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Abstract. Gravity waves (GW) and convective systems playuadédmental role in atmospheric
circulation, weather, and climate. Two usual mainirses of GW are orographic effects triggering
mountain waves and convective activity. In additiddW generation by fronts and geostrophic
adjustment must be considered too. The utility ¢db@l Positioning System (GPS) radio occultation
(RO) observations for the detection of convectiystams is tested. A collocation database between RO
events and convective systems over sub-tropicalitblatitude mountain regions, close to the Alps an
Andes is built. From the observation of large atoplé GW structures and the absence of jets antsfron
subsets of RO profiles are sampled. A represeetatge study among those considered at each risgion
selected and analyzed. The case studies are igaestiusing mesoscale WRF simulations, ERA Interim
reanalyses data and the measured RO T profilesalbbence of fronts or jets during both case studies
reveals similar relevant GW features (main pararsgtgeneration and propagation). Orographic and
convective activity generates the observed GW. Nainnwaves above the Alps reach higher altitudes
than close to the Andes. In this last case a afitayer prevents for the propagation of GW paclkgt$o
stratospheric heights. The case studies are seélette because they illustrate how the observdtiona
window for GW observations through RO profiles atsma misleading interpretation of structures at
different altitude ranges. From recent results, distortion introduced in the measured atmospheric
vertical wavelengths by one of the RO events issitiatively discussed. In the analysis, both tkeation
angle of the sounding path (line of tangent poiats) the gravity wave aspect ratio estimated frben t
simulations and the line of sight, are taken intocaint. In both case studies, a considerable timtor

over- and underestimation of the vertical wavelbagheasured by RO may be expected.
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1. Introduction

The Global Positioning System (GPS) radio occultafRO) technique has been proven to be a powerful
tool to analyze meteorological tropospheric featwith a moderate/high spatial and temporal resmiut

in essentially any meteorological condition. Itsligbto penetrate clouds allows to retrieve tengiare

(T) and water vapor pressure),( amongst several other atmospheric variables \ithh vertical
resolution close to the near surface. Vertical ifgsfof T are provided with an accuracy of less thanl K
(e.g., Kursinski et al., 1997; Steiner and Kirchestg2005; Scherllin-Pirscher et al., 2011; 20h7)hie
troposphere to lower stratosphere and specific Hitynivith an accuracy of about 0.3 gktp 0.1 g kgt

in the lower to middle troposphere (Kursinski andb@ardt, 2014). Although measurements are taken
irregularly in time and space, they provide a glatverage. Data are available from several mission
such as the CHAllenging Minisatellite Payload (CHRM Satélite deAplicaciones Cientificas-C (SAC-
C), Gravity Recovery and Climate Experiment (GRACHEY the Formosa Satellite mission-3/
Constellation Observing System for Meteorology,dgphere, and Climate mission (hereafter referred to
as COSMIC), and found to be of high quality andsistency in the troposphere and lower stratosphere
(e.g., Steiner et al., 2011; 2013; Angerer et2dl1,7, this AMT special issue).

Biondi et al. (2011) recognized double tropopausents using bending angl®4) anomalies derived
from GPS RO measurements from different missioaser, Biondi et al. (2014) found that the GPS RO
technique is useful for understanding the therm@licture of tropical cyclones and possible
overshootings into the stratosphere. The complefithe relationship between deep convection amw fl
convergence over mountains has been widely stuBiemhko et al. (2009) showed that during days with
deep convection, the convergence over mountaiwgdker than on days when deep convection does not

occur.

Over the Alps, considering the kinematic and dymaf@atures of divergence, flow splitting or mesdsca
vortices, it is possible to find regions which iaié or intensify the storms (Bica et al., 200Mefmally
driven flows over the Alps are associated to cogerce caused by large-scale topographic heat flow
(Langhans et al., 2011). These flows supply maésfoom source regions close to the surface, which
stimulates the initiation of deep convection (eBgrthlott et al., 2006). Gladich et al. (2011) miemed

that southward oriented reliefs receive more so#atiation, resulting in a warmer atmosphere in
comparison with flat terrain. Also, the orographesents a negative energetic balance as compared to

flat regions.

Extratropical regions in the Southern Hemisphemsstrong wave activity close to the Andes anchio t
Antarctic Peninsula (e.g., Eckermann and Preu€#9;1de la Torre et al., 2012; Hierro et al., 2013)e
eastern side of the Andes at mid-latitudes, betwbensubtropical and polar jets (Houze, 2012), is a
natural laboratory for gravity waves (GW), in pamlar mountain waves (MW). The dynamic processes
involved in convection over this region have bepalgsed, e.g., by de la Torre et al. (2004), whantb

that anabatic winds act as triggering mechanisnthan presence of moist enthalpy under unstable
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conditions. A relationship between MW and the depeient of deep convection was found by de la
Torre et al. (2011). Through the design of sevamah-dimensional numbers related to storms
development and MW energy, Hierro et al. (2013)nfbuhat MW are able to provide the necessary
energy to overcome a surface stable layer. Velyigalopagating short-period GW strongly affect the

general circulation as well as the structure ofrtliédle atmosphere (e.g., Dutta et al., 2009).

Convective activity is one of the most importanumes of GW through the release of latent heat,
contributing to the interaction between waves amAmflow in the middle atmosphere (e.g., Alexander,
1995; Pandya and Alexander, 1999). When a conwedigud reaches the mean flow, waves which
propagate upstream are generated (Beres et ak, &0 references therein). Convective instability,
turn, yields oscillatory movements, which give glatbo GW that propagate vertically as a harmonic
oscillator (e.g., Fritts and Alexander, 2003). Salauthors have analyzed the main mechanisms which
describe the possible sources of gravity waves rgéee by convection. In the “obstacle effect”, the
background finds a barrier given by the convecfiwsv (Clarke et al., 1986). Fovell et al. (1992),
proposed a mechanism where updrafts and downdesth the tropopause, generating high-frequency
GW. Roéttger (1991) studied penetrating cumulus ectien which generates GW by transferring kinetic

energy from the troposphere to the lower stratogphe

Evan et al. (2012) determined that the Weather &ekeand Forecasting (WRF) mesoscale model
(Skamarock et al., 2008) is able to simulate s$gateric GW, when it is run under actual boundary
conditions. It was also possible to resolve GW gateel by convection in the tropics. Stephan and
Alexander (2014), in turn, showed that WRF phygesameterizations are not decisive to get good
results from GW simulations. From WRF simulatiobswe the Southern Andes, de la Torre et al. (2012)
detected systematic large-amplitude, stationarphpdrostatic GW structures, forced by the mountains
up to the lower stratosphere and persisting foeh\hours. Their dominant modes were charactebged

horizontal wavelengths/(}) of around 50 km. The vertical wavelength's)(were estimated to be

between 2 km and 11 km. Over the Andes regionadEolre et al. (2011) detected two main modes of
mountain waves with large amplitude and high isidnfrequency. Over the same region, Hierro et al.
(2013) found stationary modes with between 40 km and 160 km ahgdof around 7 km. de la Torre et

al. (2015), analyzing storms in the presence of Miigtinguished two different structures in vertical

wind simulations. Both of them seem to be fixedthe mountains, defining systematic updraft and
downdraft sectors. GW parameters were analyzed framnd-pass and wavelet analysis, indicating for the

cases analyzed the presence of sheend long/ z, as expected for high intrinsic period GW.

The motivation of the present work is two foldedsE to find a set of collocations among GPS B®
andT profiles and mesoscale sub-tropical convectiveesgstunder reasonable conditions of proximity in
space and time occurrence over orographic regiéiss (and Andes). We use this dataset to test the
utility of Global Positioning System (GPS) radiocattation (RO) observations for the detection of
convective systems. To detect the cloud top akitirdm the RO profiles, we apply a technique based
the anomay in th&A. Secondly, the GW structures are analyzed and disdufor two selected case
studies detected in the absence of jets and frérots, high resolution mesoscale model simulatiomd a

reanalysis data. The possible determination oreadihg interpretation of GW parameters from GPS RO
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is discussed in detail for these case studiest. eoutlines the RO data used and the methodology
applied and describes the two subsets of RO evetnisved during convective activity close to Aosd
Andes ranges. In Sect. 3, one case study at egiinrs selected and relevant GW features are aedly
from the simulation, the reanalysis data and thasmeement of both RO events. In Sect. 4, conclgsion

are given.

2. Data and methodology

The utility of RO observations for the investigatiof convective systems (Biondi et al, 2012; 2014
GW over orographic regions in Europe and South AgaefAlps and Andes mountains) is tested. It is
known that a sharp spike in RBA is highly correlated to the top of the cloud, esponding to
anomalously cold temperatures within the cloud. vébthe cloud, the temperature returns to background
conditions, and a strong inversion appears aboyelttud top. For usual tropospheric cloud tops,Tthe
lapse rate within the cloud often approaches atagiimbat, consistent with rapid undiluted ascethiw

the convective systems.

We built a collocation database between RO obsensiand mesoscale convective systems over sub-
tropical to mid-latitude mountain regions. The stdd regions for the Alps and Andes are°[d@o 55N,

0°E to 2CE] and [20S to 40S, 60W to 748W], respectively (Fig. 1). We use RO data procesgdatie
Wegener Center for Climate and Global Change (WE®i€) the Occultation Processing System (OPS)
version 5.6 (Schwarz et al., 2016), based on expbase and orbit data version 2010.2640 from the
University Corporation for Atmospheric Research @R} from the CHAMP, SAC-C, GRACE, and
COSMIC missions. We analy€®A and T profiles which are available from near surfacetaptO km

altitude with 100 m vertical sampling.
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Figure 1:The Alps (right) and Andes (left) regions selecteduild a collocation database between RO
data and cloud data over sub-tropical to mid-ldétmountain regions. Convective systems are lodated

time and space using the global deep convectivekitrg database of the International Satellite Cloud
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Climatology Project (ISCCP) (Rossow et al., 1996m January 2006 to July 2008. This period was
chosen due to the constraints and limitations iragdsy the ISCCP database and the COSMIC data. The
first source, available between 1983 and 2008urseatly incomplete and being re-processed. The
global ISCCP data set, with a horizontal grid re8oh of 30 km and a nominal time resolution of,3sh
based on brightness temperatures from geostati@aejlite measurements. It provides information on
the location and extent of mesoscale deep conwectoud systems and their properties. The parameter
extracted from ISCCP data, are: time of occurreceater (mass center) and radius of the storm. The
COSMIC mission started in June 2006.

The selection criterion applied in the present wooksiders the position of the RO observation with
respect to the center of the storm, thus providfg and 50 collocations at the Alps and Andes regio
respectively . According to this criterion, it ibserved whether the latitude and longitude cornedipg

to the mean tangent point (TP) belonging to eachpRdiile is located within a radius of 100 km with
respect to the center of the storm, as providetSBCP. A maximum time interval of 3 h was allowed
between each RO event and the data from ISCCPcdllecated events were selected using cloud data
from geostationary satellites METEOSAT (Europe) &W@ES (South America) (Fig. 2).

km km
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Figure 2. Collocated events between GPS RO prdditesconvective systems. The latitude and longitude
corresponding to the mean tangent point belongingaich RO is located within a radius of 100 km
respect to the center of the storm. It is detettedtime interval less than 3 hours. The AlpsoadHleft-

294 collocations). The Andes region (-right- 50l@céhtions).

The collocated RBA andT profiles were further used to determine the vertauctures of sub-tropical
convective systems over orographic regions. Inmomeetect the cloud top altitude with RO, we &bl

the anomaly technique developed by Biondi et &118) for anomalous atmospheric profile and cloym to
detection of convective systems. E&A andT profile collocated with a storm was referencedirgaa

RO background reference climatology profile, whighs extracted for the same location and the same
month from the global RBA and T reference climatology, respectively (for detail® €&iondi et al.
(2017)). We then subtracted the collocated RO eefer climatology profile from the individual RO

profile. BAwas normalized with respect to the reference clitogly profile in order to obtain a fractional
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anomaly profile. The cloud top altitude is repréedras a pronounced spike in the vertBalanomaly

structure and correspondingly, in thanomaly profile.

Taking into account the wave signatures observatdarROT profiles (see below), GW were analyzed
from two different data sources: mesoscale modalisitions and ERA Interim reanalyses data. The
WRF simulations (Skamarock et al., 2008) wereqrenéd using 1°x1° National Center of Enviromental
Prediction (NCEP) Global Final Analysis (FNL), asumdary conditions. They are conducted in four
nested domains (27 km, 9 km, 3 km, and 1 km reby¢} with 60 vertical levels. A sponge layer was
applied in the upper 3 km. The size of the innandim in the Alps region is about 300 km x 200 krd an
that of the Andes region about 300 km x 300 km. daarh domain, the microphysical schemes used were
the following: WRF Single Moment-6 class (WSM6; Hpet al., 2004); Yonsei University (YSU; Hong
et al., 2006) to represent the planetary boundaygt (PBL) physics; Rapid Radiative Transfer Model
Longwave (RRTM; Mlawer et al., 1997) and MM5 Dudl8hortwave (Dudhia scheme; Dudhia, 1989)
for radiation processes; the Noah land surface i(dédgeloped jointly by NCAR and NCEP; Skamarock
et al., 2008) and Monin—Obukhov scheme; (Monin @taikhov, 1954) for surface physics and thermal
diffusion processes respectively. The cumulus patarization used was the New Grell scheme (Grell3;
(Grell and Devenyi, 2002)) for the first two domsimvhile no-cumulus parameterization was seleaed f

the two inner one.

In the present study, a GW climatology from theilabde limited number of collocated cases is not
intended. Instead, by focusing on selected largelistmde ROT profiles, wave features at both mountain
subtropical regions are compared. In doing so, ¢ekocations were pre-selected in each regiont(aén
panels in Fig. 3a-b). All of the pre-selected coditions show some spikes in tBA profile, from which
one is correlated with the cloud top of the coroesjing convective structure. Large amplitude
oscillations that may be associated to hydrostati/or non hydrostatic GW structures are evidehe T
analysis is further conducted on two peculiarecsisidies (central frames in Fig. 3a-b), definedhsy
simultaneous absence of jets and fronts. When tlasseGW sources (e.g. Fritts and Alexander, 2003)
coexist with other sources, the analyses is exgbctaore intricated. In the present case studied, G
structures are conceivably limited to orographid/an convective sources. The RO case studies éxhibi
attractive oscillatory features and correspondha Alps region, to 02 Feb 2008, 17:24 UTC (47\29
12.02W) and in the Andes region to 19 Dec 2006, 16:5&Y25.35S, 67.37W).
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Figure 3: Pre-selected collocations between GP$Rfles and convective developments in a) the Alps
region and b) the Andes region . Shown are absglutfiles and anomaly profiles for bending angle
(green) and temperature (red) and the respectiveatlogy profile (dotted). The cloud top height is

indicated by a blue staiThe collocations pre-selected for case studiesbaeed on observed large

amplitude wave features in the RO profiles. The two selected case studies are basedhe

simultaneous absence of GW sources given by jetfrants.

3. WRF model simulations, ERA Interim reanalyses d& and GPS RO observations

The GW in the two selected study cases at the Alpd Andes region are investigated from WRF

numerical simulations, ERA Interim reanalyses @atd the collocated GPS RO observed profiles.

3.1. Case study at the Alps region
3.1.1.Numerical simulations of GW structures

At the Alps region, the dynamic and thermodynan@cameters are simulated. In Fig. 4 the vertical ai
velocity (aw) in the considered area is shown. Two altitudeley8 km and 12.5 km) are chosen, above
and below the cloud tops (situated at 9.8 km hgightl7:00 UTC. Thedv field is represented a few
minutes before the RO event (17:24 UTC).
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Figure 4: Simulated high resolution (inner WRF domhaiv structures at the Alps region (defined in Fig.
1). Two altitude levels, a) above and b) belowdlaids top are shown. The line of tangent pointBR)L
corresponding to the collocated RO event is indi¢ah both panels from lower (3 km) to upper (40 km

points (solid black line). The line of sight (LO&tted black line) at both levels is also indicated

The mesoscale outputs were obtained every 60 mmgenerally accepted thdly adequately highlights
the main GW amplitudes and wavelengths charadterigt MW. These, usually belong to high and
medium intrinsic frequency regimes. In Fig. 4, agm, mostly bi-dimensional GW structures with
constant phase surfaces are seen. They are maiehterl along S-N direction and slightly tilted NeE
with increasing latitude. The mean horizontal wiaddirected from NW to SE at 700 hPa, causing the
apparent forcing of MW. It is equal t&J[V] = [3;-3] m/s at 18 UTC. Prevailing amplitudes ahg
ranging between 1-2 mi‘sand 20-60 km respectively are distinguished. Twdnnfaatures may be

remarked at both levels. GW amplitudes are weak@wbthan above the cloud tops and two different
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structures are visible. One structure is statiorzarg the other is not stationary. The last oneoisalty

and meridionally displaced when observed at 1-hotarvals during the evolution of convection (hot
shown). The GW sources seem to be orographic fpreimd associated to the clouds development
respectively.dv amplitude values up to 2 m sorrespond to MW with short horizontal wavelength.
These dv perturbations exhibit, as expected, the preserichlW more clearly thandTl. (Fig 5a).
Contrarily, the non stationary GW with longgf and amplitude values above 2 K are more evidedTin
than in dv, as a function of longitude and latitude (Fig 5id &bc). Systematid ; values ~ 8 km,
associated to these longhky are appreciated. In these figures, the verticed Indicates the position of
the RO mean TP. The orographic amplitudes are maigmficant early in the morning, exhibiting a
general decrease with increasing local time (nowsh. They reach large amplitudes at stratospheric
heights beyond the tropopause, located at 11 kmciNizal levels for MW or reflection effects are
observed (Fig.5d). The strongest orographic strastare observed until the early afternoon. Orother
hand, the non-stationary GW packets are generagdgtebn 12 km and 17 km height, during the
convection development after mid-afternoon andatedi above the cloud tops. The longgvalues are

not well defined, suggesting the coexistence of éwmore non-stationary modes.

Figure 5.Simulated high resolution GW structures at the Agggon, showing afv anddT signatures as
a function of b) longitude and c) latitude. Nontistaary/stationary GW with longer/shorter horizdnta
wavelength are more clearly seen dfi/ dv. d) Zonal and meridional mean wind. The dotteck lin

indicates the position of the TP.

3.1.2. Analysis of gravity waves in the RO obséomat
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The wavelike structure of the RDprofile, retrieved at the Alps region is analyz&dis profile is shown

in the central panels of Fig 3a. Its horizontaltgjpcted line of tangent points (LTP) is seen ig. A

265

Figure 6: a) Retrieved RO vertical profile (black line) and its corresponglitow-pass background
componentTB (red line) at the Alps region. b) Remaining ostitia (black), isolated after applying a
band-pass filter (red) and a double filtering psscdo the background (black dotted) profile. c)

270  Continuous wavelet transform (CWT) applied to tleetyrbationT structure, as a function of the vertical
wavelength. The RO event took placd @24 UTC.

In doing so, the perturbation component of thififés removed (Fig. 6a). If a simple band-pa#tefiis
applied (e.g., de la Torre et al, 2006), the “tqoguase problem” must be faced, as far asTRiDofiles are
available as a function of altitude. As pointed butAlexander et al. (2011), even if filters witkell cut-
275 offs exist, part of the problem would still be tedsecause the tropopause kink usually departs &rom
sinusoid or any other function that may be used dsasis. Real filters do not yield ideal spectral
component isolations (side effects are amplitudieicgon for example) and may need some manual fine
tuning procedures to optimize their performancdeA& “perfect” band-pass is used, there shouldde
remaining components at wavelengths outside theidered range. The method here applied consists in
280 two steps. (i) A bandpass filtering to isolate Wavelength range of interest to separate the baakgr
and eliminate the noise was used. (ii) A cutofgtarthan or equal to the bandpass upper limit was

applied. This allows to remove large wavelengtimesenting background behavior or trends still gmes
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and to force a zero mean. The tropopause kirlkdan be viewed as the surrounding of a long sinlasoi
peak. In the first step, a bandpass between 1 kdri@rkm, and in the second step, a cutoff of 10aken
applied. The resulting filteredT profile is marked by the solid black line in Figh.6A continuous
wavelet transform (CWT) is finally applied to thenmainingdT wave structure (Fig. 6c).

The CWT isa useful method to detect the main oscillation esogresent in a signal analysis. As it is
known, it is a powerful tool for studying multiseahnd non-stationary processes occurring overefinit
spatial and temporal domains (Lau and Weng, 1993llows detecting short-period as well as long-
period oscillations. The CWT compares the origsighal against a set of synthetical signals, wiaigh
called mother wavelets, obtaining correlation cieeffits. The comparison between signals is cawigd
through a process of translation and contractiodilation of the mother wavelet in each signal jwort
This process is repeated for all scales of motlerelets, allowing the location of short life andtni
frequency signals like sharp changes, thus obtidietailed information. In this work, the mother
wavelet selected is the Morlet wavelet (Morlet, 3p8which consists of a flat wave modified by a
Gaussian envelope. Fig. 6¢c shows a clear GW sitimalighout the tropo-stratospheric region, with
prevailing/; = 4 km. A second considerably weaker mode is ptesent in the troposphere, with

close to 7 km.

To search for a possible correspondence among thesenodes and the structures observed in Figs. 4
and 5, the expected amplitude attenuation effeaistrbe considered (P. Alexander et al., 2008). In
particular, for this RO event, the LOS stands aheBP almost exactly perpendicular to the GW phase
surfaces observed in Fig. 3, at’&m North direction (dotted lines in Fig..40his should prevent the
observation of vertical oscillations correspondingshort/; structures, as seen in Fig. 4. In this figure,
the quasi perpendicular orientation of the constawWi phases relative to the line of sight (LOS) is
appreciated. This clearly does not benefit the Gefection during the RO event. The horizontal
averaging of RO retrievals produces an amplitudenattion and phase shift in any plane GW, which
may lead to significant discrepancies with resgecthe original values (Alexander et al., 2008)eTh
lower and upper altitudes of LTP are 3 km and 4Q fespectively. The observation of GW structures
with short/, observed in Fig. 4, will expectedly suffer ampdiéuattenuation and should not be visible by
GPS RO events (Preusse et al.,, 2002; P. Alexanded.,e2008). An estimation of the expected
attenuation in the stationary and non stationamyctiires during the RO sounding is performed. The
amplitude attenuation factor defined as the ragiseen derived and original amplitudes is deducads
factor is a function of the ratio of GW verticaldahorizontal wavelengths and the angle on the botéa
plane between the wave fronts and the line of HiigbS). Ideal conditions that lead to no attenuatoe,
respectively, a null ratio between vertical andizamtal wavelengths and a null angle between LO$ an
the fronts. The analyzed case study shows the smoreling values of both parameters and the
attenuation factor (range 0-1 covers from nullut dutput) (Table 1). According to these resuitsthe

Alps case study a considerable attenuation of nadimtaves below the tropopause is expected.

3.1.3. Analysis of GW structures from ERA Interatad
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320 The resulting estimation of a negligible attenuatiactor at both height levels shown in Fig. 4, fooms
that the GW cannot be captured there during theeRéht. It is clear that the mesoscale simulatioas a
not enough to explain the observed GW structureufiderstand the origin of the oscillation obserired
the RO dT profile, the possibility that the presence of GWhwscale long enough is not able to be
captured by mesoscale WRF simulations is analy&edording to this, the corresponding ERA Interim

325 reanalyses data are observed. In Figdl7resulting from these data at 22 km height reveatiefined
non-stationary oscillation propagating in NW-SEediion, with/yx and/y equal to 530 and 650 km
respectively. The attenuation factor derived fromese values is estimated in 0.90. This value is

consistent with a clear oscillation observed atespheric heights in the RO profile, with equal to 4
km (Fig. 6¢ and Table 1).

330

Figure 7. ERA InterimdT data corresponding to the case study at the Algi®n. The red point indicates

the mean TP

335

vertical/horizontal angle between attenuation
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wavelength ratio wave fronts and factor

LOS
Alps above 0.02 48 0.90
Alps below 0.51 78 le-49
Andes above 0.01 32 0.99
Andes below 0.35 7 0.44

Table 1. Attenuation factor as a function of thgoraf GW vertical and horizontal wavelengths ahd t
angle, on the horizontal plane, between the wawet$rand the LOS. Alps and Andes case studies above
and below the tropopause level. A considerabléfadttenuation below the tropopause at the
Alps/Andes region is expected.

Independently to the expected attenuation, an iaddit distortion must be considered due to thetsthn
nature of the sounding. This is introduced in theasured GW/, and/; by atmospheric soundings
performed in any other than vertical and horizodiadction. This is the case during GPS RO events o
during radiosoundings (e.g., de la Torre and Alelean1995; P. Alexander et al., 2008).the case of
RO events, a visibility condition imposed to theeliof sight (LOS) described in P. Alexander et al.
(2008), must be satisfied. The distortion is mardess significant, depending on thkevation angle of
the sounding path and the GW aspect ratio (de laeTet al., 2018, hereafter referred to as T18}. Fo
example, during vertically directed measurementk wisingle lidar/ cannot be detected bl is not
distorted. A clear advantage of numerical simulaior reanalyses data is that they are not affdzyed
this systematic error inherent to any slanted apihesc measurement. According to this, we must
distinguish between “apparent” (i.e., RO observat)oand “real”/y and/; values. For this reason, the
apparent 4 km oscillation observed in Fig. 6¢ niestarefully observed as a distorted signaturegwimi
fact corresponds to a different refal value (T18). Considerable under- or overestimatiare in the
general case expected, depending on the aspectaftGW and inclination of the LTP (T18 and
Appendix).
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3.2. Case study at the Andes region
3.2.1.Numerical simulations of GW structures

From the simulated dynamic and thermodynamic patensiein Fig. 8 we showdv at constant height
levels for the Andes area, delimited in Fig. 1. &ant altitudes of 10 km, 16 km, below (Fig. 8ajl an
above (Fig. 8b) the cloud top (situated at 14 knglhtg, respectedly, and at 26 km (Fig. 8c), at 07:0
UTC, are selected. Thav field is represented a few minutes before the Réhe(16:56 UTC).

Figure 8: Simulated high resolution GW structurethie Andes region delimited in Fig. 1. Three canst
altitudes, a) at 26 km, b) at 16 km (above) andtd)0 km (below) the cloud tops (situated at 14 kna)
selected. In this case, the mean LTP (black lisédcated around 25.5°S and 67.1°W. The TP alt#ude
The red point indicates the mean TP. The dotteslifidicates the LOS crossing the TP corresponding t
each selected altitude.

Coherent bi-dimensional GW structures with constardse surfaces oriented from SW to NE are seen
(Fig 8a and 8b). The mean horizontal wind vector@ hPa directed from NW to SE is [U,V] = [7;-3]
m/s at 18 UTC. de la Torre et al. (2015) have shthahimmediately to the south of Central Andessel
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to the mountain tops, two clearly different orodrapGW structures are systematically observed at
constant pressure levels. One structure type shogldy elongated alternating positive and negative
parallelav bands, aligned almost in N-S direction. The sedypd presents a bi-dimensional distribution
too, but exhibits alternating fringes of much shodbngitude, mostly in SW—NE direction. The mean
wind that forces mountain waves exhibiting the lfictures of the first type, presents an intenseako
gradient of zonal wind, veering to an increasingst@dy mean wind with increasing latitude. The
meridional wind component is usually negligible.the 2D structures of the second type, at and below
mountain top levels, a prevailing intense negatharidional wind with less zonal wind contributios i
observed. In the case study shown in Fig. 8, thanmeind at 700 hPa with considerable negative
meridional component, is associated to the sedgpé. In Fig. 8a to 8c, additional orographic GW
structures situated at the NE and SE of the domusarobserved. They propagate from low altitudeg unt
at least the upper limit of the simulations. Theseictures exhibit stationary circularly shaped svav
fronts. They penetrate beyond the critical layerdimgraphic GW, situated at an almost zero winelle
near to 18 km height (Fig. 8a to 8c and 9d).

In Fig. 9a to 9c, as in the Alps cas#y perturbations exhibit the presence of mountainesamore
clearly thandT. (Fig 9a). Nevertheless, in Fig 9b and 9c, thesgmee of two different GW structures,
separated by a critical layer at 18 km as a functb longitude and latitude, is identified. The MW
propagate upwards and just below the critical lajey increase their amplitude, with decreasingn
agreement with linear GW theory. Inversely to thipsAcase study, the orographic amplitudes at the
Andes region are more significant in the afternobney exhibit a general increase since sunrise with
increasing local time. Above the critical layer,npstationary GW packets are generated during the
convection development after mid-afternoon andatadi above the cloud tops. These longgervalues

are well resolved by WRF and shorter from the satiahs, than in the Alps case study. In the Andes
case, there is almost no spatial coexistence bet@& from both GW sources. A clear separation

between orographic structures below the criticagtaand convective GW above it, is quite evident.



410

415

420

425

18

Figure 9.Simulated high resolution GW structures at the Anamgion, showing ajiv and dT signatures
as a function of b) longitude and c) latitude. Natationary/stationary GW with longer/shorter horitzd
wavelength and shorter/longer vertical wavelengthove/below the critical layer are appreciated. d)

Zonal and meridional mean wind.

Next, the wavelike structure of the ROprofile, retrieved at the Andes region. This pgeofs shown in

the central panels of Fig 3b. Its horizontally peigd LTP is seen in Fig. 8, is analyzed.

3.2.2.Analysis of gravity waves in the RO observation
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The procedure is identical to the one applied isecstudy Ihe utility of the double filter applied is
more obvious here than in the Alps case study. Als® tropopause kink is sharper (Fig. 1@8)r this

RO event, inversely to the described situatiorhim Alps case study, the LOS stands at each TP &lmos
aligned to the GW phase surfaces observed in Figt 890 from north direction (dotted lines in Fig..8)
This may allow us to detect vertical oscillatiomsthe RO profile corresponding to the shbgt MW

structures seen below the critical layer in Fign8 9.

Figure 10: The same as in Fig. 6, here for the sasgy at the Andes region.

In Fig. 10c, a clear GW signal appears also in Amgles case, propagating throughout the tropo-
stratospheric region with a prevailing = 4.5 km. Here again, attenuation and distortiffeces must be
considered. The computation of a partial attennatawtor (0.44, Table 1) at the troposphere cordirm
that the mountain waves at these levels can beaptiuring the RO event. In this estimatibg,/y and

/2 values equal to 30, 100 and 10 km respectivelycaresidered. In this case study, the mesoscale
simulations are enough to explain the observed @W¢étsire above the critical layer too. Clear signes

of /x, /vy and/; equal to 350, 400 and 3 km respectively may ba.s€Ebese values yield a very high
attenuation factor (0.99). To understand the orafinhe oscillation observed in the R@ profile, we
conclude that below the tropopause, the oscillaisocompletely due to orographic waves and abave, t
convective GW. In both cases, mesoscale simulatiere able to capture the GW structures. In thig ca
study, like in the Alps case, an expected distariiothe measuref, value, due to the slanted nature of

the sounding must be expected too.
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Az y

ap _ Z

Az = abs(1 + cot{a) cot(ur)) b= Az

4. ConclusionsFrom an initial set of collocations between coniecsystems and GPS RO observations,
the applicability of these data sets for the d&acand investigation of convective systems and Gfr
orographic regions is analyzed. In doing so, maantagions of Europe and South America, over sub-
tropical to mid-latitude regions, the Alps and Aadanges, are selected. A collocation databaséuilis
up. We use RO bending angle angbrofiles retrieved at the Wegener Center with pssing version
OPSvV5.6. The storm systems are located in time spraate according to the global deep convective
tracking database ISCCP. From an initial set of 28d 50 collocations at Alps and Andes regions
respectively, a subset of 10 collocations are pteesed. This pre-selection is based on the obsernvaf
large amplitudes, presumably GW, in the retrieVeRO profiles. Two case studies are finally studied
detail, at the Alps and Andes regions, respectivEéhe case studies are investigated using mesoscale
WRF simulations, ERA Interim reanalyses data ar@l tteasured RO T profiles. The case studies
considered are selected based on the absencesaddrjdtfronts, in order to be able to filter out two
relevant possible sources of GW. Similar GW regimmed dominant vertical and horizontal wavelengths,
from convective and orographic origin, are foundbath regions. MW reach above the Alps higher
altitudes than close to the Andes. The backgrourdmwind above this last region imposes a critical
level for mountain wave propagation, avoiding thepgagation of GW packets up to stratospheric

heights.

At the Alps, mostly bi-dimensional GW structuresttwconstant phase surfaces are seen. The mean
horizontal wind cause the apparent forcing of MWéVRiling amplitudes andy ranging between 1-2 m
s'and 20-60 km respectively are distinguished. GW launtfes are weaker below than above the cloud
tops and two different structures are visible. Gmacture is stationary and the other is not statip. The
GW sources seem to be orographic forcing and assacito the clouds development respectively.
amplitude values up to 2 m‘scorrespond to MW with short horizontal wavelengtfhese dv
perturbations exhibit, expectedly, the presenceMd more clearly thanaT. Contrarily, the non
stationary GW with longev and amplitude values above 2 K are more evidentTirthan in dw.
Systematic/, values close to 8 km, associated to these lorgeare appreciated. The orographic
amplitudes are more significant early in the mogniexhibiting a general decrease with increasimgllo
time. They reach large amplitudes at stratospherights beyond the tropopause, located at 11 km. No
critical levels or reflection effects are observéte strongest orographic structures are obsermtitie

early afternoon. The non-stationary GW packetsgarerated during the convection development after
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mid-afternoon and radiated above the cloud tops. [bhger/y values are not well defined, suggesting
the coexistence of two or more non-stationary moBesm the RO profile, the perturbation component i
removed, considering the tropopause obstacletey filut the wavelike structure. @WT is applied to the
remainingdr. A clear GW signal throughout the tropo-stratospheggion, with prevailing ; = 4 km is
found. The correspondence between these two moutkthe structures observed in the simulations are
investigated. In doing so, the expected amplitutEnaation effects in the RO sounding are consitidte

is concluded that the LOS and the wavelength rakiould prevent for the observation of vertical
oscillations corresponding to shdr structures. This clearly does not benefit the Gdtedtion during

the RO event. The horizontal averaging of RO re#ile produces an amplitude attenuation and phase
shift in any plane GW, which may lead to significdiscrepancies with respect to the original valées
estimation of the expected attenuation in the atatly and non stationary structures during the RO
sounding is performed. The amplitude attenuatiatofadefined as the ratio between derived and rmalgi
amplitudes is deduced. Ideal conditions that leada attenuation are, respectively, a null ratimieen
vertical and horizontal wavelengths and a null arggtween LOS and the fronts. The analyzed case
study shows the corresponding values of both paermend the attenuation factor. In this Alps case
study a considerable attenuation of mountain wéedew the tropopause is expected. The resulting
estimation of a negligible attenuation factor ie thoposphere confirms that the GW cannot be cegtur
there during the RO event. As the mesoscale siionltare not enough to capture and explain the
observed GW structure the corresponding ERA Integanalyses data are observed. From these data at
22 km height, a defined non-stationary oscillapzopagating in NW-SE direction withy and/y equal

to 530 and 650 km respectively is observed. Thidagns the oscillation seen in the RiD profile.

At the Andes, coherent bi-dimensional GW structwiéh constant phase surfaces oriented from SW to
NE, of a type already reported in a previous wark, seen. Additional orographic GW structures sittia

at the NE and SE of the domain are observed. Thayagate from lower altitudes until at least theem
limit of the simulations. These structures, exhdétionary circular wave fronts and penetrate hdythe
critical layer for orographic GW, situated at amast zero wind level, near to 18 km height..Aslia t
Alps case,dv perturbations exhibit the presence of MW more rtyethan aT. The presence of two
different GW structures, separated by a criticgétaat 18 km is identified. The MW propagate upvgard
and just below the critical layer they increasdrtaeplitude, decreasingy. Inversely to the Alps case
study, the orographic amplitudes at the Andes regi®, as usually, more significant in the aftemoo
exhibiting a general increase with increasing labale. Above the critical layer, non-stationary GW
packets are generated during the convection dewedop after mid-afternoon and radiated above the

cloud tops. In this case, there is almost no spatiexistence between GW from both GW sources.

In the retrieved RQ@IT profile a signal appears also propagating througttte tropo-stratospheric region
with a prevailing/; = 4.5 km. A partial attenuation reveals that at ttoposphere, MW can be captured
during the RO event. In this estimatidr, /y and/; values equal to 30, 100 and 10 km respectively are
considered. In this case study, the mesoscale aiiong are enough to explain the observed GW
structure above the critical layer too. Clear sigres of/x, /v and/; equal to 350, 400 and 3 km

respectively may be seen. These values yield a higlty attenuation factor (0.99). It is concludedtth
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below the tropopause, the oscillation is entiralg b orographic waves and above, to convective BW.
both cases, mesoscale simulations were able toreagite GW structures. In this case study likehim t
Alps case, additionally, an expected distortiothia measured; value must be also forseen. This is due

to the slanted nature of the sounding and depemdlseoGW aspect ratio too.

Apendix

The discrepancy between measured and simulatédn analogous discussion could be given regarding
/4 too —see T17-) may be quantitatively explainedotlewss. It may be assumed that RO soundings yield
T profiles almost instantaneously in such a way tBéfs are “frozen” in space during the entire LTP
retrieval. The vertical “real” and “apparent” (oremsured) wavelengthg ,(and />, respectively) are

related according to the following expression (T18)

A% = oz
2 abs(1+ cot(a)cot(y)) (A1)

wherea is the elevation angle, defined by a straight ssumg@ath direction and the horizontal plane, and
cot(y) is the ratio between the horizontal wavenumber ore¢t,) projected on the vertical plane
containing the LTP, and the vertical wavenumkerThe ratioky /k; =/, // is also known as the GW

aspect ratio = tgi). It is defined the distortion as the ratio:

ap
"12

"z (a2

and plot this parameter, following Eq. (Al), auadtion ofa andy (red line in Fig. Al)For the LTP
shown in Fig. 8, considering that both the horiabaind vertical excursion of LTP, as well as theemp
and lower altitudes (40 and 3 km), are known, weriman averagea = 0.68 rad. A different curve is
obviously expected for differeatvalues, althought fitting a similar shape. Theedgence at higib
values is only suggested by plotting its variapilip toD = 5. The left green circle qualitatively indicates
the D y GPS RO sector encompassing the functional relaimong the 3 parameters. The right green
circle is included, because an uncertainty beweeamd p-a for our estimated aspect ratio still remains
from our previous estimation. Thehite, light grey and grey backgrounds indicater, feference
purposes, the non-hydrostatic, hydrostatic nontirgja and hydrostatic rotating GW regimes,
respectively. Both quadrants are separated by #Hcakrashed curve. The horizontal dashed line
represents the non-distortion limit, whereand/ ;*° should coincide. According to both possibilitigise(

internal regions defined by any of the green c@klén the case considered (Fig. 10c), there are tw
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possibilities indicating an under- and an overeatian of /, respectively. This uncertainty can be

removed by inspection of Fig. 10 (see T18).

Figure Al:Distortion expected between measured and simuléte@reen circles) regarding the GW
parameters derived from the GPS RO event abovArdes, as detailed in Figs. 8, 9 and 10. Both green

circles illustrate possible combinations of thegmaeters for under- and overestimation gaf

5 Data availability

The WEGC OPSv5.6 RO dataset is available on reduestWEGC and will be made publicly available
soon.Data on convective systems used in this sitelgavailable from the global deep convective fragk
database of the International Satellite Cloud Clolwgy Project (ISCCP) via
<https://isccp.giss.nasa.gov/CT/>. Cloud data fiedBTEOSAT are available from the EUMETSAT

processing centre viatips://eoportal.eumetsat.int/userMgmt/login.facand data from GOES are

available from NOAA vighttps://www.class.ncdc.noaa.gov/saa/products/wedcom
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