to th2r or
would decrease the number of possible 3-point groupingsven+3r periodicity), leading to a limitation of the phase
too much, whereas a larger time window would increase theshift. Therefore, we set a lower limit of 0.5 radiar 80°),
number of 3-point groupings but would also include profiles when the maximum distance is set to bé&.1Bhe new limit-
from a different wave origin. Another reason for small time ing factor must be taken into account when using this method
windows is that the phase progression caused by wave freto analyze GPS RO profiles.
guency is an additional error source for the horizontal wave- Now we examine the impact of the distance dependence
length determination. Therefore the time window should befor the A, determination using Eg4J (the two-dimensional
much smaller than the wave period. For a closer look, we apcase). Triads with the spatial interval of,510° and 15
ply a sensitivity study to Eq2j, using two sinusoidal curves were identified. The first and obvious result is that the

www.atmos-meas-tech.net/6/3169/2013/ Atmos. Meas. Tech., 6, 33889 2013
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Sensitivity Study or 3-point method as before, is displayed in Fig—f. The
180 results for the horizontal wavelength using the® Kpac-
horizontal ing with the 3-point method are also displayed in Fég.

diStancle;é e with a different scaling. The chosen scales in both graph-

135° ics are related to fit the comparability with the other plots
1288 ﬁ in the graphics. First the comparison for the Epacing is

discussed (Figs7a and b). The detected projected (panel

a) and true (panel b) horizontal wavelength clearly show

that the 3-point method decreases the horizontal wavelength.

The 2-point method delivers wavelengths between 3000 and

5000 km, whereas the 3-point method with the same spac-

ing decreases the detected wavelengths down to values be-

tween 1000 and 2000 km. This effect of detecting shorter

0 wavelengths is also found, when the spacing for the 2-point

0 2000 €000 6000 8000 10000 method is decreased to a maximum value of 300 km (Fiy.

The 300km limit has been selected because the probabil-

ity of observing the same wave event increases for spacings

Fig. 5. Sensitivity study for the method introduced Byn et al.  shorter than thisNicDonald 2012. Using this 300 km limit,

(2009 concerning the resulting wavelengtkﬁo at different hori-  the projected wavelengths vary within a 1500 to 3500 km

zontal distances and phase shifts. range. The comparison with the horizontal wavelength de-
rived from the 2-point method (Figia and c) clearly states
that even though the spacing of°1as displayed in Figeb)

shorter the interval, the less 3-point groupings can be foundis rather large, the results can match those from the 2-point

This was performed for the northern hemisphere (NH) win-method or sometimes also provide a detection method for

ter 2006/2007 for the altitude range 20-30km. Fértlie  shorter wavelengths than the 2-point method. For the mo-

amount of 3-point groupings is too small for a sufficient mentum flux, the determined horizontal wavelength plays an
statistical global analysis. The results for°l8nd 158 are  important role. The detection of shorter wavelengths leads to
shown in Fig.6. Although the absolute values vary by ap- higher values in the momentum flux distribution. Therefore
proximately 50 %, the structure @f, is quite similar for both  the results from the 3-point method (Fige) show higher
settings. The same effect can be found when studying th&alues than those of the 2-point method with both spacings
results for the MF distribution. A more detailed description (10° and< 300 km in Fig.7d and f, respectively).

of An and MF is given in Sect6.1 The fact that the hor-

izontal wavelength is strongly dependent on the maximum

distance limit shows that the global distribution of gravity 6 Global analysis

wave horizontal wavelengths cannot be reliably determined

with the large distances required to obtain sufficient statisticsFor a global analysis, seasonal mean data for June-

This method can providgy, only as an upper boundary due August 2006 (JJA) and December 2006—February 2007

to alignment effects and limitations in the measuring princi- (DJF) are shown. The altitude range for the statistical analy-

ples and data availability. The 15orizontal spacing for the sis is set to 20-30 km. The global distribution of the number

3 points search was chosen for the global analysis. In addief available 3-point groupings and the mean distance within

tion, the data availability does not allow a global analysis for each 3-point grouping are shown in Fgjfor the NH sum-

NH summer with a 19interval. mer (panels a and c) and winter (panels b and d) respectively.
Figure8a and b show that the number of 3-point groupings
are higher in the extratropics than in the Equator region or

5 Comparison 2-point verses 3-point method closer to the poles. As mentioned in Settthe amount of
measurements in the beginning of the COSMIC mission was

As a reference to ensure that the 3-point method has workedot as high as expected. By the end of 2006, all six satellites

correctly, the results of the horizontal wavelength should al-were running, and therefore increasing the number of ROs.

ways be shorter then those derived by the 2-point method~or Fig. 8a and b, different scales are chosen to show the
from Ern et al.(2004). For this comparison, the phase shift structure of the groupings of 3 points for both seasons. The
limitation of 0.5 rad is also applied to the 2-point method. mean distance between the different 3-point groupings (see

The determinedﬁ and the true,, are shown in Fig7aand  Fig. 8c and d) is similar, but the clustering phase at the be-

b for a 10 spacing and thaf]’ for a <300km spacing in  ginning of the COSMIC mission has a small impact which

Fig. 7c. Corresponding to these horizontal wavelengths, thdeads to shorter distances in the NH summer than winter.

momentum flux, derived using the same spacing and 2-poinThese differences are most distinct over Australia and South

909

Phase Shift A®

projected horizontal
wavelength ki [km]
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(a) horizontal wavelength [km] (b) horizontal wavelength [km]
for 20-30 km altitude for 20-30 km altitude
Ax = 10° Ax = 15°

| — | [ B ]
1000 1300 1600 1900 2200 2500 1500 1700 1900 2100 2300 2500

Fig. 6. Horizontal wavelength derived from 3 points of COSMIC RO temperature profiles for the NH winter 2006/2007. Sensitivity of the
horizontal wavelength regarding distance in spacing between the 3 pointSf@a)Ehd 15 (b) spatial interval are displayed. Note, that the
color scale ina) and(b) is different.

(8)  2-point method with 10° spacing (P} 3-point method with 10° spacing (C) 2-point method with 300km spacing

N

latitude

ﬁ

e

longitude

longi

1000 1800 2600 3400 4200 5000 1000 1800 2600 3400 4200 5000 1000 18_00 2800 3400 4200 5000
horizontal wavelength [km] horizontal wavelength [km] harizontal wavelength [km]

| —— ] | —— ]
o] 0.6 1.2 1.8 2.4, 3 0 0.6 1.2 1.8 2.4, 3 0 0.6 1.2 1.8 2.4. 3
momentum flux [mPa] momentum flux [mPa] momentum flux [mPa]

Fig. 7. Horizontal Wavelengthk(f ) (aandc) and true horizontal wavelengtb)(with spacings of 19 (a andb) and < 300 km €) and the
corresponding momentum fluk— f.

America. The maximum distance is limited by a°1&rcle, fed into a B x 5° lat./long. grid. Due to the low numbers of
which represents about 1500 km at the Equator and 500 kn3-point groupings in polar regions (north of°8, south of

at high latitudes. The gaps in the NH summer are found in75° S), these areas are not evaluated. As mentioned before, a
all wave parameters. There, the number of 3-point groupinggemporal and spatial window is used, and thé limitation

is too small for a statistical analysis. For all wave parame-and the comparison of the dominagteliminate about 30 %
ters, as well as for the mean distance, the results for each 8f all measured 3-point groupings.

points (meankp, Ay and the computedy, along with MF) Figure9a and b display thé, distributions for NH sum-

are attributed to their mean lat./long. position (MP) and thenmer (panel a) and winter (panel b) with minimum values of
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Fig. 8. Number of 3-point groupings from COSMIC for JJA 20@f &énd DJF 2006/200h] and the mean horizontal distance of the three
single profiles within each 3-point groupingdndf) for the altitude range of 20-30 km.

5km around the Equator and up to 10km in the extratrop-found in the NH. Going from west to east, the increasgjin
ics and polewards. At first glance, a small general decreasa the NH can be explained by the various mountain chains
of Ay from Fig. 9a to b can be seen. Taking a closer look, and wind shear conditions. East of North America, and in
some significant changes in both directions are detectable the northeast of Russia, the NH winter weather conditions
for example, the decrease of from about 9 km to less than provide strong wind shear. In northern Europe, the prevail-
7 km over Canada and the US, as well as over Russia, or thing westerlies induces GWs on the lee side of the Scandina-
increase of, over Australia and northern Africa. All these vian mountains with values of up to 8 Jkf The subtropical
changes are located over land, but there is also a decreaget stream induces high values Bf when crossing the Za-
in the 4, over the southern hemisphere (SH) water regions,gros MountainsKarajzadeh et gl2011). For both seasons,
which is most significant around the Antarctic Peninsula.  the Equator region shows high, values around 6J kd.

The Ep, distribution (see Fig9c and d) agrees with pre- These values are due to the high amount of convective poten-
vious results $chmidt et al. 2008. Differences in the ab- tial from high temperatures and humidity in that area.
solute values come from the different definitionsiy with
the meanE for Schmidt et al(2008 and the peakEp, de- 6.1 Horizontal wavelength
fined using the GW amplitude in Fi§@c and d. The higher
values (up to 8 Jkg') for both seasons are located along the The Ay, distributions (see Figl0Oa for JJA and Fig10b for
Equator and decrease towards the polar regions. However, fdpJF) show a trend of increasing, towards the Equator.
June—August 2006 the higher values in the extratropics ard he reason that the scale has a different starting point is
located on the SH, with particularly high values along the that the visibility of the pattern requires different scales for
east side of the Andes mountains, mainly due to low-leveleach graphic. This kind of pattern has already been shown
westerlies and the permanent jatéxander and de la Torre by Frohlich et al.(2007), who used a theoretical,, and

2010. For December 2006—February 2007, higher values ardy Wang and Alexandef2010 using GPS RO data. Also,
the Ap, distribution shows longexy, over water in the winter
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Fig. 9. Vertical wavelength derived from COSMIC for the available 3-point groupings (JJA 2@p&ang@ (DJF 2006/07)}(), and the mean
potential energy distribution for each seasoarfdd) for the altitude range of 20-30 km.

hemisphere than in the summer hemisphere and decreasinvghen choosing a shorter spatial window, but the pattern does
An over the winter-hemisphere land areas compared to th@ot change significantly. For both seasonal mean MF distri-
same regions in summer. The effect of shorter wavelengthbutions (JJA and DJF), a band of high values is located along
over land is most significant for the SH winter (Fig. 10a). the Equator. In addition, the winter hemisphere shows more
The absolute value of}, at the east of the Andes is higher wave activity (higher MF values) than the summer hemi-
than the results frorde la Torre and Alexand€P005, but sphere. The higher values are found at the east of the Andes
the derivedi, here is only an upper boundary af (see  mountains and along the Antarctic Peninsula during the SH
Sect.4). The An would decease by a mean of 50 % when winter (Fig.10c) and at the east on the Scandinavian Moun-
changing the spatial window from 130 1C°. Since there tains and the Zagros Mountains (Iran) during the NH winter
is also a small correlation between the mean distance distri¢Fig. 10d).

bution of the 3-point groupings and the derived horizontal MF was derived from model data and satellite measure-
wavelengths, the discussed variations might be influenced bynents were performed b@eller et al.(2013. Other global

the sampling method. distributions of the MF were given, e.g., Byn et al.(2004
2011, Frohlich et al. (2007, and Wang and Alexander
6.2 Momentum flux (2010. Again, the absolute values shall not be compared

even though the range is 0 to 3mPa which fits to the re-

The global MF distribution is displayed in Figkdc and d for ~ Sults derived byErn et al.(2004 andFrohlich et al.(2007.

JJA and DJF, respectively. The absolute values of MF rangé&Ut the general patterns fit each other as well. Not all results
between 0 and 3mPa, but the pattern of the distribution s2r® Presented for both seasons and for that exact time pe-
more crucial for the evaluation. The absolute values dependiod: therefore the patterns can also differ. Nevertheless, all
on the derivedi, and therefore also on the chosen spatial results show higher values for MF in the winter hemisphere.

interval. For the MF, however, the absolute values increas&Vang and Alexande(201Q also show the two areas with
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Fig. 10. Horizontal wavelength derived from 3 points of COSMIC temperature profiles for the available 3 points (JJA&CG06) (DJF
2006/07) b), and the mean momentum flux distribution respectively for each seasmnil) for the altitude range of 20-30 km.

high values of MF, one over South America, the other overThis work optimizes the approach ®Wang and Alexander
Africa, for the same time period (DJF), and the high MF over (2010, leading to results with a higher resolution. The new
Scandinavia. The method of taking 3 points instead of a fixedapplied phase shift limitation and the restrictions in the geo-
15° x 15° grid allows for a higher resolution in the final dis- metric constellation of the 3-point groupings considered lead
tributions of the derived wave parameters. to a higher resolution in the results thi#/ang and Alexan-
der (2010 showed. However, a disadvantage of this method
] is the high dependency aof, on the spacing within the 3
7 Conclusions points. After the clustering phase of the six COSMIC satel-
. . . . .. lites, the occultations were further apart, making it harder to
This study provides m_formatlon about the determlna_ltlonﬁnd suitable 3-point groupings. However, the method can be
of momentum flux using three co-located RO profiles. applied to other vertical temperature measurements, as long

COSMIC data from the clustering phase (April 2006— . : . :
o th de th d spatial and t I lution.
February 2007) were analyzed. Some of the limitations ap—as €y provide the required spatial and temporai resolution

plied come from the method introduced Byn et al.(2004
(small temporal and spatial windows, analysis for each alti- o
tude): others were added to minimize the alignment effectdcknowledgementsThanks to UCAR for providing the COSMIC
(Av, A® and Ep). Global distributions of the vertical, hor- daga. P. Ll?rggeg; and A. de la Torre are members of CONICET
izontal wavelengths as well as potential energy and MF agnderaran '

seasonal means in the altitude range 20 to 30 km, from June o service charges for this open access publication

August 2006 and December 2006-February 2007 are dispaye heen covered by a Research Center of the

played as an example of our studi®®ang and Alexander Helmholtz Association.

(2010 concluded that the data density is rather too coarse for

an accurate determination of the horizontal wave parametersdited by: S. Slijkhuis
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