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Abstract

Gravity waves play an important role in the global circulation by coupling differ-
ent regions of the atmosphere. Advancements in local gravity wave effect under-
standing over the last few decades were made, but there are still open questions
concerning sources and propagation of gravity waves.
To approach these questions, the focus of this thesis is to determine the vertical
flux of horizontal momentum. For the analysis, the unique global GPS radio
cooultation dataset FORMOSAT-3/COSMIC with its 6 mini satellites (each pro-
viding more than 300 profiles daily) is used. The high vertical resolution COSMIC
dataset (∼ 60 m in troposphere and ∼1 km in stratosphere) is analyzed regard-
ing the potential energy which is an indicator for gravity wave activity. Global
and regional distributions as well as evolution for the analyzed 6-years period
2006-2012 are displayed. For the momentum flux determination, the knowledge
of the horizontal wavelength is crucial.
A new method to determine the horizontal wavelength is introduced. This method
uses triads of co-located radio occultation temperature profiles. COSMIC deliv-
ers monthly more than 4000 triads within strict limitations (2 h and 15◦) for the
mid-latitudes and about ∼500 in the equatorial region. Applying this method,
the absolute values of momentum flux is determined. Additionally the wave ori-
entation is derived with this triad method.
The optimized range parameters for triads of COSMIC temperature profiles lead
to high resolution results of gravity wave parameters. Comparisons to other satel-
lite datasets show the improvements of this method. The new method introduced
in this work reveals a high sensitivity towards mountain lee waves, which is most
significant in the southern hemisphere winter periods. The derived global monthly
mean momentum flux also shows a high sensitivity towards gravity waves induced
by convection. Monthly, seasonal and regional as well as temporal variations for
wave parameters including vertical and horizontal wavelength, wave orientation
and the momentum flux are displayed.
Possible improvements to this triad method using following radio occultation
missions, with higher data availability, e.g., COSMIC-2, are discussed.
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Zusammenfassung

Schwerewellen spielen eine zentrale Rolle in der globalen Zirkulation, in dem sie
die verschiedenen atmosphärischen Schichten miteinander koppeln. In den letzten
Jahrzehnten wurden viele Kenntnisse zum Verständnisses von lokalen Schwerewellen
errungen. Allerdings gibt es weiterhin diverse offene Fragen rund um Ursprung und
Ausbreitung von Schwerewellen.
Daher liegt der Fokus dieser Arbeit auf der Bestimmung des vertikalen Flusses
vom horizontalen Impuls. Für die Analyse wurde der einzigartige GPS Radio-
Okkultationsdatensatz FORMOSAT-3/COSMIC mit seinen 6 mini Satelliten
herangezogen (mehr als 300 Profile täglich pro Satellit). Die hochaufgelösten
Vertikalprofile von COSMIC (∼60 m in der Troposphäre und ∼1 km in der
Stratosphäre) wurden bezüglich der Potentiellen Energy analysiert. Diese ist als
Indikator für Schwerewellenaktivität bekannt. Globale und regionale Verteilun-
gen sowie die zeitliche Entwicklung für den analysierten Zeitraum (2006-2012) sind
dargestellt. Schlüsselpunkt bei der Analyse des Impulsflusses ist die genaue Bestim-
mung der horizonralen Wellenlänge.
In dieser Arbeit wird eine neue Methode zur Bestimmung der horizontalen
Wellenlänge und des Impulsflusses vorgestellt. Hierfür werden Triaden von benach-
barten vertikalen Temperaturprofilen analysiert. COSMIC liefert monatlich mehr
als 4000 Triaden in mittleren und ca. 500 in niedrigen Breiten. Alle Triaden un-
terliegen strikten Kriterien (2 h und 15◦). Weiterhin wird mit dieser Methode die
Orientierung der Schwerewellenausbreitung bestimmt.
Die für die Radio-Okkultationsmethode optimierten Suchkriterien führen zu einer
hohen Auflösung der zu bestimmenden Schwerewellenparameter. Vergleiche mit
anderen Datensätzen zeigen die Verbesserungen, die mit dieser Methode einherge-
hen. Eine hohe Sensivität gegenüber Leewellen aber auch bezogen auf konvektiv
ausgelöste Schwerewellen ist erkennbar. Ergebnisse für die verschiedenen Schw-
erewellenparameter wie potentielle Energie, vertikale und horizontale Wellenlänge
und Wellenausrichtung sowie Implulsfluss werden als Monatsmittel, saisonales oder
regionales Mittel oder als Zeitquerschnitt der geografischen Länge bzw. Breite disku-
tiert.
Die Möglichkeiten zur Verbesserung dieser Methode hinsichtlich höherer Auflösung
der Ergebnisse oder Minimierung von Alaisingeffekten mit Hilfe nachfolgende Radio-
Okkultationsmissionen (z. B. COSMIS-2) werden diskutiert.
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Chapter 1

Introduction

With the exception of the planetary boundary layer (lowest part of the atmosphere),
the Earth’s atmosphere can be treated as a stratified fluid with the ability to propa-
gate and support wave motion (Nappo, 2002). But we can not see these waves, only
their effects e.g., in cloud formations. The most known gravity waves however are
the mountain waves or lee waves. Sometimes these lee waves are visible though cloud
structures (see Figure 1.1). The reason for investigating gravity waves is the impact
that they have on our live, weather and climate. The most obvious consequences
for us are the clear air turbulences, which almost everyone already experienced in
an airplane. These turbulences can lift and again drop aircrafts within seconds for
several meters. Hines (1960) was the first to relate the clear air turbulences to
gravity wave motion. The impact of breaking waves on weather systems and the
ability to transfer momentum to other altitudes and places has been recognized for
several years now (Ern et al., 2013). But also on a global and longer time scale,
gravity waves show important influences on the atmosphere. Introductions of grav-
ity wave theory to the meteorological field and atmospheric physics were provided
by Queney (e.g. 1948); Scorer (e.g. 1949); Gossard and Munk (e.g. 1954). By now
the importance of gravity waves as an essential part of atmospheric dynamics on

Figure 1.1: NASA satellite image, MODIS imager on board the Terra satellite, of a
wave cloud forming off of Amsterdam Island in the far southern Indian Ocean, taken
on December 19, 2005 (Image source: http://earthobservatory.nasa.gov/images).

11

Scientific Technical Report STR 13/09 
DOI 10.2312/GFZ.b103-13090

Deutsches GeoForschungsZentrum GFZ



12 CHAPTER 1. INTRODUCTION

all meteorological scales has been recognized (Nappo, 2002). The coupling of the
waves is crucial for the dynamic processes. Whereas planetary waves (large scale
waves) are resolved in the global circulation models, the mesoscale gravity waves are
mostly sub-grid size and only partly resolved in these models. A general assumption
is, that most gravity wave sources are located in the troposphere and that the up-
wards propagating gravity waves deposit energy and momentum at higher altitude
levels, where they break and interact with the background flow (Ern et al., 2013).
This is the important coupling effect, which makes it necessary to study gravity
waves on a global scale with preferably small horizontal resolution and at different
altitudes. It is also known, that gravity waves contribute to large scale circulations
as the Brewer-Dobson Circulation or the quasi-biennial oscillation (QBO). To eval-
uate this contribution, the vertical flux of horizontal momentum of gravity waves
(in the following only momentum flux) is a key characteristic to be studied. Re-
solving GW parameters, with a high horizontal resolution needs measurements with
high vertical resolution. Gravity wave signatures are found in vertical temperature
profiles. The GPS radio occultation (RO) technique has the best vertical resolution
for temperature profiling with global coverage up to 40 km altitude. Therefore the
following analysis are applied to RO temperature profiles.

State of Knowledge and Aim of this Work

The progress in gravity wave measurements with GPS RO data over the last decades
is large. Tsuda et al. (2000) and Schmidt et al. (2008) used RO data from the
CHAllenging Mini-Satellite Payload for Geosciences and Application (CHAMP) and
Global Positioning System / METeorology Program (GPS/MET) mission, respec-
tively, to determine the gravity wave activity through the potential energy derived
from temperature profiles. Alexander et al. (2008a) studied the interpretation of
gravity wave signatures within GPS RO measurements. Tsuda et al. (2011) de-
rived the vertical wavenumber spectrum from GPS RO COSMIC dataset. However,
the determination of the vertical flux of horizontal momentum needs the additional
information of the distribution of the horizontal wavelength. Determinations of
the momentum flux used approximations of the horizontal wavelength (Fröhlich et
al., 2007) or measured projected horizontal wavelengths (Ern et al., 2004). Wang
and Alexander (2010) also used measured horizontal wavelengths from GPS RO, to
determined the momentum flux, however, this work shows gaps and errors in the
starting assumptions of the retrieval.
The goal of this thesis is to close these gaps (exclude aliasing effect, improve the
sensitivity towards short period waves and increase the resolution of the results)
and prove, that the RO technique is a powerful tool to derive high resolution global
results of absolute momentum flux.
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Therefore the major scientific question that leads to this work can be postulated
as the following:

I. How can temperature profiles from GPS radio occultation obser-
vations be used for determination of global momentum flux distributions?
With this question in focus, the limitations but also the advantages of applying the
new retrieval method developed in frame of this work shall be discussed.

II. How do the results collate with momentum flux distributions
derived from other retrieval methods or instruments?
What are the differences and what the new results that are derived using the new
retrieval method?

III. How can the analysis method be used for other GPS RO-
missions or even for other instrumentations?
What are the limitations to these datasets and what would be an ideal constellation
to further improve the results?

These questions will be answered throughout the thesis and a summery will be
given in Chapter 9.
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Chapter 2

Theoretical Background

This Chapter will give an overview of the theoretical background for gravity wave
(GW) analysis. First, a description of the vertical structure of the atmosphere is
given with a short overview of GW measurements in the different atmospheric lay-
ers. Due to the complexity of the GWs, a linearization is applied within the analysis
method. Next, a mental experiment leads to the explanation of the dispersion rela-
tion, which describes the relation of the wave parameters to the background wind.
This is followed by an introduction of two key parameters in the GW analysis: po-
tential energy and momentum flux. Finally, the different characteristics and sources
of GW are presented and a summary of the different measuring techniques (ground
based, air- and spaceborne) for the derivation of vertical temperature profiles is
given.

2.1 Atmospheric Structure

The atmosphere of the Earth can be separated into a different number of vertical
layers, depending on the regarded characteristic. It is reasonable to separate the
atmosphere into ionosphere and neutral atmosphere when looking at the electron
density. For the analysis in this thesis, the separation is based in the vertical tem-
perature profile (Figure 2.1). The vertical profile (blue dashed line) represents the
behavior of the temperature within the different layers in the lower 100 km of the
neutral atmosphere. Following the vertical structure of the temperature, the neu-
tral atmosphere can be vertically separated into the tropos-, stratos-, mesos- and
thermosphere. Within the neutral atmosphere, the main amount of water vapor is
located in the troposphere, which is additionally the layer, where almost all weather
and climate processes take place. But there are also mechanisms linking the differ-
ent vertical layers of the atmosphere. GWs are known for their coupling processes
and can be observed in all atmospheric layers from troposphere, where their main
sources are located, even up to the thermosphere. Depending on the measurement
technique, GW information from all altitude regions can be derived, e.g., airglow
imagery for mesospheric high frequency waves (Swenson and Espy, 1995; Gardner et
al., 1996; Haque and Swenson, 1999), sublimb viewing and microwave observations

15
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16 CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.1: Structure of the lower atmosphere following Schönwiese (2003).

from satellites or GPS radio occultation (RO) data for the stratosphere (Wu and
Waters, 1996; Alexander, 1998; McLandress et al., 2000; Tsuda et al., 2004) or using
radar data from systems like the MU radar dataset for the troposphere and lower
stratosphere (Murayama et al., 1994). The following analysis is applied to the lower
stratosphere with its stable layered temperature background. Based on GPS RO
data from the CHAMP satellite, Marquardt and Healy (2005) found that the GPS
RO measuring technique is most suitable for GW detection in the altitude range of
20-30 km.

2.2 Linear Theory

The linear theory is the basis of almost all theoretical descriptions about atmospheric
gravity waves. The recipe of linearization is that a variable is split into a background
state and a perturbation. Reasons for this approach are the shorter computation
time (e.g., for climate models) as well as the fact, that linear systems are more
comprehensive and understandable than non-linear systems (Nappo, 2002). But
there are also negative points to that theory. ’Applying linear analysis to observation
of wave phenomena can be frustrating’ (Nappo, 2002) as discussed by Hunt et al.
(1985). One reason is, that wave amplitudes vary with time and altitude. Another
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2.3. DISPERSION RELATION 17

point is, that it is not simple to differentiate between GWs and turbulences (see
e.g., Bretherton, 1969; Stewart, 1969). Often a nonlinear description of GWs is
needed especially to describe wave-wave interaction (Wüst and Bittner, 2006). For
this work, the linear theory is applied to the temperature:

T = T + T ′ (2.1)

where T is the background temperature and T ′ represents the temperature fluctua-
tions around the background. This will be an essential basis for the work discussed
in Chapter 4.

2.3 Dispersion Relation

Before the characteristics of GW related to their origin are discussed, the theoretical
explanation of the GW movements is given. A single parcel of air within a stable
layered atmosphere is pushed from its position (green point) upwards (see Figure
2.2). This push is performed adiabatically, without exchange of heat between the
air parcel and the surrounding air. With rising altitude, the air density decreases.
Therefore the air parcel stretches (big blue point). Since this air parcel is now cooler
than the background temperature air at the same altitude, it starts to sink. After
crossing the original position the volume decreases and the density increases. Com-
pared to the background the parcel (small blue point) is now smaller and warmer.
Therefore it starts rising again. Without friction, this air parcel is now vertically

Figure 2.2: Oscillating movement of a single parcel of air after being pushed away
from a stable layered background.
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18 CHAPTER 2. THEORETICAL BACKGROUND

oscillating around the initial position with the Brunt-Väisälä frequency (Nz).

Nz =

√
g

θ

∂θ

∂z
=

√√√√ g

T

(
∂T

∂z
− Γ

)
(2.2)

with g the gravitational acceleration, Γ the adiabatic temperature gradient, z the
altitude and θ the potential temperature. The relation of the individual wave pa-
rameters and the background condition are described by the dispersion relation,
which is discussed in detail by Fritts and Alexander (2003). The dispersion relation
is given by

ω2 =
N2

z (k2 + l2) + f 2(m2 + 1
4H2 )

k2 + l2 +m2 + 1
4H2

(2.3)

where k, l,m represent the wave vector, H the atmospheric scale height. The Coriolis
parameter f is given by f = 2Ω sinφ, with Ω the Earth rotation frequency and φ
the geographical latitude. The intrinsic frequency (ω) is the frequency that would
be measured by an observer when moving with the background wind. The vertical
dispersal of the wave, a wave with the wave vector (k, l,m), shows two boundaries.
First, the vertical wavenumber m is much greater than the horizontal wavenumber
kh =

√
k2 + l2. Therefore k2h + m2 + 1

4H2 ≈ m2 + 1
4H2 . Then equation 2.3 can be

written as

ω2 =
N2

z k
2
h

m2 + 1
4H2

+ f 2, (2.4)

with (
N2

z k
2
h

m2+ 1
4H2

> 0) since all terms are quadratic, which leads to the conclusion of:

ω2 > f. (2.5)

Second, the horizontal wavenumber kh is of the same order as the vertical wavenum-
ber m. In the middle atmosphere Nz � f . Therefore f is negligible in equation
2.4

ω2 =
N2

z k
2
h

m2 + 1
4H2

=
k2h

m2 + 1
4H2

N2. (2.6)

Here,
k2h

m2+ 1
4H2

< 1 and again N is quadratic, then follows

ω2 < Nz. (2.7)

The intrinsic frequency ω has fixed boundaries represented by Nz and f (Nz > ω >
f). For mid-frequencies this boundaries can also be written as Nz � ω � f which
simplifies the dispersion relation in mid-frequency approximation

ω = Nz|
kh
m
|. (2.8)

Scientific Technical Report STR 13/09 
DOI 10.2312/GFZ.b103-13090

Deutsches GeoForschungsZentrum GFZ



2.4. POTENTIAL ENERGY 19

2.4 Potential Energy

The mean specific potential energy (Ep) is a parameter for the characterization of
gravity wave activity. The potential energy can be determined from the analysis of
a single vertical RO profile.

Ep(z) =
1

2

(
g

Nz

)2
(
T ′

T

)2

(2.9)

N2
z =

g

T

(
∂T

∂z
+
g

cp

)
where T ′ is the temperature fluctuation, Nz the Brunt-Väisälä frequency, g the
gravitational acceleration, cp the isobaric heating capacity and z the altitude. The
potential energy is derived per mass unit and displayed in J/kg in the following
discussion.

2.5 Momentum Flux

GWs play an important role in the coupling of the atmosphere. Doing so, GWs
carry momentum to new altitudes. Following the thoughts of Eliassen and Palm
(1960) and the derivation of Andrews et al. (1987), the vertical flux of horizontal
momentum is given by

(FPx, FPy) = FPh = ρ

(
1− f 2

w2

)
(u′w′, v′w′) (2.10)

FPx and FPy are the vertical flux of zonal and meridional momentum, respectively.
The vertical flux of horizontal momentum is given by FPh. ρ is the density of the
atmosphere and u, v, w the zonal, meridional and vertical wind vectors, with u′, v′

and w′ the wind perturbations related to GW induced fluctuations. When taking
into account, that Nz > ω > f , then this equation can be written as:

FPh = ρ(u′w′, v′w′) (2.11)

The vertical flux of horizontal momentum (further called momentum flux) is related
to the force on the background wind through its vertical gradient.

(X, Y ) = −1

ρ

∂FPh

∂z
(2.12)

with X and Y the zonal and meridional acceleration.

2.6 Gravity Waves: Characteristics, Sources and

Consequences

GWs occur in the atmosphere in all kinds of directions and intensity. The horizontal
wavelength of GWs varies between tens and several thousand kilometers, the time
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20 CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.3: Global circulation systems driven by gravity waves, which are induced
in the troposphere provided by Preusse (personal communication).

scale between minutes and days. The origin of gravity waves is as variable as the
waves themselves. A complete survey of GW sources at the present is beyond our
state of knowledge (Fritts and Alexander, 2003). The best known and investigated
is the orographic related source of GWs, including the so called mountain and lee
waves, which are sometimes revealed by cloud structures. The wave occurs on the
lee side of obstacles under stable conditions. Lee waves are stationary with respect
to the surface, but moving against the background airflow. Mountain waves can pro-
vide record altitudes for sailplanes, but they also play a role in clear-air turbulences,
which are hazardous to aircrafts (Gossard and Hooke, 1975). Mountain waves can
also produce drag on the airflow of the troposphere of such intensity that the gen-
eral circulation of the atmosphere as a whole is influenced. For more information
see e.g., Gossard and Hooke (1975) or Durran (2003). In the tropical regions the
deep convection acts as source of GWs. Hoffmann and Alexander (2010) detected a
fraction of up to 95% convective waves for their measuring setups. Convective waves
do not only propagate in vertical direction, therefore their source can be some hun-
dred kilometers apart from the measured wave (Hoffmann and Alexander, 2010).
But convection as GW source is also important in the extra tropics, especially in
summer time (Chun et al., 2007) with horizontal wavelength ∼550 km average.
In the mid-latitudes gravity waves are mainly activated by strong winds and wind
shear and on the cold side of surface frontal systems (e.g., Lin and Zhang, 2007).

Although most gravity waves are rather small their impact on the large scale at-
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2.7. DETECTING GRAVITY WAVES 21

mospheric movements is huge. The waves transport momentum and energy into the
different atmospheric layers (Troposphere-Stratosphere coupling and Stratosphere-
Mesosphere coupling) thereby influencing the global circulation (Figure 2.3). Hence
the density decreases with height, the amplitudes of gravity waves increase. At
some point the layers turn instable. The quasi-biennial oscillation (QBO) of the
zonal wind in the tropics is mainly driven by GWs (Ern et al., 2011). Theoretical
considerations and model studies (Dunkerton, 1997), as well as by observations (Ern
and Preusse, 2009) or (Alexander and Ortland, 2010) showed this effect of GWs.
GWs are also important for the Brewer Dobson (BD) circulation (Brewer, 1949;
Dobson, 1956) in the stratosphere, which is directed upward in the tropics, from
the equator to the poles at mid-latitudes, and downward over the poles (Ern et
al., 2011). There, the waves start breaking and emit momentum and energy to the
background flow. Of this layer, the momentum is transported to a new layer.

2.7 Detecting Gravity Waves

Since GWs may have short and long periods as well as small horizontal and vertical
wavelengths, it can be a challenge to measure them remotely from space. Even
though many techniques were developed over the last decades, each of these tech-
niques can only cover some fraction of the GW spectrum (Fritts and Alexander,
2003). ’Poor understanding of small-scale GWs has been a major limitation to
numerical and weather models for making reliable forecasts’ (Wu et al., 2006). A
recent review of developments in gravity wave effects and momentum flux analysis is
given by Alexander et al. (2010). The variety of atmospheric sounding instruments,
designed to detect GWs and find answers to related queries, has increased over the
last decades. Radiosonde soundings, ground based measurements as well as air-
and spaceborne measurements cover a large range of measuring possibilities. Wu et
al. (2006) summarizes the GW observations and sensitivities from nadir and limb
sounding instruments.

2.7.1 Ground Based Measurements

Even though ground based measurements are restricted by the limited number of ob-
servation sites they can deliver an important knowledge about seasonal or even long
term variations of GWs. Observations at the Collm observatory of low-frequency
electron drift showed a clear annual cycle with maximum GW wind variances in
summer (Jacobi et al., 2006). Other observation sites found additional semiannual
variation of GW variances dominating the seasonality (e.g., Gavrilov et al., 1995).
Radiosonde profiles provide information about the vertical temperature and wind
profile with high vertical resolution up to ∼ 25 km altitude (Fritts and Alexander,
2003). Other ground based techniques are lidar observations in the middle atmo-
sphere or radar observations of GW wind perturbation in the lower stratosphere,
mesosphere and lower thermosphere. But again, these kind of observations are lim-
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22 CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.4: Sensitivity range of satellite remote-sensing instruments to the physical
limits set by the vertical and horizontal wavelength (adopted from Preusse et al.,
2008).

ited in number of sites and some are only used during short-term campaigns (Fritts
and Alexander, 2003). Global observations of GW variances and momentum flux
are needed to explain many of the locally measured phenomena. This can only be
done with spaceborne instrumentations and techniques.

2.7.2 Nadir Sounders

Before the late 1990, nadir scanning passive microwave and infrared remote sensors
had a footprint which made it impossible to resolve small scale GWs, especially for
the horizontal component. In addition to that the vertical resolution canceled out all
small scale vertical wavelengths. Therefore the nadir instruments were not used for
GW analysis until recently. Since the nadir scanning instruments have a relatively
low vertical resolution, they can only measure long vertical wavelength, which is
shown in Figure 2.4 (blue shades area). The nadir sounding technique, which its
relatively large ratio of vertical to horizontal wavelength (λv and λh, respectively)
is therefore sensitive to waves with high intrinsic frequency

|λv
λh
| = | ω

Nz

|. (2.13)

Chanel combinations (9-14) of the nadir-scanning Advanced Microwave Sounding
Unit (AMSU) (Eckermann et al., 2006) revealed wave propagation through the
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2.7. DETECTING GRAVITY WAVES 23

Table 2.1: Data specification for three different instruments, adopted from Wright
et al. (2011)

COSMIC HIRDLS SABER
Bottom 800 hPa 400 hPa 135 hPa

Top 7 hPa 0.4 hPa 0.003 hPa
Precision 0.5 K 0.5 K 0.8 K

Vertical Resolution ∼ 1 km 1 km 2 km

stratosphere (Eckermann et al., 2007). The first AMSU was operated on board the
National Oceanic and Atmospheric Administration’s (NOAA’s) NOAA 15 satellite
in 1998. Large-amplitude mountain wave oscillations were observed by Alexander
and Barnet (2007) using the Atmospheric InfraRed Sounder (AIRS). AIRS is oper-
ated on board the Aqua satellite by the NASA. Studies from nadir sounders mainly
focused on radiance rather than temperature derivations of gravity wave proper-
ties (Eckermann and Wu, 2006). For the determination of the momentum flux,
an accurate temperature amplitude profile with high vertical resolution is needed
(Alexander et al., 2010).

2.7.3 Limb Sounders

From space GWs were first detected by an infrared sounder within the Limb Infrared
Monitor of the Stratosphere (LIMS) satellite experiment (Fetzer and Gille, 1994).
The tilted geometry looking toward the Earth’s horizon is sensitive to vertical wave-
length longer than 2-5 km (depending on the instrument) and horizontal wavelength
longer than 100-200 km (Preusse et al, 2002). Therefore the limb sounders show
a high sensitivity towards small ratios of vertical to horizontal wavelength. The
infrared limb sounder CRISTA (CRyogenic Infrared Spectrometers and Telescopes
for the Atmosphere) was developed on two one week long Space Shuttle missions
(1994 and 1997) with a vertical resolution of 2 km (Ern et al., 2004). The High
Resolution Dynamics Limb Sounder (HIRDLS) on EOS Aura satellite (Gille et al.,
2003, 2008) provides a vertical resolution of 1 km. A vertical resolution of 2 km,
measure thermal radiation along the flying track is given by the SABER (Sounding
of the Atmosphere using Broadband Emission Radiometry) (Mertens et al., 2009).

The many GPS RO receivers aboard different Low Earth Orbiting (LEO) satel-
lites like the FORMOSAT-3/COSMIC (Constellation Observing System for Meteo-
rology, Ionosphere and Climate), further called COSMIC, provide vertical temper-
ature profiles based on limb soundings with GPS signals. This dataset produces
a pseudo random grid instead of a footprint. The vertical resolution of GPS RO
profiles depends on the applied retrieval method at given altitudes. This will be
further explained in Chapter 3. The value of ∼ 1 km vertical resolution in Table
2.1 corresponds to stratospheric altitudes. As demonstrated in Figure 2.4, the limb
sounders cover a wide range of the wavelength spectrum with a higher vertical res-
olution compared to all other spaceborne measuring techniques (green area). The
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24 CHAPTER 2. THEORETICAL BACKGROUND

pink shaded area is not covered by any instruments yet, but this might change in
the future. Vertical wavelengths detected by GPS RO measurements range mainly
between 5-10 km, this area is indicated by the gray box in Figure 2.4. Therefore the
horizontal wavelengths mainly range between 100-2000 km. Since the first GPS RO
mission GPS/MET, many studies have been applied to the determination of global
GW characteristics (e.g., Kursinski et al., 1996; Tsuda et al., 2000, 2004; de la Torre
and Alexander, 2005; Faber et al., 2013).
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Chapter 3

GPS Radio Occultation

The basic idea of the radio occultation (RO) technique was proposed by the Dutch
astronomer A. Pannekoek in 1904, suggesting a stellar occultation to explore a plan-
etary atmosphere (Pannekoek, 1904). In 1962 this method was applied to the Mars
atmosphere by a research group of the university of Standford using Mariner IV
occultation data (Fjeldbo and Eshleman, 1968). In the following years, occultations
were used to explore the atmosphere of different planets in the outer solar system,
their ring systems and moons (Lindal et al., 1983; Lindal, 1988). The idea to use
the RO technique also for profiling of Earth’s atmosphere was not proposed until
the late 1980’s (Yunck et al., 1988) and it took another 7 years to realize it with
the GPS/MET experiment in 1995 (Ware et al., 1996). For a historic overview of
GPS space based sounding see Yunck et al. (2000). The first eleven Global Posi-
tioning System (GPS) Satellites were launched in 1978 to serve military and public
navigation as well as positioning with global coverage. The GPS satellites perma-
nently transmit radio signals in the L-band frequency. The scientific applications
are useful byproducts of the Global Navigation Satellite System (GNSS). Next to
the U.S. American system (NAVSTAR GPS), other navigation/positioning systems
exist like the global Russian GLONASS (since 1982), the Chinese COMPASS (re-
gional version BEIDOU, officially operational since end of 2011) or the local Indian
Regional Navigation Satellite System (IRNSS) (Hoffmann-Wellenhof et al., 2008).
There is also the new Galileo global navigational satellite system of the European
Space Agency (ESA) which started 2005 and 2008 with the two experimental satel-
lites GIOVE-A and GIOVE-B. In 2011/12 the first four operational Galileo satellites
were launched. Next, two additional satellites will be launched 2015. In the final
constellation Galileo will exist of 26 satellites orbiting in 23,222 km altitude.
For the GW analysis and many other applications, RO GPS receivers circling on
lower orbits are needed. Receivers have been used on various satellite missions
starting with GPS/MET in 1995. Receivers are also found on the CHAMP satellite
operated by GFZ GermanResearchCentre for Geosciences (2001-2010), on GRACE
(GRAvity recovery and Climate Experiment) by NASA (National Aeronautics and
Space) and DLR (national aeronautics and space research centre of the Federal Re-
public of Germany) (since 2006), on TerraSAR-X and TanDEM-X by DLR (since
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26 CHAPTER 3. GPS RADIO OCCULTATION

Figure 3.1: Radio occultation measuring principle using a GPS and a LEO satellite.

2007 and 2010, respectively), on METop (Meteorological Operational Satellite) since
2006 or on the six identical COSMIC satellites as a joint US and Taiwanese mission
(since 2006). The measuring principle will be explained in the following section.

3.1 Principle of GPS Radio Occultation

The radio signal transmitted by a GPS satellite is received on board a Low-Earth
Orbiting (LEO) satellite. Where a GPS spacecraft takes about 12 h to orbit the
Earth once, a LEO needs about 60 to 120 min for one orbit depending on its altitude
and inclination. Due to their different speed, the GPS satellites seem to be stationary
while a moving LEO tracks the GPS signal setting or rising behind Earth’s limb (see
Figure 3.1). Each red line represents one of many signal track traveling through the
atmosphere. Applying high precise orbit information, the bending angle can be
derived at the tangent points. The red line from Figure 3.1 can also be found in
Figures 3.2a and b. In Figure 3.2a, a signal transmitted by a GPS satellite crosses
the atmosphere before reaching the LEO receiver. Depending on the altitude of the
tangent point (blue points) the signal passes thick atmospheric layers (low altitude
of the tangent point) or thinner layers (high altitude tangent point). For low altitude
tangent points, the signal path is longer and therefore the tangent points are further
apart then at higher altitudes when projecting the tangent points onto the surface
like displayed in Figure 3.2b. The high vertical resolution is provided by limb-
sounding geometry and a point-like field of view, although in practice the resolution
is limited by 1 km at the limb or lowest height of the radio path (Kursinski et al.,
1997). In the lower troposphere, the application of the full spectrum inversion (FSI)
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3.2. RETRIEVAL OF ATMOSPHERIC PARAMETERS 27

Figure 3.2: Path of two single signal tracking event through the atmosphere (a) and
time series of tracking events (full occultation event) represented as tangent points
(b) projected onto the Earth surface.

(Jensen et al., 2003) can increase the vertical resolution up to 60 m (Gorbunov et
al, 2004).

3.2 Retrieval of Atmospheric Parameters

The GPS satellites transmit a dual frequency signal L1 and L2 with frequencies
fL1 = 1.575 GHz and fL2 = 1.227 GHz, respectively. On its way through the at-
mosphere, this signal is influenced by the ionosphere and the neutral atmosphere.
The GPS receiver onboard the LEO records phase and amplitude variations with
high temporal resolution (50 Hz) during an occultation event (Figure 3.1). By using
high precision orbit information from the LEO and the occulting GPS satellite (for
COSMIC see Hwang et at. (2009)) the atmospheric excess phase can be extracted
which is related to a bending angle profile α as a function of the impact parameter
a.

a = nr = n(z +Rc) (3.1)

with n the refractive index, r the tangent radius and Rc the local radius of curvature.
Assuming spherical symmetry the bending angles can be related to the refractive
index n using the Abel transformation. Finally, the atmospheric refractivity N is
given after Smith and Weintraub (1953)
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N = (n− 1)10−6

N = 77.6
p

T︸ ︷︷ ︸ + 3.73
pw
T 2︸ ︷︷ ︸ (3.2)

dry term moist term

with p the total air pressure and ew the water vapor pressure. To convert the re-
fractivity profiles into pressure and temperature profiles the assumption of dry air
has to be made because of the ambiguity between the dry and wet part in the
resulting refractivity (Equation 3.2). Further on, by applying the hydrostatic equa-
tion, pressure and temperature profiles can be calculated. The vertical resolution
of these temperature profiles is about 1 km in the stratosphere (Melbourne et al.,
1994; Kursinski et al., 1997) and can be increased up to 60 m in the troposphere,
when applying wave optic retrievals like the full spectrum inversion (FSI) (Jensen et
al., 2003). For the detailed derivation of vertical temperature, pressure or electron
density profiles from GPS RO data see Melbourne et al. (1994); Kursinski et al.
(1997) or Anthes et al. (2008).

3.3 COSMIC Dataset

The FORMOSAT-3/COSMIC (Constellation Observing System for Meteorology,
Ionosphere & Climate) is a multi satellite joint Taiwan/US science mission with
respect to weather, climate, space weather and geodetic research (Anthes et al.,
2008). In April 2006 the six identical mini satellites were launched into an initial
orbit at 512 km. Each satellite carries an advanced GPS receiver called IGOR (In-
tegrated GPS Occultation Receiver). Since then, the satellites have been raised
to their final orbit altitude of ∼800 km. The orbital planes have a longitudinal
spread of 30◦. The orbit inclination is 72◦. Between 2007 and late 2009 COSMIC
provided between 2,500 to 3,000 profiles daily, which have a pseudo-randomly dis-
tribution across the globe. After six years of operation time, still five spacecrafts
are operationally delivering 1,000 to 1,500 profiles per day. Scientific applications of
the COSMIC are placed in different fields like the operational weather forecasting,
monitoring of tropopause and lower stratosphere temperature profiles, the long term
variations of water vapor and ozone distribution from the climatological field or the
monitoring of the electron density, the sporadic E layers or the contribution to devel-
opments of models for magnetospheric studies in the Ionosphere. For this analysis,
COSMIC dry temperature data from the University Corporation for Atmospheric
Research (UCAR) data center version 2010.2640 atmPrf were used (http://cdaac-
www.cosmic.ucar.edu/cdaac/index.html). The RO instrumentation was chosen for
the following analysis, due to the high vertical resolution in the upper troposphere
lower stratosphere (UTLS). At first, COSMIC was chosen due to the possibility
of many close-by RO temperature profiles in the early mission months (clustering
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phase) and proved itself as a useful dataset even after the spreading of the satel-
lites to their final orbit. In comparison to the single satellite GPS RO missions like
CHAMP or GRACE the COSMIC dataset provides about 5-6 times more occulta-
tions per day. The accuracy of the COSMIC dataset was estimated by Schreiner et
al. (2007), who found that the refractivity retrieval error is about 1% in the lower
troposphere, ∼ 0.2% at 20 km and approaches 1% at 40 km altitude.

3.3.1 Spread of Data

Here, the distribution of the available number of RO from COSMIC is discussed.
Figure 3.3 shows the temporal development of occultation availability for all lati-
tudes (Figure 3.3a) and longitudes (Figure 3.3b). Figure 3.3a shows a strong latitude
dependence of the data availability. Due to the polar orbit of the COSMIC satellites,
the mid- and high-latitudes 20-60◦ N and S, respectively show the highest amount
of occultations. On the contrary, the equatorial region shows a lower number of
occultations. The longitude dependent distribution for each month is rather homo-
geneous, with a small band of lower occultations between 100-150◦E for all time
periods (Figure 3.3b).

The temporal development is similar for both cross-sections. The first months

Figure 3.3: Latitude (a) and longitude (b) distribution of the number of COSMIC
RO events from 2006/06 to 2012/05 as a function of time.
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2006/06-07 have rather small amount of observations, whereas starting with 2006/08
the occultation rate increases. While in June 2006 each satellite daily provided ap-
proximately 100 RO profiles, by February 2007 the number of occultations increased
to more than 300 measurements per day and satellite. From late 2006, the amount of
occultations stays on a high level up to late 2010 with the exceptions of 2007/10-11
and 2009/07. After late 2010 the amount of RO per month decreases.

The COSMIC follow on mission FORMOSAT-7/COSMIC-2 (COSMIC-2) will
show a different distribution in latitude. COSMIC-2 will launch 12 LEOs (6 with
low inclination orbits (2015) and 6 additional satellites with high-inclination orbits
(2018)) as a RO follow-on mission to COSMIC. After launch of all satellites, this
constellation is supposed to provide up to 12,000 high-quality profiles per day. The
6 satellites with high inclination have the purpose to close the data gap along the
equatorial region, which will lead to a more homogeneous latitudinal distribution of
the occultations.
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Chapter 4

Gravity Wave Analysis

In this chapter, the analysis steps to derive GW characteristics directly from the
vertical RO temperature profiles will be described. The vertical wavelength or the
potential energy derivation play an important role for GW analysis (see Chapter 5).
Before regarding the potential energy, the detrending (vertical, horizontal) of the
background, with the purpose to exclude large scale or planetary waves (PWs), has
to be discussed. Also the analysis method to derived the temperature fluctuation
profile needs to be investigated. In Section 4.3, a summery of the applied methods
will be given, including the derivation of the vertical flux of horizontal momentum.
At the end of this Chapter, results for the global distribution of potential energy and
momentum flux are displayed, derived using different detrending retrievals, with the
focus on the differences in the results, not the results itself. The global distributions
of the potential energy and momentum flux will be discussed in further detail in
Chapters 5 and 8, respectively.

4.1 Vertical Detrending

In order to calculate the momentum flux, the temperature fluctuation has to be
extracted from each temperature profile. Studies by Tsuda et al. (2000); Hocke
and Tsuda (2001); Tsuda et al. (2004); Baumgaertner and McDonald (2007); de
la Torre et al. (2006a,b); Schmidt et al. (2008) used a vertical filter directly on
the temperature profile. This vertical detrending has the big advantage, that the
background can be derived using a single RO profile. This way, the analysis could be
applied to small amounts of data, which was important for the early RO missions like
GPS/MET or CHAMP. A disadvantage however is, that the resulting temperature
fluctuation profiles

T ′ = T − T (4.1)

still include non-GW contributions (e.g., Kelvin waves Holton et al., 2001). Kelvin
waves are equatorial trapped waves with similar vertical wavelengths to GWs.
One way of vertical filtering is the application of a bandpass filter to the measured
temperature profile. But also polynomial filters can be applied. The derived back-
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32 CHAPTER 4. GRAVITY WAVE ANALYSIS

Figure 4.1: Vertical Detrending of temperature profiles using a single bandpass
filter for the entire altitude (a), a split filter (b) and the corresponding temperature
fluctuation profiles (c).

ground profile depends on the filter (e.g., cut off, high-pass or band-pass and its
settings). One possibility is to apply one single filter to the entire vertical profile.
As an example, this is shown in Figure 4.1a using a Gaussian filter. The black
and green curve represent the measured temperature profile and the temperature
background profile, respectively. Another way is the application of two filter to two
parts of the temperature profile separated by the tropopause level (demonstrated
in Figure 4.1b). The idea of applying two separate filters (above and below the
tropopause level) was introduced by Schmidt et al. (2008). Here the background
is displayed by the blue and red curves, which combined deliver a full background
profile. The related temperature fluctuation profiles are shown in Figure 4.1c (color
code as before). The only difference for these two methods show up in the fluctu-
ation profiles at the tropopause region. Here the single filter (green) shows higher
amplitude than the split filtering method. This difference in the background tem-
perature has strong influence on the determined potential energy. For cases with
more distinct tropopauses, this effect is even stronger. However, the following anal-
ysis will be applied to altitudes well above the tropopause level (above 20 km).
The third method, which should be mentioned here, is called double filtering. It
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has been introduced by Alexander et al. (2011). The basic idea of this method is to
apply a single filter (independent of the filter itself) twice to improve the removal of
undesired wavelength.

4.2 Horizontal Detrending

The other way of detrenting the background from the GW related fluctuations is the
horizontal detrending which is applied after temporal averaging the dataset, unless
the data density is high enough. The background can be determined using either
the data set which should be analyzed, climatologies or model output data. For all
those variations, the vertical profile data must be binned into a time-lat-lon field.
To exclude planetary and Kelvin wave contribution, a T including these waves must
be computed.

Temporal Window

Before the horizontal detrending can be applied, a temporal window must be chosen.
One parameter for this choice is obviously the data density. If the data density is
not sufficient (e.g., at least 10 temperature profiles for each box), a greater window
must be chosen, or the background must be determined using other datasets. The
COSMIC data provides enough data for background determination with a 1-day
time window. A second point that must be taken into account is the range of wave
periods that should be filtered. With a 1-day window, all large-scale waves with time
periods smaller than one day will not be included in the determined background.
When choosing a 3-day or even a 31-day window, large-scale wave periods that are
not included in the background will be shorter than 3 days or 31 days, respectively.
However, the wave characteristics are rather difficult and several GWs show short
periods of one day or less. In addition to that, GWs with longer periods than one
day exist. Regarding the COSMIC dataset, the choice of the temporal window will
therefore always influence the background determination. A comparison of a 1-day
and the 31-day window is displayed at the end of this Chapter.

Horizontal Filtering

The setting of the horizontal resolution (lat/lon) is coupled to the temporal choice by
the characteristics of the waves. In addition to that, a horizontal filter, like a Fourier
Transform, a Kalman-Filter or a wavelet analysis like the S-Transform is applied to
each latitude window. Ern et al. (2004) used the Kalman filter to eliminate zonal
wavenumbers 0-6. The S-transform was used by Wang and Alexander (2010) to
extract the same zonal wavenumbers from the 1-day temporal GPS RO COSMIC
data. Following closely Wang and Alexander (2009, 2010) we first binned all daily
profile data into a 10◦ x 15◦ lat/lon grid between 10-40 km with a vertical resolution
of 100 m, taking into account a compromise between the resolution that we may
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34 CHAPTER 4. GRAVITY WAVE ANALYSIS

obtain and the density of available profiles. For these daily binned profiles, a S-
transform, which is a continuous wavelet-like transform (Stockwell et al., 1996), is
performed as a function of longitude, for each latitude and altitude. This allows to
estimate wavenumbers 0-6 for each longitude (Schmidt, personal communications).
The ”large scale variations”, reconstructed by wavenumbers 0-6 are then interpolated
back onto the location of the original temperature profile and subtracted from it.
The resulting temperature fluctuation represents the wave fluctuations of short scale
waves (wavenumber higher than 6). For this determination of T time variations of
large-scale waves within 1-day are not taken into account. Wang and Alexander
(2009) tested the sensitivity of the analysis results with respect to the wavenumbers
(ranging between 3 to 10) and found, that the major results remain largely the same
(Wang and Alexander, 2010).

4.3 Data Analysis

Once the temperature background is determined for each altitude, wave character-
istics like the potential energy or the vertical wavelength can be derived directly
from the analysis of one temperature fluctuation profile. The vertical wavelength
λv is determined when analyzing the temperature fluctuation profile. Since Fourier-
transformations do not precisely recognize all local features, the wavelet analysis
is more suitable for this application. The wavelet itself is an arbitrary function,

Figure 4.2: Three different wavelets: Morlet (a), Paul (b) and Gaussian wavelet (c)
plotted for two orders 2 (blue) and 6 (black).
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Figure 4.3: Two RO temperature fluctuation profiles (a) and their corresponding
vertical wavelength (λv) spectrum (b,c). The cross-wavelet shows the phase shift
at each altitude for the dominant vertical wavelength (λv) (d). WS is the wave
spectrum.

which can be shifted and clinched along the signal to be analyzed. Known wavelets
are the Morlet wavelet, the Paul wavelet or a Gaussian wavelet. All these are dis-
played in Figure 4.2a,b and c, respectively for two orders (2 and 6). For the Morlet,
this change in order does not change the shape of the function. The Morlet function
changes its shape when changing the scale of the Morlet (red line). For the Paul and
the Gauss wavelet, a change in scale does not change the shape, whereas a change
in the order of the wavelet induces different shapes and amplitudes (see Figure 4.2).
Once the wavelet analysis is applied to the temperature fluctuation profiles (here

a Morlet wavelet), the vertical wavelength at each altitude and a dominant vertical
wavelength for the entire analyzed altitude range is determined. Then λv (using a
continuous wavelet transform analysis) and Ep (using Equation 2.9) can be directly
computed from the T ′ profiles and are later presented as seasonal mean values in
a 5◦ x 5◦ resolution. As will be shown in Section 6.1, it is also important to know
the phase shift between two neighboring profiles at a given altitude. The phase
shift ∆Φ is determined at each altitude using a cross-wavelet analysis of the two
regarded temperature fluctuation profiles. This procedure is displayed in Figure
4.3. In Figure 4.3a, two RO temperature fluctuation profiles (T ′1,2) are displayed for
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36 CHAPTER 4. GRAVITY WAVE ANALYSIS

the altitude range between 20-30 km. Their global (for the entire altitude range)
dominant vertical wavelength is shown in Figure 4.3b for T ′1 and 4.3c for T ′2. The
cross-wavelet spectrum (Figure 4.3d) shows the amplitudes of the dominant vertical
wavelength at each altitude. These dominant vertical wavelengths are needed for
the phase shift determination at each altitude between all pairs of T ′ profiles.

Using the approximations by Ern et al. (2004), the momentum flux can be de-
scribed by the potential energy and the horizontal and vertical wavenumbers (kh
and m).

FPh = −ρkh
2m

(
g

Nz

)2
(
T ′

T

)2

(4.2)

FPh = ρ
kh
m
Ep (4.3)

kh = 2π/λh m = 2π/λv

The potential energy, the vertical wavenumber and the density ρ are derived directly
from the RO profiles. Once the horizontal wavenumber is determined, the absolute
momentum flux, which is a key in GW analysis, can be extracted using only RO
profiles. The determination of the horizontal wavelength from RO data will be
introduced in Chapter 6. The relation between vertical and horizontal wavelength
is proportional to the momentum flux. Depending on the impact of the potential
energy, this relation may play an important role in the evaluation of the momentum
flux.

4.4 Application of Different Detrending Methods

This Section focuses on the comparison between the different temperature back-
ground determinations and their influence on the potential energy and the momen-
tum flux, respectively. Therefore, the distributions of these parameters are not to
be discussed here, only their differences due to the applied filtering methods are
described. First, the results for the potential energy global distributions (Figure
4.4) for the monthly average of July 2007-2010 are displayed. The differences in
the displayed results for the potential energy can be related to the different applied
detrending methods. Figure 4.4a, d are derived using a vertical bandpass filter be-
tween 2 and 14 km to each profile. For Figures 4.4b and e the described horizontal
filter with a temporal window of 31 days is applied. For both horizontal filters,
the zonal wavenumbers 0-6 have been filtered for each longitude and altitude. Also
shown are the distributions of potential energy using the same horizontal filter with
a 1-day temporal window (Figure 4.4c and f). All derived results are displayed for
the 20-25 km altitude range (upper row) and the 30-35 km altitude range (bottom
row). The potential energy shows higher values for the vertical detrending retrieval
in both altitude regions, than for the horizontal detrending method (both time win-
dows). For the lower altitude range, this effect is most dominant in the tropical
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region, which is due to the amount of energy related to waves with similar vertical
wavelength as gravity waves (e.g., Kelvin waves) that are not included in the deter-
mined background. But there are also planetary waves at higher latitudes that are
not included in the background, which can be seen at the higher potential energy
values in the southern hemisphere at 30-35 km altitude. This is an over estimation
of the gravity wave related potential energy. When comparing the two horizontal
detrending results, it must be noticed, that the background for the 31-day version
does not include large-scale variations within 31 days, whereas the 1-day time win-
dow background does not include large-scale variations within one day. This is the
reason, why the larger time window over estimates the potential energy, too. The
following analysis and results are therefore based on the background filter using a
1-day time window.
Second, the distribution of the momentum flux Figure 4.5 is displayed for the same

time period and altitude range (July 2007-2010, 20-25 km (a-c) and 30-35 km(d-f)),
with the same filters: vertical filter (a, d), horizontal 31-day filter (b, e) and hori-
zontal 1-day filter (c, f). The momentum flux distribution shows the same strong
over estimation in the vertical filtering and a smaller over estimation for the 31-day

Figure 4.4: Comparison of potential energy global distributions derived using the
vertical bandpass filter (a and d) or a horizontal filter with 31 days (b, e) or 1 day
(c, f) as mean values of two altitude ranges of 20-25 km (a, b and c) and 30-35 km
(d, e and f) for a 4-year average July (2007-2010) monthly mean values.
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38 CHAPTER 4. GRAVITY WAVE ANALYSIS

Figure 4.5: Comparison of momentum flux global distributions derived using the
vertical bandpass filter (a and d) or a horizontal filter with 31 days (b, e) or 1 day
(c, f) for two different altitude levels of 20-25 km (a, b and c) and 30-35 km (d, e
and f) for a 4-year average July 2007 - July 2010 monthly mean values.

horizontal filter compared to the 1-day horizontal filter. This is expected, since the
momentum flux is proportional to the potential energy (see Equation 4.3).
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Chapter 5

Gravity Wave Activity

Atmospheric GW activity has been studies intensively over the last decades. The
dynamics of wave breaking, upward propagation and therefore the coupling of dif-
ferent atmospheric layers plays an important role in the local and global circulation.
The GW energy theory leads to the quantity E0:

E0 = Ek + Ep (5.1)

Ek =
1

2

[
u′2 + v′2 + w′2

]
Ep =

1

2

(
g

Nz

)2
(
T ′

T̄

)2

where Ek and Ep are the kinetic and potential energy per mass unit, respectively
(Tsuda et al., 2000). The wind vector is split into the meridional (u′), zonal (v′)
and vertical (w′) component. T̄ and T ′ are the temperature background and fluc-
tuation, g is the acceleration due to gravity and Nz the Brunt-Väisälä frequency.
The vertical contribution to Ek is so small compared to the horizontal that it can
be neglected (see Tsuda et al., 2000). Applying linear theory, the quotient of Ek/Ep

is a constant. Therefore E0 can be estimated using only the temperature contri-
butions without the knowledge of the wind fields (see VanZandt, 1985). Thus, we
can use the temperature RO profiles to gain knowledge of GW activity directly, as
performed by Tsuda et al. (2000) using the first global RO dataset of the GPS/MET
experiment.

5.1 Seasonal Variations

The distribution of the potential energy can provide information of the excitation
mechanism of GWs. First, a seasonal analysis is displayed (see Figure 5.1), where
always data from three months represent one season: 2007/12-2008/02 (DJF) is
the northern hemisphere (NH) winter (Figure 5.1a), 2008/03-05 (MAM) the NH
spring (Figure 5.1b), 2008/06-08 (JJA) the NH summer (Figure 5.1c) and 2008/09-
11 (SON) representing the NH fall season (Figure 5.1d). The altitude range was set
to 20-30 km. For all seasons, the high values of potential energy around the equa-
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40 CHAPTER 5. GRAVITY WAVE ACTIVITY

tor dominate the distributions. In addition to that the respective winter hemisphere
shows higher values of potential energy (above land and ocean as well and in general)
than the summer hemisphere. For the NH spring and fall season, the increased values
of potential energy along the southern Andes (MAM) and the Antarctic Peninsula
(SON) are the most dominant signatures apart from the tropical regions. The same
seasonal distributions are found by Zhang et al. (2012, Figure 1), who used 8 years
of SABER/TIMED data within the altitude rage of 21-45 km. Even though the
analyzed altitude range and the grouping of the seasons and the time period does
not match exactly, the signatures within the distributions of the potential energy
for each season fit good. A first global distribution of GW activity, using the GPS
RO method, is shown by Tsuda et al. (2000, Plate 1). The GPS/MET data were
analyzed for the altitude range of 20-30 km for the northern hemispheric winter sea-

Figure 5.1: Gravity wave activity displayed through the distribution of potential
energy for 2007/12-2008/02 (a), 2008/03-05 (b), 2008/06-08 (c) and 2008/09-11 (d).
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5.1. SEASONAL VARIATIONS 41

Figure 5.2: Potential energy averaged over 4-years (2007-2010) for January (a, c)
and July (b,d) in the altitude ranges of 20-25 km (a, b) and 30-35 km (c, d).

sons of the experiment time period. These results also show a similar distribution
for the NH winter season. Here the main difference is, that due to the low amount
of occultations, only a vertical detrending could be applied to the data.
A 4-years average from 2007-2010 for the January and July and two different alti-
tude ranges is displayed in Figure 5.2. The seasonal behavior as described before,
with higher values at the winter hemispheres and around the equator stays the same.
The higher altitudes however, show higher values of potential energy. With increas-
ing altitude, the density of the air decreases. Therefore the kinetic as well as the
potential energy increase.
This dependence of the potential energy from the altitude can also be seen in Figure
5.3. Here, the potential energy is averaged over four years for all longitudes for dif-
ferent months representing the four seasons (2007-2010 for January, April and July,
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42 CHAPTER 5. GRAVITY WAVE ACTIVITY

Figure 5.3: Potential energy averaged over 4-years (2007-2010) for January (a), April
(b), July (c) and (2006-2009) for October (d) as a function of latitude over altitude.

2006-2009 for October). The altitude dependence is obvious for all four seasons
showing increasing potential energy values with increasing altitude. For all seasons,
the potential energy around the equator shows higher values at low altitudes than
the extra tropical regions. The maximum values of potential energy, however are
located above the local winter hemispheres (Figure 5.3a, c). In the tropics the high
level of potential energy can be related to the convective activity, which is strongest
in the north winter period. In mid-latitudes, the frontal systems contribute to the
increased values of potential energy in the local winter hemisphere which is more
pronounced on the NH. For the high latitudes, the high values of potential energy
correspond to the intensity of the polar vortex. For the intermediate season of NH
spring (Figure 5.3b) the northern and southern hemispheric distributions are quite
similar. For fall however, the potential energy is more dominant at the southern
hemisphere. This presents the high potential energy excited by air masses crossing
the Andes mountains. The same effect was already seen in Figure 5.1d.
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5.2 Long-Term Variations

Another way to look at the data is the analysis is regarding the long term variations
of the potential energy. Here six years of COSMIC data (as shown in Figure 3.3),
are used for long term variation plots. For high latitudes (60-90◦ N/S) the potential
energy distribution over time and altitude as longitudinal average is displayed in
Figure 5.4. For the 6 years of analyzed data, a structure of six winter and summer
season can be found in both the northern (Figure 5.4a) and southern high latitudes
(Figure 5.4b). In the north, the winter season reaches peak values of potential
energy mainly around 6 J/kg. Only in the 2011 and 2012, the values reach up to 7
J/k. The higher variability at the end of the analysis period is probably due to the
decreasing number of occultations. The usual time period of high potential energy
in the northern hemisphere (NH) takes three month (December to February) which
is related to the NH winter season. For the southern high latitudes, the season of
increased potential energy values with up to 7 J/kg includes parts of fall, the entire
winter and parts of the spring season (mainly May to October). The enhancement
of potential energy close to the polar vortex, the southern tip of South America
and around the Antarctic Peninsula, which have been studied before (e.g. Wu and
Jiang, 2002; Baumgaertner and McDonald, 2007), play a role in both, the higher

Figure 5.4: The potential energy for the extra tropical region 60-90◦ N (a) and
60-90◦ S (b) for the time period of 2006/08-2012/05.
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44 CHAPTER 5. GRAVITY WAVE ACTIVITY

Figure 5.5: The potential energy for the sub tropical region 30-50◦ N (a) and 30-50◦ S
(b) for the time period of 2006/08-2012/05.

values and the longer time period of enhanced potential energy compared to the NH.
Similar results were also found by de la Torre et al. (2006a) who explained, that the
increase in wave activity could be attributed to inertia-gravity waves generated by
the geostrophic adjustment during the southern polar vortex maximum. For the
mid latitudes of 30-50◦ N/S (Figures 5.5a and b) the change between summer and
winter season in its structure is as pronounced as in the high latitudes. However,
the absolute potential energy peak values reach only up to 5 J/kg in the local winter
season. For the mid latitudes, the time period of enhanced potential energy is only
slightly broader over the SH. Here the airflow over the Andes mountains which
excites GWs also in spring and fall, is the main reason for this effect. In addition to
that, the potential energy minimum values for the local summer are higher than in
the high latitudes (1 J/kg). In Figure 5.6, the latitude range is between 10-30◦ N and
S (Figure 5.6a and b, respectively) is shown. The structure shows smaller changes
between the summer and winter seasons, especially on the SH. On the NH the signal
is stronger and the time period of enhanced potential energy is longer. One reason is
the land-see distribution. As Zhang et al. (2012) already showed, the GW potential
energy over continents is larger, which indicates, that the topography is a strong
excitation source of GWs. Another reason could be the Inter-Tropical Convergence
Zone (ITCZ). This is a small low pressure region with strong convection. Since
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convection is the main source of GWs in the tropical region, the ITCZ will have
influence on the potential energy. Significant signatures are the two events 2007/11-
2008/02 (on NH and SH) and 2010/07-11 (more distinct on NH) of relative high
values crossing the entire altitude range downwards with time.
When looking at Figure 5.7a (showing only the equatorial region), these two events
are even more pronounced. Starting with high values at higher altitudes, the signal
of enhanced potential energy propagates downwards over a time period of almost
one year. The two events show a biennial repetition rate, with a less strong, but
notable intermediate event, which also occurs in the early 2007 and early 2011. These
signatures can be set in relation to the wind changes from east to west and vise versa
along the tropics as presented in Figure 5.7b. The boxes mark the altitude range
and time period, that can be compared in both graphics. In Figure 5.7b, the isolines
mark 10 m/s wind and the west wind regions are shaded. This change in the tropical
wind field is also known as the quasi biennial oscillation (QBO). The lines mark the
zero wind in Figure 5.7b and are also included in the potential energy plot (Figure
5.7a). When comparing the potential energy results with the zonal wind changes,
the correlation between the changes in wind direction and the increasing potential
energy, especially in lower altitudes is noticed. The strong agreement between both
parameters is remarkable, especially since the potential energy is averaged over the

Figure 5.6: The potential energy for 10-30◦ N (a) and 10-30◦ S (b) for the time
period of 2006/08-2012/05.
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Figure 5.7: The GW potential energy for the inter tropical region 10◦ N-S for the
time period of 2006/08-2012/05 (a) and a monthly zonal wind above Singapore (1◦

N/104◦ E) as altitude versus time for the same period 2006 to 2012 (b), with iso
line interval of 10 m/s and west wind periods are shaded. This graphic is adopted
from: http://www.geo.fu-berlin.de/met/ag/strat/produkte/qbo/. The boxes mark
the compared area in altitude and time period for graphics a and b.

entire longitude range, whereas the zonal wind is only derived above Singapore. It
is also recognized, that the change from east to west wind induces higher values
in the potential energy, which proceeds more narrow along the wind shear, than
the change from west to east wind. Also the absolute minimum values of potential
energy occur shortly after the zonal wind changes, where the wind speed reaches
their maximum values. This effect is most pronounced at zonal east wind maximum
wind speed values. These signatures were also detected and discussed by de la Torre
et al. (2006a); Randel and Wu (2005); Zhang et al. (2012, Figure 4b). The results
show two full QBO cycles between 2007/01 and 2011/12. For the time period of
2012/01-05 a third grouping of high potential energy is found at high altitudes.
These values of increased potential energy indicate the beginning of the next change
in zonal wind direction, which is displayed in Figure 5.7b in high altitudes in mid
2012.
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Chapter 6

Horizontal Wave Analysis

The derivation of the horizontal wavelength plays an important role in the deter-
mination of the momentum flux. Ern et al. (2004) introduced a method to derive
horizontal wavelengths from two vertical temperature profiles. After an introduction
to this method, a sensitivity study is provided and discussed. Also, a new method to
derive horizontal wavelengths, on the basis of this thesis, using three GPS RO profile
is introduced here. At the end of the chapter, this new method is compared with the
work presented by Wang and Alexander (2010) and its advantages are discussed.

6.1 Method by Ern et al. (2004)

Up to now, the potential energy distribution is known (Equation 2.9). The ver-
tical wavelength can be derived from the temperature fluctuation profile analysis.
But when looking at Equation 4.3, there is one other wave parameter that is im-
portant for the GW analysis. The horizontal wavelength is needed to determine
the momentum flux of the GWs. Ern et al. (2004) introduced a method to derive
horizontal wavelengths of two neighboring vertical temperature fluctuation profiles.
This is a projected horizontal wavelength λph (projected horizontal wavenumber kph:
kph = 2π/λph), which is given as follows

kph =
∆φij

∆xij
=

2π

λph
(6.1)

where ∆φ is the phase shift, ∆x the distance between the two profiles, i, j indicate
the different profiles. Since this method is restricted to pairs of measurements,
within a small temporal and spatial window (both measurements are supposed to
be taken within the same π-cycle of the wave), the derived horizontal wavelength
or wavenumber is projected along the line connecting the two measurements (see
Figure 6.1). With only two vertical profiles, the location of the profiles regarding
the wave, which should be detected plays an important role. Ern et al. (2004) used
CRISTA data with a regular along track separation of scans of 200 km and a line
of sight (LOS) distance of 600 km between the simultaneously measured profiles.
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48 CHAPTER 6. HORIZONTAL WAVE ANALYSIS

Figure 6.1: Displayed is the difference between the projected horizontal wavelength
(red) and the ’real’ horizonral wavelength (green), depending on the alignment ot
two profiles with respect to the wave orientation.

The GPS measuring method does not provide such a fixed observation scenario.
Other restrictions have to be found to ensure that both profiles are measured within
the same wave packet, e.g., the vertical structure of the considered profiles must
be similar. The determined dominant vertical wavelength should not vary more
than 2 km. For the phase difference determination, it is very important that all
the RO profiles are measured with a similar LOS. In ideal case, the LOS of all the
measurements are parallel. In addition to that, the geometric configuration between
the LOS and the wave propagation direction limits the capability to see a GW
(Alexander et al., 2008a). Using at least three RO measurements (not collinear with
each others), the horizontal wavelength λh can be derived instead of the projected
horizontal wavelength λph. The best constellation would be an equilateral triangle
(200-400 km distance) with all three LEOs tracking the same GPS with no or only a
small temporal window. To come as close as possible to this ideal constellation, all
RO profiles of these groupings must fulfill strict temporal and spatial restrictions.
In this work the temporal and spatial windows were set to 2 h and 15◦ lat/lon. The
reason for these parameter settings will be explained in Section 6.2.
Alexander and de la Torre (2010) used a similar method to derive wavelengths
in a Cartesian coordinate system from three soundings. They describe that the
ideal case would be a perpendicular arrangement between the three soundings, but
the COSMIC constellation does not provide these ideal cases. The six identical
COSMIC satellites were launched on one rocket into an orbit of 405 km and later on
raised to their final orbit of approximately 800 km. During the COSMIC clustering
phase (the first months) several measurements were obtained in a small spatial
and temporal window and with similar LOS. Before this method is applied to the
RO data, the relative positioning of pairs of RO profiles, with respect to the wave
propagation direction, must be taken into account. In case that the alignment of
one of the pairs is perpendicular to the wave propagation direction, the temperature
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fluctuation profiles will not have a phase shift between each other. Those pairs of
RO measurements where ∆Φ is lower than 0.5 radian (λph> 10,000 km) are not taken
into account (see Section 6.2).
From the CWT analysis (using a Morlet wavelet) the dominant λv at considered
altitudes is determined. We treat temperature fluctuation profiles with a dominant
λv within an interval of 2 km as they belong to the same wave system. Ern et al.
(2004) used a window of 6 km for the CRISTA-2 data set. Once the phase shift and
the distances are known, kph can be derived for all altitudes. A detailed description
of this retrieval method is given in Section 6.3.

6.2 Sensitivity Study

As mentioned in Section 4 the temporal window should be kept as small as possible,
still allowing a sufficient number of triads to extract global distributions of the
wave parameters. We choose a 2 h interval. Shorter windows would decrease the
number of possible triads too much, whereas a larger time window would increase
the number of triads with different wave origin. But the horizontal distance ∆xi,j
will be unrealistic because of the phase shift variations from profiles with different
wave origin would be included. For a closer look, a sensitivity study is applied to
Equation (6.1), using two vertical sinusoidal curves with different phase shifts (0-
180◦) and four horizontal distances (100, 200, 500 and 1,000 km) and determine the
projected horizontal wavelength. This study is focused on the one-dimensional case
(on λph). For the one-dimensional case, there are two possible constellations, where
no horizontal wavelength can be derived. Both scenarios are displayed in Figure 6.2.
Scenario (a) shows a parallel LOS to the wave phase, in constellation (b) there is no
phase shift between the two profiles, for both problems, the horizontal wavelength

Figure 6.2: Scenario (a) shows a parallel LOS to the wave phase, in constellation (b)
there is no phase shift between the two profiles, for both problems, the horizontal
wavelength can not be determined.
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Figure 6.3: Sensitivity study for the method introduced by Ern et al. (2004) con-
cerning the resulting wavelength (kph) at different horizontal distances and phase
shifts.

can not be determined. With a decreasing phase shift, the projected horizontal
wavelength approaches very high values (Figure 6.3). This effect is even stronger
when ∆x increases. A detection of small phase shifts (lower than 30◦) results in very
long wavelengths (λph → ∞). For larger distances (for example 1,000 km), a phase
shift of 45◦ corresponds to a projected horizontal wavelength of more than 10,000
km. These long horizontal wavelengths are unrealistic for GWs. For this reason
and for the fact that ambiguities cannot be ruled out (small phase shift at a given
altitude might be due to the ±2π or even ±3π periodicity), the phase shift must
be limited. Therefore I set a lower limit of 0.5 radian (∼ 30◦), when additionally
the maximum distance between the profiles is set to be 15◦ lat/lon. Since planetary
waves (e.g. wavenumber one) have a shorter wavelength at polar regions than in
the tropics, the latitude dependence of this search interval is not a problem. Also,
the COSMIC satellites fly on polar orbits, therefore the density along the tropical
region is smaller than in the mid and high latitudes. The new limiting factor must
be taken into account when using this method to analyze GPS RO profiles.
Now I analyze the impact of the distance dependence on the horizontal wavelength
λh regarding Equation (6.2), the two-dimensional case (details will follow in the
next Section). Triads within intervals of 5◦, 10◦ and 15◦ lat/lon were identified.
The first and obvious result is that the shorter the interval, the less triads can be

Scientific Technical Report STR 13/09 
DOI 10.2312/GFZ.b103-13090

Deutsches GeoForschungsZentrum GFZ



6.3. HORIZONTAL WAVE PARAMETERS 51

Figure 6.4: Horizontal wavelength derived from triads of COSMIC RO temperature
profiles for the NH winter 2006/07. Sensitivity of the horizontal wavelength regard-
ing distance in spacing between the triads for 10◦ (a) and 15◦ (b) spatial interval
are displayed.

found. This study was performed for the northern hemisphere (NH) winter 2006/07
for the altitude range 20-30 km. For 5◦ lat/lon range parameter the amount of
triads is too small for a sufficient statistical global analysis. The results for 10◦

and 15◦ lat/lon range parameter are shown in Figure 6.4. Although the absolute
values vary by approximately 50%, the structure of the horizontal wavelength is
quite similar for both settings. The same effect can be found when studying the
results for the momentum flux distribution. A more detailed description of the
horizontal wavelength and momentum flux is given in Section 8.1. This method
can provide horizontal wavelengths only as an upper boundary due to ambiguity
effects and limitations in the measuring principles and data availability. The 15◦

lat/lon horizontal spacing for the triad search was chosen for the global analysis. In
addition, the data availability does not allow a global analysis for NH summer 2006
with a 10◦ interval. The amount of located triads with a 15◦ lat/lon search window
is highest in Winter 2006/07 (will be shown in Figure 8.10). This structure is more
expressed for the 10◦ lat/lon search parameters.

6.3 Horizontal Wave Parameters

For the momentum flux determination, the horizontal wavenumber (kh) instead of
the projected horizontal wavenumber kph is needed. As mentioned before, a third
measurement is needed to derive kh. For a detailed explanation a close look at
Figure 6.5 is taken, starting with 6.5a.
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Two vertical temperature fluctuation RO profiles (T ′1 in brown and T ′2 in blue),
separated by the horizontal distance ∆x are displayed. The phase shift between
these measurements is derived from a cross wavelet analysis for each altitude. Fig-
ure 6.5b shows the derived kph (orange arrow) from three temperature fluctuation
measurements at one altitude and the true kh (green arrow). The dotted lines
are the corresponding projected horizontal wavelength (orange line) and horizontal
wavelength (green line). When using these three measurements, kh can be derived
by

∆φij = k(xi − xj) + l(yi − yj) i, j = (1, 2)(1, 3)(2, 3) (6.2)

kh =
√

(k2 + l2)

where (k,l) are the horizontal components of the wave number vector, and (xi,j,
yi,j) are the RO coordinates at given altitude. ∆Φij is derived from cross wavelet
analysis for each pair of temperature fluctuation profiles (Figure 6.5c). Since this is
an over-determined problem, this might be no unique solution. The reference point
(RP) (appearing in two of the three equations) from which this system of equations

Figure 6.5: Displayed are two vertical temperature profiles with a phase shift of 40◦

(a), the projected and real horizontal wavelet within a triad of measurements when
the corresponding horizontal wave is known (b), the triad of measurements and the
well-known parameters (c) and the three possible derived horizontal wave vectors
for that triad (d). For explanations, see text.
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is solved, plays an important role. As shown in Figure 6.5c, the location of (xij, yij)
and the distances between the points (∆xij) are known, therefore the phase shifts
(∆Φij) can be derived, using the wavelet analysis between each measurement pair.
When using P1 as RP, then Equation (6.2) is solved using two equations for ∆xij:
∆x12 and ∆x13. In a similar way, P2 as RP ∆xij are ∆x12 and ∆x23 and for P3 as
RP ∆xij are ∆x13 and ∆x23. When solving the equations for each RP, three kh are
derived. As displayed in Figure 6.5d at least two identical kh (green arrows) and a
third kh (purple arrow) are derived. All three displayed green arrows are identical
in lengths and orientations. The two starting in P1 and P3 represent the computed
wave vectors, the third green arrow is shifted to fit the phase maximums of the back-
ground wave. The inconsistent kh can be different from the two identical kh in both,
orientation as well as length of kh, but it might also be identical to the two others.
It depends on the angles between the three measuring points as explained below.
When taking a look at the wave fronts the reason for the wrong determination of

Figure 6.6: Part A of the geometrical description of the determination of the real
horizontal wavelength. Here the setup of the triad (a) and the three possible com-
binations of solving Equation 6.2 for different reference points (b, c and d) are
displayed.
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54 CHAPTER 6. HORIZONTAL WAVE ANALYSIS

Figure 6.7: Part B of the geometrical description of the determination of the real
horizontal wavelength. The derived horizontal wavelength for each reference point
(for Part A(b) is displayed in (a), for Part A(c) in Figure (b) and for Part A(d) in
Figure (c).
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kh at one RP becomes more clear. The RP that produces the non consistent result
is placed in between the other two points regarding the wave fronts.
Another way to treat this problem is a geometric description as presented in Figures
6.6 and 6.7. Considering the same three points as before, representing the inter-
section of three closely separated RO profiles with the same altitude level. The
unknown constant successive wave phase lines Φ and Φ±2π are illustratively shown
in Figure 6.6a. The line of action (line ab), as well as the direction of k, are obviously
also unknown. Now, the three possible pairs of points, as shown in Figures 6.6b, c
and d are considered. The wave front may be determined, for example in the case
shown in Figure 6.6b, in the following way: From Equation 6.2 and the knowledge
of both the phases and distances between each pair of points, projected horizontal
wavelengths (black sinusoidal lines) may be determined (Figure 6.7a). If now these
curves are displaced along the blue lines defined by each pair, until matching the
RP (red sinusoidal curves), the opposite ending point of these red curves define the
slope of Φ (line cd). We repeat this procedure in Figure 6.7b, observing an identical
result. In case of (Figure 6.7c), note that one of the black curves was displaced
in the opposite direction, in order to be able to obtain the same slope as in the
precedent two cases. When displacing the black line connecting the brown and blue
points as before (gray sinusoidal line) the resulting slope is presented by the gray
line between points e and f, which is not conform with the results of Figures 6.7a
and b. This happens, when one of the inner angles α, β or γ (in Figure 6.6a) is an
obtuse angle. If the three angles are acute, no inversion is needed and the three
possibilities described, render straightforwardly an identical result.
In general, to handle a huge amount of triads, after calculating all horizontal wavenum-
bers in Figures 6.7a-c for each triad, no possible uncertainty remains if simply con-
sidering the prevailing slope (to include triads with one inner obtuse angle). The
horizontal wavelength is finally illustrated in Figures 6.7a-c (green curves).

When determining the horizontal wavelength as described before, the wave vector
components are derived for each triad. Using these components, the wave orientation
can be determined:

Φ = arctan(l, k). (6.3)

Φ ranges between 0 − 180◦ from north over east to south and is not the direction
but the orientation of the wave vector. Results will be discussed in Section 8.4.

6.4 Methodical Improvements

Wang and Alexander (2010) also used the COSMIC dataset to derive horizontal
wavelengths and global momentum flux distributions. But this work left room for
improvements. Our method distinguishes from the work presented by Wang and
Alexander (2010) in many ways. This work is new in a way of making use of all
available information in the rather coarse dataset without wasting information by
over-determination. Also new is the geometrical argumentation of the derivation of
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the horizontal wavelength, where the inner angles of the 3-point grouping plays an
important role. In addition, the temporal window of 2 h instead of 6 h is much
smaller and the amount of waves belonging to the same wave origin increases. Even
though, both studies are based upon the same horizontal resolution, the way of
determination of the horizontal wavelengths differs strongly. Wang and Alexander
(2010) grid all data from 6 h into 15◦ lat/lon cells, whereas this work regarded
all possible triads within a 15◦ lat/lon area to each RO profile. For each triad,
the GW parameters are derived for the mean lat/lon point of the triad. Therefore
the resulting resolution can be much smaller than the 15◦ derived by Wang and
Alexander (2010). The final resolution depends on the amount and location of the
located triads. The global evaluation plots for the GW parameters derived in this
work are given in a 5◦x5◦ lat/lon resolution. A comparison between both methods
for the global momentum flux distribution is given in Section 7.2.
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Chapter 7

Validation

In this Chapter, the introduced method to determine GW parameters from only
three GPS RO profiles is demonstrated for a region of known wave activity. As
already shown in Chapter 5, the Andes mountains induce strong wave activity on
the lee side of the mountains especially in the local winter and intermediate seasons.
With this knowledge the method can be tested qualitatively. Therefore two regions
are chosen for evaluation. Within a latitude range of 25-65◦S, the first area is set
to be west of the Andes (75-90◦W) and a second including the Andes and their lee
side (55-70◦W). Since this area is also known for strong westerlies, the expectation
is, that the results should show an increase in potential energy and momentum flux
in the region above the Andes and their lee side with induced mountain lee waves
compared to a rather quiet luv side. A way of validating the method quantitatively
is a comparison with other measuring techniques or analysis methods. For this
purpose global momentum flux distributions of the HIRDLS instrument data and
a comparison to GPS RO data analyzed by Wang and Alexander (2010) will be
displayed.

7.1 Mountain Waves

The focus of this Section lies on the impact of the Andes mountains on the vertical
transport of horizontal momentum. For this analysis, two regions between 25-65◦S,
one west of the Andes (75-90◦W) and one east and including the mountains (55-
70◦W), were chosen. The GW parameters are displayed in altitude cross sections
(altitude range 20-35 km) for the two longitude regions.

57
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58 CHAPTER 7. VALIDATION

Figure 7.1: Distributions of potential energy (a), vertical and horizontal wavelength
(b and c), the ratio between the vertical and horizontal wavelength (d) and momen-
tum flux (e) as functions of time (09/2006-05/2012) against altitude (20-30 km) for
the region 25-65◦S / 75-90◦W.
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Figure 7.2: Same as Figure 7.1, but for the region 25-65◦S / 55-70◦W.

As discussed in Chapter 5, the potential energy increases with altitude and is
high in the local winter seasons. These characteristics are also found in the potential
energy distributions west and east of the Andes (Figures 7.1a and 7.2a, respectively).
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The difference in these two cross sections is not the structure, but the absolute value,
which is much higher at the east of the Andes. The high values reach further down
and spread wider, a longer period of enhanced GW activity is found.
For the vertical wavelength (Figures 7.1b, 7.2b), the distribution is vise versa. The
long wavelengths are located at the lower end of the analyzed altitude range and
decreases upwards. The seasonal variations, between longer vertical wavelengths in
local winter/spring and shorter wavelengths in late summer/fall crosses all altitude
ranges, but is more intense at lower altitudes. Also for the lower altitudes, the verti-
cal wavelengths are generally longer at the west of the Andes, with the exception of
winter 2009. These differences are more distinct in the local summer seasons, where
the vertical wavelengths reach their minimum at low altitudes.
The horizontal wavelength distribution for the west side of the Andes (Figure 7.1c)
shows decreasing wavelengths toward higher altitudes for the first four years of mea-
surements. After late 2010, the data density is smaller and the variations increase.
This effect can also be seen for the east side of the Andes mountains (Figure 7.2c).
Here the wavelengths are shorter for all altitudes than at the west, which has two
reasons: first, the horizontal wavelengths are shorter over land than over see and
second, the GWs induced by mountains have short wavelength (de la Torre and
Alexander, 2005).
The relation of vertical to horizontal wavelength is displayed in Figures 7.1d and
7.2d. The pattern shows similar structures with similar intensity. But the local sum-
mer season is producing short ratios of vertical to horizontal wavelengths, which is
more distinct (in intensity and period of presents) at the east side of the mountains.
At the west, this structure is a little more smudged.
When analyzing the momentum flux distributions (Figures 7.1e, 7.2e), the difference
in intensity are more pronounced. Both sides show a structure of decreasing mo-
mentum flux with altitude. The values of momentum flux in lower altitude winter
periods increase. This variation of low values in summer and high values in winter
are much more distinct at the east of the Andes. For the east side of the Andes,
the seasonal changes in the momentum flux intensity are stronger, the variations
between summer (low values) and winter (high values) are more distinct. Also dif-
ferent to the west side of the mountains is, that the periods of enhanced momentum
flux stretch over spring until fall instead of only summer.

This study shows, that the expected effects of increased potential energy and
momentum flux can be measured using triplets of GPS RO profiles. The next step
is a global analysis. Example results of the global momentum flux distribution in
comparison to other measuring techniques will be shown in the following Section.
Chapter 8 will then address the distribution of GW parameters for different cross
sections for monthly and seasonal mean values or as performed in this study as
temporal and vertical analysis.
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7.2 Comparison with other Satellite Datasets

Another way of validating the method is the comparison with global distributions of
momentum flux derived from other instruments or analysis methods. First a com-
parison between momentum flux derived from the HIRDLS measurements (Figure
7.3a) and COSMIC GPS RO data analyzed with the new method described in this
work (Figure 7.3b) is shown. HIRDLS is a limb-scanning infrared radiometer aboard
NASA’s Aura satellite. The vertical resolution of 1 km is designed for measuring
atmospheric radiances on a global scale. The Aura orbit period is 99 min. As all
A-Train satellites Aura is in a sun-synchronous low polar orbit (Gille et al., 2003,
2008). Within the cooperation between GFZ and Forschungszentrum Jülich, M. Ern
provided a plot of globally distributed momentum flux data from HIRDLS for July
2006 with a measuring window of vertical wavelengths below 12 km. This distribu-
tion is given for the altitude level of 22.5 km. These results can be set into relation
with the measured momentum flux for mean July averaged over 2007-2010. Data
from July 2006 show many gaps and are therefore not included in the averaging.
Here the data are also mean values of the altitude range between 20-25 km. Both
graphics show higher values of momentum flux on the southern hemisphere, due to
higher wind speeds at the local winter time, especially at the southern tip of South
America. Also signatures of momentum flux in the tropical region are significant.
Relative to the detected mountain waves, the derived absolute momentum flux val-

Figure 7.3: Momentum Flux from HIRDLS data for July 2006 at 22.5 km altitude
provided by M. Ern (pers. communications) (a) in comparison to the data for a
mean July for 2007-2010 with an average over 20-25 km altitude (b).
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Figure 7.4: Momentum flux from GPS RO data for December 2006 through Febru-
ary 2007 at 17.5-22.5 km altitude provided by Wang and Alexander (2010) (a)
(Copyright 2010 by the American Geophysical Union. 01480227/10/2010JD013860,
License Number: 3150080002326) in comparison to momentum flux using the triad
method for the same time period (December 2006 through February 2007) average
over 20-25 km altitude (b).

ues in the tropics are higher for the GPS RO data with the new applied method
than for the momentum flux from the HIRDLS dataset. But both reach about the
same absolute values of momentum flux (∼2 mPa). Since GWs show shorter vertical
wavelength for convection than for orographic origin, the higher vertical resolution
of the RO technique, which is below 1 km in the regarded altitude range could be
one reason for the higher sensitivity of the triad method.

A second comparison is applied to the GW momentum flux derived by Wang
and Alexander (2010), who used COSMIC data with a different method to de-
rive horizontal wavelengths. Both graphics show the momentum flux for December
2006 through February 2007. Figure 7.4a representing a mean altitude between
17.5-22.5 km whereas 7.4b is averaged between 20-25 km. The general distribution
with higher values on the mid and high latitudes and the two regions above the
southern hemispheric continents (northern South America and southern Africa) are
comparable. However, the absolute maximum values do not agree. The possible
ambiguities in the determination of the phase shift (which exist in both methods)
are one reason for the differences in the absolute values as well as in the structure of
the results. But, the structural differences can also be related to the changes in the
analysis method. As already discussed in Section 6.4, the momentum flux by Wang
and Alexander (2010) is displayed in a 15◦ x 15◦ lat/lon grid. On the contrary the
results from the triad method is plotted in a 5◦ x 5◦ lat/lon grid, which obviously
improves the ability to show more detailed signatures. This is possible, since this
method makes use of all available data instead of wasting information through an
over determination within the griding. Also the shorter time window of 2 h instead
of 6 h increases the number of waves that actually have the same wave origin. The
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results by Wang and Alexander (2010) include more ambiguities.

Both comparisons, with HIRDLS data provided by M. Ern and with the results
by Wang and Alexander (2010) show, that the analysis method produced reason-
able momentum flux distributions. The results provide more detailed information
especially for the tropical region which leads to the conclusion, that the method is
sensitive enough to see GW from convective sources. Further and detailed discussion
of this topic are given in the following Chapter.
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Chapter 8

Global Gravity Wave Parameter
Analysis

In this Chapter results for different wave parameters derived from the described
analysis method are discussed. First the global variations of the potential energy,
the vertical and horizontal wavelength and the momentum flux distribution are con-
sidered for seasonal mean values. Second, the global plots of monthly mean values of
the potential energy and the momentum flux averaged over four years are displayed
and discussed for two different altitude ranges. In addition to that, the horizontal
wavelength and the momentum flux are analyzed as altitude-latitude cross sections
for the same monthly mean four year averages. Afterwards, Sections 8.2 includes
regional results e.g., of the potential energy, the vertical and horizontal wavelength
and the momentum flux, focusing on different important areas, e.g., tropical region
(convective sources) or along the Andes mountains (orographic sources). In addition
to these evaluations, the gravity wave parameters in the tropical region and their
correlation to the stratospheric tropical zonal wind field are displayed in Section
8.3. At the end of this Chapter, results of the wave vector orientation as four year
monthly global mean averages and for the lee side of the Andes mountains for an
altitude/time cross section are presented.

8.1 Seasonal Variations

For a global analysis, seasonal mean data for June - August 2006 (JJA) and Decem-
ber 2006 - February 2007 (DJF) are shown. The altitude range for the statistical
analysis is set to 20-30 km. The global distribution of the number of available triads
and the mean profile distance within the triads are shown in Figure 8.1 for the NH
summer (a,c) and winter (b,d) respectively. Figure 8.1a and b show, that the num-
ber of triads are higher in the extra tropics then in the equatorial region or in high
latitudes. As mentioned in Section 6.2, the amount of measurements in the first
months of the COSMIC mission was not as high as expected. By the end of 2006 all
six satellites were running and therefore increasing the number of ROs. For Figures
8.1a and b, different scales are chosen to see the structure of the grouping of triads
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Figure 8.1: Number of triads from COSMIC for JJA 2006 (a) and DJF 2006/07 (b)
and the mean horizontal distance within the triads respectively (c and d) for the
altitude range of 20-30 km.

for both seasons. The mean distance of the triads (see Figure 8.1c and d) is simi-
lar, but the clustering phase of the beginning of the COSMIC mission has a small
impact which leads to shorter distances for the NH summer than winter, especially
in high latitudes. These differences are most distinct over Australia and Southern
America. The maximum distance is limited by a 15◦ circle, which represents about
1500 km at the equator and 500 km at high latitudes. The white pixels (Figure 8.1)
in the NH summer are found in all wave parameters. There, the number of triads
is to small for a statistical analysis. For all wave parameters, as well as for the
mean distance, the results of each triad (mean Ep, λv and the computed horizontal
wavelength along with the momentum flux) are presented for their mean lat/lon
position (MP) and then fed into a 5◦x 5◦ lat/lon grid. Due to the low numbers of
triads in polar regions (north of 75◦N, south of 75◦S) these areas are not evaluated.
As mentioned before, a temporal and spatial window is used, the ∆Φ limitation
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Figure 8.2: Mean vertical wavelength derived from COSMIC for the available triads
(JJA 2006) (a) and (DJF 2006/07) (b), and the mean potential energy distribution
respectively for each season (c and d) for the altitude range of 20-30 km.

and the comparison of the dominant vertical wavelength eliminate about 30 % of all
measured triads. Figures 8.2a and b display the vertical wavelength distributions
for NH summer (a) and winter (b) with minimum values 5 km around the equator
and up to 10 km in the extra tropics and polewards. At first sight, a small general
decrease of vertical wavelength from 8.2a to b can be seen. Taking a closer look,
some significant changes in both directions are detectable. For example the decrease
of vertical wavelength over Canada and the US as well as over Russia from about
9 km down to less than 7 km or the increase of vertical wavelength over Australia
and north Africa. All these changes are located over land, but there is also a de-
crease in the vertical wavelength over the southern hemisphere (SH) water regions,
which is most significant around the Antarctic Peninsula. Over the southern pacific
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in JJA, there is a significant signal located above the Galapagos Islands, in both the
vertical wavelength and the potential energy distribution. This might be related to
the stable layers atmosphere due to the Humboldt current.

The potential energy distribution (see Figures 8.2c and d) agrees with previous
results (e.g., Schmidt et al., 2008). The higher values (up to 5 J/kg) are located
along the equator for both seasons and decrease towards the polar regions. How-
ever for Jun. - Aug. 2006 the higher values in the extra tropics are located on the
SH, with explicit high values along the east side of the Andes mountains mainly
due to low altitude westerlies and the permanent jet (Alexander and de la Torre,
2010). For Dec. 2006 - Feb. 2007 higher values are found in the NH. Going from
west to east, the increase in potential energy in the NH can be explained by the
various mountain chains and wind shear conditions. East of northern America and
in the north east of Russia, the NH winter weather conditions provide strong wind
shear. In northern Europe, the prevailing westerlies induces GWs on the lee side
of the Scandinavian mountains with values of up to 5 J/kg. The subtropical jet
stream induces hight values of potential energy when crossing the Zagros mountains
(Farajzadeh et al., 2011). For both seasons, the equator region shows high potential
energy values around 4 J/kg. These values are due to the high convection activi-
ties related with unstable atmospheric layering high temperatures and humidity in
that area. The horizontal wavelength distributions, see Figures 8.3a for JJA and
8.3b for DJF, show a trend of increasing horizontal wavelength towards the equator.
The reason for the different starting point of the horizontal wavelength scale is the
visibility of the pattern which fads in other scales for each graphic. This kind of
pattern has already been shown by Fröhlich et al. (2007), who used a theoretical
λh, and by Wang and Alexander (2010) using GPS RO data. Also, the horizontal
wavelength distribution shows longer horizontal wavelength over oceans on the win-
ter hemispheres than on the summer hemispheres and shorter horizontal wavelength
over the winter hemisphere land areas compared to the same regions in summer.
For the SH winter (Figure 8.3a) the effect of shorter wavelength over land is most
significant. The absolute value of horizontal wavelength at the east of the Andes
is higher than the results from de la Torre and Alexander (2005), but here the de-
rived horizontal wavelength is only an upper boundary of horizontal wavelength (see
Section 6.2). The horizontal wavelength would globally decrease by a mean of 50%
when changing the spacial window from 15◦ to 10◦. The global momentum flux
distribution is displayed in Figures 8.3c and d for JJA and DJF, respectively. The
absolute values of momentum flux range between 0.2 and 1.7 mPa, but the pattern
of the distribution is more crucial for the evaluation and also more trustworthy as
results of the applied approach. The absolute values depend on the derived horizon-
tal wavelength and therefore also in the chosen spacial interval. For the momentum
flux however, the absolute values increase when choosing a shorter spacial window,
but the pattern does not change significantly. For both seasonal mean momentum
flux distributions (JJA and DJF), a band of high values is located along the equa-
tor. Additional to that, the winter hemisphere shows more wave activity (higher
momentum flux values) than the summer hemisphere. The higher values are found
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Figure 8.3: Horizontal wavelength derived from triads of COSMIC temperature
profiles for the available triads (JJA 2006) (a) and (DJF 2006/07) (b), and the
mean momentum flux distribution respectively for each season (c and d) for the
altitude range of 20-30 km.

at the east of the Andes mountains and along the Antarctic Peninsula during the
SH winter and at the east of New Zealand (zonal band of enhanced momentum
flux on the southern hemisphere)(Figure 8.3c) and at the east on the Scandinavian
mountains and the Zargos mountains (Iran) during the NH winter (Figure 8.3d).
Other global distributions of the momentum flux were given, e.g., by Ern et al.
(2004, 2011); Fröhlich et al. (2007); Wang and Alexander (2010). The general pat-
terns (shown in Figure 8.3a and c) fit well with the results derived by Ern et al.
(2004) and Fröhlich et al. (2007). Not all results are presented for both seasons and
for the same time period, therefore the patterns can also differ. But all results show
higher values of momentum flux on the winter hemisphere. Wang and Alexander
(2010) show also the two spots over southern America and Africa for the same time
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Figure 8.4: Distribution of potential energy as 4-year monthly mean values: 2007-
2010 for month 01-07 and 2006-2009 for month 08-12 for altitude range of 20-25
km.

period (DFJ) and the high momentum flux over Scandinavia. The method of taking
triads instead of a fixed 15◦ x 15◦ grid, allows a higher resolution in the final distri-
butions of the derived wave parameters. Now GW analysis is performed for 4-year
monthly means either as global distributions (like Figure 8.6) or as altitude/latitude
cross sections (see Figures 8.8, 8.9). The period of 4-years average is chosen for the
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Figure 8.5: Same as Figure 8.4, but for 30-35 km altitude range.

best data availability, therefore the months January to July are averaged over the
years 2007-2010 while August through December are averaged over 2006-2009.
The first two graphics groups are displaying the global distribution of the potential
energy for 20-25 km and 30-35 km altitude (Figures 8.4, 8.5, respectively). For both
altitude ranges, the potential energy is displayed between 0 and 7.5 J/kg. From a
first glance, the already discussed vertical dependency of the potential energy (in-
creasing values with rising altitude) is notable (see Chapter 5). Looking at Figure
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Figure 8.6: Momentum flux as 4-year monthly mean values: 2007-2010 for month
01-07 and 2006-2009 for month 08-12 for the altitude range of 20-25 km.

8.4, the main signal is detected along the equator for all months. The maximum
of this structure performs a shift between ∼20◦S in December through February
and ∼20◦N while June, July and August, crossing the equator at the intermediate
seasons. This shift in the equatorial enhancement of GW potential energy can be
set into close relation to the ITCZ. One structure, that is significant in both al-
titude ranges is the increase of potential energy around and on the lee side of the
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Figure 8.7: Same as Figure 8.6, but for 30-35 km altitude range.

Andes mountains. This signal starts to be present in April, increases during the SH
winter season up to its maximum in September and October and is still visible in
November. Only the three SH summer months (December through February) are an
exception to this phenomena. The increased potential energy values in the respected
winter season (e.g. above east Russia or the Andes) are more expressed in the higher
altitude region but also visible in the 20-25 km altitude range. The enhancement
of potential energy in the NH winter above Europe and North America is mainly
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Figure 8.8: Longitudinal mean distribution of horizontal wavelength as 4-year
monthly mean values: 2007-2010 for month 01-07 and 2006-2009 for month 08-12
for altitude-latitude cross-section.

noticed in the higher altitude range. In the SH, there is another signal between July
and October (30-35 km altitude) and September and October (20-25 km altitude)
of enhanced potential energy along the Transantarctic mountains (150-180◦E). This
is due to the catabatic or so called fall winds behind the ice sheet and mountains.

The following two graphics (Figures 8.6, 8.7) display the momentum flux distri-
bution for the same time interval (months 01-07 average years 2007-2010 and months
08-12 average years 2006-2009) and altitude range (20-25 km and 30-35 km) as ap-
plied for the potential energy. In contrary to the potential energy, the intensity of
the signal decreases with rising altitude. In order to derive recognizable structures
in both altitude ranges, the momentum flux values are displayed on different scales
(0.2-1.7 mPa and 0.1-0.6 mPa for the lower and higher altitude window, respec-
tively). In the lower altitude range (Figure 8.6), the maximum values are located
along the equator and on the considered winter hemisphere. For the equatorial re-
gion, the maximum shifts between 20◦N in July and 20◦S in January. This is the
same shift that was already found in the potential energy, which is related to the
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Figure 8.9: Longitudinal mean distribution of momentum flux as 4-year monthly
mean values: 2007-2010 for month 01-07 and 2006-2009 for month 08-12 for for
altitude-latitude cross-section.

shift of the ITCZ. In addition to that, there is a maximum located above India in
June, which moves eastwards with time and can be found above south-east Asia in
July and August. This eastward shift could be related to the eastwards traveling
monsoon. For the extra tropics, the enhancements in momentum flux are closely
related to high wave activity in the regarded winter hemisphere due to mountain
waves, frontal systems, strong streams and wind shear. The most significant loca-
tions are the east Russian (Mongolian) mountains for the NH fall and winter and the
Andes region and east of the Andes for the SH winter and intermediate seasons. In
November the Rockey Mountains show an enhancement in the momentum flux val-
ues, also visible in Figure 8.6. Another signal that is present but not as strong, but
notable especially in 20-25 km altitude (Figure 8.6), in intensity between July and
November is located at the northern end of the Transantarctic mountains (∼170◦E,
∼70◦S). Here the catabatic winds show their impact in momentum transport in
the atmosphere. This signal, with even less intensity, is also found in the higher
altitudes. For the higher altitude (Figure 8.7), the overall structure is similar to
the lower altitude. The ITCZ is not as expressed but the eastwards shift for high
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momentum flux values from June above Malaysia, passing Bangladesh in July to the
Philippines in August can be noticed. The absolute values at the Andes are higher
in SH winter and autumn compared to the SH summer.

Also of interest are the altitude-latitude cross sections (altitude range 20-35 km)
for the same time period averaging over all longitudes. The next two graphics show
the cross sections for the horizontal wavelength (Figure 8.8) and the momentum flux
(Figure 8.9). Corresponding plots of the potential energy are already displayed in
Chapter 5 (Figure 5.2). Due to the low amount of data close to the poles, results
are only presented for 80◦N to 80◦S. The horizontal wavelength distribution (Fig-
ure 8.8) shows a dependency on the altitude in the matter of decreasing horizontal
wavelength with increasing altitude for subtropical and extra tropical regions. In the
tropics, the horizontal wavelength can also increase with rising altitude (e.g., July
and August). Also, regional changes in absolute values in the different seasons are
notable. Between December and February, the mean global horizontal wavelengths
are longer than from March through November, where the months of August to
October show the shortest horizontal wavelength in the global view. Another signif-
icant feature, is the area of short horizontal wavelengths on the respected summer
hemisphere at around 20 to 30 north or south. These structures are most pronounced
in the months of September-March at 20-30◦S and in May, June, July, August and
September located around 20-30◦N and can be set in relation to short waves from
deep convection in the ITCZ.
Next, the meridional monthly mean values of momentum flux as 4-year averages
(2007-2010 for month 01-07 and 2006-2009 for month 08-12) are displayed (see Fig-
ure 8.9). Compared to the horizontal wavelength, the momentum flux distribution
shows a strong vertical dependency. The values decrease with rising altitude, which
was expected from the global distributions at different altitudes. Here, the tropical
region and the respected winter hemisphere, especially in the mid latitudes, show
the strongest signatures of vertical flux of horizontal momentum, which might be a
sign that these waves also contribute to the Brewer-Dobson Circulation. In addition
to that, the two areas of GW induced by deep convection (from the ITCZ e.g., in
February between 20-30◦S and August 15-30◦N), produce the maximum values of
momentum flux. The local summer hemispheres generally show quite conditions
regarding GW induced vertical transport of horizontal momentum.

8.2 Global 6-Year Variations

In the last section, the evaluation of GW parameters for the clustering phase of the
COSMIC mission are displayed. But as already shown in Figure 3.3, the density
of available triads is high until late 2010 and the amount of located triads, that fit
all limitations, is even good until 2012/05. The number of triads as latitude and
longitude binned graphics over time are shown in Figures (8.10a, b), respectively.
The graphics are similar to Figure 3.3, where the number of available profiles was
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Figure 8.10: Number of monthly available triads as latitude-time (a) and longitude-
time cross-sections (b).

plotted. The more single measurements we have, the more triads can be found,
but if the number of measurements decreases, the amount of triads decreases even
faster. For one triad, three suitable profiles are needed. Once we have five profiles
within one time and space window which fit all limitation, nine triads can be gained.
When looking at the number of available triads, the entire time period is covered
with at least 50 triads per month within a 5◦ lat/lon resolution. This is enough
for an analysis of GW parameters. To define the local and global structures and
possible GW sources, the evaluation are performed for regional cross-sections (lat
or lon) over time.

8.2.1 Latitude Binning

The distribution of the mean distance within each triad for the entire analyzed time
period over latitude is displayed in Figure 8.11. Due to the RO measuring geometry
and the lower amount of triads in low latitudes, the mean distance shows a struc-
ture of decreasing distances towards high latitudes. For this and for the following
graphics, the latitude range is set between 75◦S and 75◦N, due to the polewards
decreasing data availability (see Figure 3.3a). One thing that will be more clear at
the regional variation distance plots (Figures 8.19a, 8.20a and 8.21a) is the shorter
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mean distances for 2006 (while clustering phase) compared to the time period after
the spreading of the six COSMIC satellites (see black box). In the graphics 8.12,
8.13 and 8.14, the distributions of potential energy (a), vertical and horizontal wave-
length (b and c, respectively) and momentum flux (d) for three different altitude
levels (20-30 km, 20 km and 30 km, respectively) are displayed as function of lati-
tude against time. The potential energy distribution, which was already discussed
in Chapter 5, shows a strong dependence for all altitude ranges (Figures 8.12a, 8.13a
and 8.14a). In the tropical region the shift of the maximum values related to the
changes in the zonal wind direction from east to west wind (for comparison see Fig-
ure 5.7b) within the QBO from 30 km altitude down to 20 km altitude with time
(e.g., mid 2007 to early 2008) is visible. A more significant change in the absolute
values of potential energy can be seen in the high latitudes with increasing values
towards higher altitudes, maxima in winter, minima in summer. For the vertical
wavelength distribution, the most significant structure is given by short wavelengths
along the tropics and longer wavelength polewards for the 20 km and the 20-30 km
average (Figures 8.13b and 8.12b). In 30 km altitude this structure is not as strong
and the absolute values are much lower than in the other two altitude ranges (Figure
8.14b).
The vertical wavelength shows almost no variation in the tropical region, whereas
a seasonal change can be noticed at ligh latitudes. From theory, the horizontal
wavelengths should show an increase of the wavelengths towards the equator due
to its dependency on the Coriolis parameter (e.g., Fröhlich et al., 2007; Preusse et
al., 2006). The results using the triads method show, that a more detailed struc-
ture of the horizontal wavelength distribution is derived than the simple decrease of
wavelength polewards (Figures 8.12c, 8.13c and 8.14c). In Figure 8.12c, the black
circles show minima at approximately 20◦N/S on the local summer hemisphere. This
repetitive structure over time might also be related to the ITCZ, which was already
mentioned in Chapter 5.
For the momentum flux distribution, the high values are located in the tropical re-

Figure 8.11: Distributions of mean distance within the triads as a of latitude-time
cross-section.
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Figure 8.12: Distributions of potential energy (a), vertical and horizontal wavelength
(b and c) and momentum flux (d) as functions of latitude against time for the altitude
range of 20-30 km between 06/2006-06/2012.

gion and on the winter hemisphere, respectively (see Figures 8.12, 8.13 and 8.14d).
This structure is visible in all altitudes, but the absolute values decrease strongly
with increasing altitude. For the 20-30 km altitude range (Figure 8.13c) these cir-
cles mark again the minima located in the horizontal wavelength distribution in
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Figure 8.13: Same as Figure 8.12 but for 20 km altitude level.

the subtropical region. These signatures can also be found in the momentum flux
distribution (Figure 8.13d), additional black dotted lines. These dotted lines show
the region of increased momentum flux which possibly corresponds to the short hor-
izontal wavelengths from Figure 8.13c.
To take a closer look, the latitude binning is also performed for four longitude bands
of 120-90◦W crossing North America (Figure 8.15), 80-40◦W including South Amer-
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Figure 8.14: Same as Figure 8.12 but for 30 km altitude level.

ica (Figure 8.16), 0-40◦E above Europe and Africa (Figure 8.17) and 100-150◦E
crossing East Russia, China and Australia (Figure 8.18). In addition to the GW
parameters that are displayed up to now, the ratio of vertical to horizontal wave-
length is also shown. For all graphics, the order of parameters is given by: potential
energy (a), vertical and horizontal wavelength (b and c, respectively) and their ratio
λv/λh ∗ 1000 (d) and the momentum flux (e) as mean results for 20-30 km altitude.
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The black boxes in the potential energy distributions for all four cross sections locate
the time position of the two detected high potential energy events, which correlated
to the east to west zonal wind changes in the QBO. Starting from the west with
the cross section including North America, the potential energy distribution shows
similar values compared to the global evaluation (compare Figure 8.15a with 8.12a),
but with a shorter duration of high potential energy events. The seasonal potential
energy variations are not as strong as in the global analysis, especially on the SH.
The NH winter of 2008/09 is an exception, where the potential energy reaches higher
values in the regional cross section of 90-120◦W compared to the global one. Along
the equator, the band of high potential energy values is thinner than on the global
plot (Figure 8.12a).
For the vertical wavelength (Figure 8.15b), the equatorial region shows values, like
in the global plot (Figure 8.12b). In both, the NH and SH distributions, structures
of seasonal changers can be seen, however these are rather sparse compared to the
structures in the global analysis.
This effect of smudged signatures is also found in the horizontal wavelength dis-
tribution (Figure 8.15c). There is a structure of increasing wavelengths in the SH
winter compared to summer until 2010. After 2010, amount of available data de-
creases, therefore some structures in the results change. For the NH, there is no
distinct structure visible. This effect is due to the fact, that the seasonal changes of
horizontal wavelengths are more pronounced over water than over land.
The seasonal changes in the extra tropics within the wavelength distribution be-
come more clear when looking at the distribution of the relation between vertical
and horizontal wavelength (Figure 8.15d). Due to the difference in the land-ocean
distribution, the NH mid latitudes show the increased values for the same time
periods (approximately Jun-Aug each year). In the tropical region, the values are
smaller than in the extra tropics.
The momentum flux distribution (Figure 8.15e), shows high values in the tropics

and subtropics and small signals of increased momentum flux in high latitudes in the
local winter seasons. The seasonal cycle in the high latitudes is more pronounced
for the SH than for the NH. In the tropics the momentum flux can be related to the
high values of potential energy. This is also true for the strong event in NH mid and
high latitudes winter 2008/09. In the extra tropics a combination of high values in
the ratio of λv/λh ∗1000 and the potential energy leads to high values of momentum
flux (e.g. in the SH fall 2007, 2008).
The next cross section is located between 40-80◦W, crossing parts of Greenland and
east Canada down across South America and the Antarctic Peninsula (Figure 8.16).
The distribution of the potential energy in the extra tropics shows a strong seasonal
signature (winter and summer) (Figure 8.16a). Whereas the winter increase on the
NH is only one, sometimes two months long, the season of high potential energy
in the SH can cross time periods of up to nine months (late summer to spring).
This is due to the Andes mountains, which induce lee and mountain waves not only
in local winter but also in spring and fall. Here only the local summer (January
to March) shows low values of potential energy. In the tropics the potential en-
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Figure 8.15: GW parameter distributions as function of latitude against time for
the mean longitude range 90-120◦W and 20-30 km altitude: potential energy (a),
vertical and horizontal wavelength (b and c), relation between vertical to horizontal
wavelength *1000 (d) and momentum flux (e).
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ergy delivers high values for almost all seasons, with the exception of slightly lower
values for each SH summer (approximately May, June and July). The two boxes,
marking the time windows of the two changes from west to east zonal wind along
the equator, are not as good isolated as in the global analysis (see Figure 8.12a).
Again, like for the last cross section, the horizontal wavelength does not show a
strong structure (Figure 8.16c). Also as for the last cross section, the relation of
vertical and horizontal wavelength shows the seasonal changes in the extra tropics
with high values from June-August on both hemispheres and generally low values in
the tropical region (Figure 8.16d). In contrast to the cross section 90-120◦W, and to
the global analysis, this cross section of 40-80◦W shows much higher extra tropical
values of momentum flux mainly over the SH. Only the SH summer/autumn does
not show high momentum flux values. In the NH, the momentum flux increases in
local winter time, but only for one or two months. The main structure in the extra
tropics is close to the potential energy distribution, but the influence of the relation
between λv/λh ∗ 1000 can also be seen (e.g., SH summer values of momentum flux
as strong as the equatorial values, especially for the NH summer of 2009 and 2010).

The following cross section stretches from north to south over Central and East-
ern Europe and Africa (Figure 8.17). In contrary to the ahead cross section, share
between land and ocean is more equal, however the land masses on the SH do not
reach down to lower latitudes than 35◦S. This shows up in the low potential energy
values in the SH mid- and high latitudes (Figure 8.17a). Both northern and south-
ern hemisphere show a summer/winter seasonal change in the extra tropics. The
winter/spring maxima on the SH are closer to the equator (35-45◦S) than the win-
ter maxima of the NH (45-75◦N). Also the SH maxima are not exactly in the local
winter but a little shifted towards the spring season. In the equatorial region high
potential energy values are derived, slightly decreasing in June/July and showing
the two signals of high potential energy corresponding with the east to west zonal
wind changes in the QBO cycle. In the structure of the vertical wavelength distribu-
tion (see Figure 8.17b), the maxima are located above the NH summer and winter,
with minima in the intermediate seasons (spring and fall). The NH structure is very
similar to that of the global analysis (Figure 8.12b). For the SH, the changes are less
distinct, but show a similar pattern. The horizontal wavelength shows slightly in-
creasing values towards the equator with low values around 20◦N each summer. On
the SH south of 50◦S, short horizontal wavelengths in local winter to spring change
with longer wavelengths in local summer through fall. The changes between the
seasons within the distribution of λv/λh∗1000 are more expressed on the NH (Figure
8.17d). The equator shows low values, like in the other two described cross sections.
In contrary to these, the maxima on the SH are shifted in time to these of the NH
and appear one to three month earlier (see 2008 or 2011) or are not so expressed
like these on the NH (e.g., 2007, 2009). The momentum flux distribution shows high
values in the equatorial region and the local winter periods for NH (Figure 8.17e).
The dependency on the potential energy is again given in the equatorial region but
also above the NH and SH, where the potential energy reaches its maxima. This
time the significance of the λv/λh ∗ 1000 is not as visible as before.
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Figure 8.16: Same as Figure 8.15 but for 40-80◦W.
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Figure 8.17: Same as Figure 8.15 but for 0-40◦E.
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Figure 8.18: Same as Figure 8.15 but for 100-150◦E .
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The fourth and last cross section crosses eastern Russia, eastern China, Indonesia
and Australia (Figure 8.18). The values of potential energy (Figure 8.18a) reach
maximum values in the tropics (related to the east to west wind change in the
QBO). The seasonal change on the NH is more pronounced than the local max-
imum in the SH winter season. For this cross section, the NH winter maximum
periods are longer than for all other cross-sections (periods of enhanced potential
energy up to six month). The vertical wavelength (Figure 8.18b) shows a similar pat-
tern for the NH as the cross section above Europe (Figure 8.17b), with two maxima
and two minima per year in mid-latitudes 35-50◦N changing to only one maximum
and one minimum per year of high-latitudes 60◦N. For the SH, only one maximum
and one minimum per year are detected in the vertical wavelength distribution.
For the horizontal wavelength (Figure 8.18c), the pattern of short wavelengths at
20◦N/S in the respected autumn hemisphere can be found. However, the signal is
less distinct than in the global analysis (Figure 8.12c). The momentum flux (Figure
8.18e) for this cross section shows high values in the tropics and on the NH during
winter/spring season. The SH winter/spring also has increased values compared to
the summer. This cross section has generally higher values than the global analysis
(Figure 8.12d).
As a summery of these evaluations, the momentum flux shows a stronger depen-
dency on the potential energy than on the ratio of vertical to horizontal wavelength.
However, for regions where the values of potential energy are small (especially above
extra tropical water regions) the momentum flux can increase when the ratio λv/λh
increases.

8.2.2 Longitude Binning

Before the global distribution of longitude against time is displayed, averages over
latitude bands of 40◦ once for the north 40-80◦N (Figure 8.19), for the south 40-80◦S
(Figure 8.20) and for the tropical region 20◦N-S (Figure 8.21) are discussed. For
all graphics, the order of displayed GW parameters is given by: the mean distance
∆x within each triad (a), the potential energy Ep (b), the vertical and horizontal
wavelength λv and λh and their ration (c,d and e), respectively and the momentum
flux (MF ) (f). For all three graphics, the northern, southern and the tropical lon-
gitude band the distance distributions show the effect of the clustering phase with
shorter distances in the first mission months (Figures 8.19a, 8.20a and 8.21a), but
this effect is more pronounced in the extra tropical regions. Between early 2007 and
late 2010 the mean distance does not change much. After late 2010, the differences
in the mean distance increase. This is due to the lower number of measurements.
For the following global analysis (Figure 8.22), the changes of the mean distance is
not relevant, since the absolute values changes much more with changing latitude
(see also Chapter 6). Therefore the distance distribution is not displayed in the
global plot. At first, the northern and southern hemisphere cross sections will be
discussed (Figures 8.19b-f and 8.20b-f). After that, the discussion of the tropical
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Figure 8.19: GW parameter distributions as function of longitude against time for
the mean latitude range 40-80◦N and 20-30 km altitude: distance (a), potential
energy (b), vertical and horizontal wavelength (c and d), relation between vertical
to horizontal wavelength *1000 (e) and momentum flux (f).
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region and the global longitude against time cross-section will follow (Figures 8.21,
8.22). First the potential energy is interpreted (see Figures 8.19b and 8.20b). For
the northern hemispheric cross section, the values of potential energy reach their
maximum at local winter mainly over the Russian mountains (100-150◦E) and with
slightly lower values over Europe and North America. The only area, where the
potential energy stays on a low level for almost all times is above the Pacific ocean.
For the southern cross section, there is one region of high GW induced potential
energy, the Andes mountains (60-80◦W), reaching out with decreasing intensity to
the east. These signatures start every local spring, reach maximum in early sum-
mer and decrease afterwards to the lowest level in winter. The winter is a relative
inactive season for all longitudes in the SH. This is also true for the NH summer
season. For both potential energy distributions, the six seasons of high values are
marked each with a black (or white) rectangle. These signatures are included into
the other corresponding GW parameter distributions.
The vertical wavelength shows short wavelengths in the SH summer/NH winter sea-
son. For the NH, maximum values are reaches in summer season (Figures 8.19c
and 8.20c ). This difference in the changes between seasons might be due to the
difference in the land-see distribution. Also the influence of the Andes mountains
might contribute to that effect.
In the horizontal wavelength distribution (Figures 8.19d and 8.20d), the structure
of longer wavelengths over water and shorter over the local summer land areas is
not as significant as expected. However, for both hemispheres, the changes between
summer (long waves) and winter (short waves) can be seen, with the shortest waves
around the Andes for the SH. Since these values do not show a strong structure, the
relation between vertical and horizontal wavelength might be of interest (see Figures
8.19e and 8.20e). Both, the NH and SH distributions show a clear seasonal cycle
crossing all longitudes with high values between June, July and August for both
hemispheres. For the NH, the values of λv/λh show a minimum in winter and spring
at the areas, where the potential energy has its absolute maximum (over Russian
mountains). For the SH, this minimum in the λv/λh distribution corresponds with
the minimum in the potential energy. Here, the maximum of the potential energy
distributions fits the annual maximum of the λv/λh distribution. Also the main
structures partly fit the locations of the maxima in potential energy.
Even though the impact of λv/λh is small compared to the impact of the potential
energy, the structure has influence on the momentum flux distribution. That is why
there are also signals of momentum flux outside of the areas of high potential en-
ergy values, which is more pronounced on the SH. When comparing the NH and SH
momentum flux (8.19f and 8.20f), the local winter shows increased values compared
to the related summer season.
From the northern and southern longitude cross section, it becomes clear, that the
mountains have a strong impact on the GW activity (increased potential energy val-
ues). Also regions of high potential energy show a close relation to the momentum
flux. Since GWs transport momentum to new altitudes, this is another indicator of
high wave activity in the extra tropics. Next, the distributions of the GW parame-
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Figure 8.20: Same as Figure 8.19 for latitude range 40-80◦S.
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Figure 8.21: Same as Figure 8.19 for latitude range 20◦N-S.

Scientific Technical Report STR 13/09 
DOI 10.2312/GFZ.b103-13090

Deutsches GeoForschungsZentrum GFZ



8.2. GLOBAL 6-YEAR VARIATIONS 93

ters in the tropical region 20◦N-S are discussed (Figure 8.21). The potential energy
shows the two already discussed signals with strong intensity over land surface and
low values above the Pacific (Figure 8.21b). With the exception of these two events
(marked by the black boxes), the values show a dependency on the season with two
maximum values above for the periods of July-September and December-February.
The vertical wavelength distribution (Figure 8.21c) does not show strong variations
compared to the extra tropics (e.g., Figure 8.19b). The only repetitive signals are
the short wavelengths in the intermediate seasons spring and fall.
The horizontal wavelength distribution shows a similar effect of small variations
(Figure 8.21d). Over all, the wavelengths are longer than in the extra tropics, which
is expected from GW theory (Fröhlich et al., 2007) and slightly longer for December
through February. One group of long wavelength is located at the time and location
of the first east to west zonal wind change in the QBO cycle. For the second east
to west wind change, this effect is less distinct.
For the ratio of vertical to horizontal wavelength (Figure 8.21e), the values are over
all lower than in the extra tropics and the seasonal variations are less distinct. The
first point is due to shorter vertical and longer horizontal wavelengths, the second
point is due to their small variations. However, during the time period of maximum
potential energy, the relation of λv/λh is small but increases after the maximum in
the potential energy.
The momentum flux distribution (Figure 8.21f) also shows smaller intensity changes

than in the extra tropical regions. The background value is higher than in the ex-
tra tropics (∼1.5 mPa instead of ∼0.5 mPa) and the maximum in the tropics also
reaches higher values (up to 6 mPa instead of 3 mPa), but the momentum flux
does not show the two maxima within the marks of high potential energy. This is
due to the low ratio of λv/λh. If the momentum flux were only depending on the
potential energy, the two black/white boxes would show much higher values than
the surrounding.
Finally, Figure 8.22 displays global results (longitude-time cross-section for all lat-
itudes) for the same GW parameters for 20-30 km altitude. The potential energy
shows that the land-ocean distribution strongly influences the results delivering
small values over the pacific ocean and higher values over land areas. This effect is
strongest west of 100◦W to 150◦E, where the Pacific ocean covers the main areas.
The Atlantic ocean does not show such a significant impact, but it does not cover
as much longitudes as the Pacific ocean. In the longitude region between 30-80◦W
the higher values of potential energy are mainly attributed to the GW induced by
the mountains (influence of the Andes marked by the six rectangle). The six dashed
rectangles between 80-150◦E, can be set in relation to the NH winter high potential
energy over the east Russian mountains. The signals around 0-40◦E, which do not
show as high values as the other two mentioned regions, can be related to the GW
induced by the Scandinavian and other European mountains. These high values
have already been located at the regional plots (Figures 8.19b and 8.20b). From
Chapter 5 it is known that the potential energy around the equator shows high
values for all seasons and all longitudes, with exception of the Pacific region. The
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94 CHAPTER 8. GLOBAL GRAVITY WAVE PARAMETER ANALYSIS

Figure 8.22: Distributions of potential energy (a), vertical and horizontal wavelength
(b and c), relation of λv/λh (d) and momentum flux (e) as function of longitude
against time for 20-30 km altitude.
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equatorial region does not add new structures, but it supports the extra tropical
structures through the higher potential energy values above land. But there are two
exceptional events (the two black ovals), which can be set into close relation with
the wind changes in the QBO-cycle.
The vertical wavelength distribution (Figure 8.22b) shows a dependency on the land-
ocean distribution. The vertical wavelengths reach generally higher values over the
ocean (especially over the Pacific). For the other longitudes, a seasonal change be-
tween short wavelengths in the NH spring and fall and longer wavelengths in the NH
summer and partly winter season are observed. Since the signal shows two maxima
and two minima for the longitude distribution, the contribution of the NH must
be stronger than the southern hemispheric contribution, where only one maximum
and one minimum in the vertical wavelength distribution were detected (see Figures
8.19c and 8.20c).
For the horizontal wavelength distribution (Figure 8.22c), there is no distinct dif-
ferences between land and sea surfaces. The structure however, presents a high
dependency on the season, where longer wavelengths are located over all longitudes
around the NH winter times. These seasonal variations were not as distinct in the
cross section (Figures 8.19d, 8.20d or 8.21d), as they are in the combined global
analysis.
The relation between vertical and horizontal wavelength (Figure 8.22d) is much in-
fluenced by the extra tropical regions due to the non-seasonality in the equatorial
region (Figures 8.19e, 8.20e). The pattern is very similar but the variations are less
distinct. Added in this plot are the marks from the potential energy distribution
related to the Andes mountains (one black box 30-80◦W) and the eastern Russian
mountains (six black dashed boxes 80-150◦E). For both areas, the time periods of
high potential energy values show a small ratio of λv/λh.
The longitude-time distribution of momentum flux is displayed in Figure 8.22e. Two
of the marks from Figure 8.22a are also included here. The rectangle (30-80◦W)
shows high momentum flux values over the entire time period related to mountain
induced GWs from the Andes. Further east, the six rectangles are corresponding
to the NH winter GWs over north eastern Russia (80-150◦E). Also the influence of
the wide longitude band of the Pacific producing low momentum flux values can be
seen.
The longitude cross sections show all the same dependency of the momentum flux
on the potential energy, which was found in the latitude cross sections. Also the
influence of mountain regions on both, potential energy and momentum flux are no-
table. As for the latitude cross-section it has been shown, that all GW parameters
are important for the analysis of vertical flux of horizontal momentum.
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Figure 8.23: Distribution of tropical (10◦N-S) gravity wave parameters, potential
energy (a), horizontal and vertical wavelength (b, c), ratio of vertical and horizontal
wavelength *1000 (d), momentum flux (e) and the zonal mean wind (f), all as
function of altitude over time. For graphic (f) see Figure 5.7, west wind areas are
shaded. The boxes match the comparable areas and the pointed lines the wind
rotation between east to west wind or vise-versa.
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8.3 Vertical Structure of Tropical Gravity Wave

Parameters

This Section focuses on the vertical and temporal variations of gravity wave pa-
rameters in the tropical region (10◦N-S) as an average over all longitudes. The
potential energy, the horizontal and vertical wavelength, as well as their ratio (ver-
tical/horizontal wavelength) and the momentum flux are displayed in Figure 8.23,
together with the zonal mean wind distribution as function of altitude over time.
The distribution of the potential energy (Figure 8.23a) in the tropics and the zonal
wind changes Figure (8.23f) has already been displayed in Figure 5.7 and described
in the corresponding Section 5.2. The strongest signals in the potential energy cor-
relate with the wind shear or wind zero in the zonal wind field.
The horizontal wavelength distribution (Figure 8.23b) also shows a correlation with
the zonal wind field. The structure shows, that the horizontal wavelengths decrease,
in the east wind areas, when these are overlie a west wind zone. This might be due
to the higher wind speeds in the east wind zones. Notable are also the short period
events of long horizontal wavelength crossing a wide vertical range. These seam to
occur, when the rotation of the wind reaches a certain altitude level.
For the vertical wavelength (Figure 8.23c), the wind shear in the vertical structure
isolates the long and short wavelengths from each other, where the shorter wave-
lengths (< 6 km) are beneath the wind shear and the longer vertical wavelengths
(7-8 km) are located above the wind shear. This effect is more distinct, when a west
wind zone is overlaid by a east wind zone (e.g., early 2007, late 2010 or full 2011).
It can be explained by the proportional relation between the vertical wavelength to
the background wind speed, which is stronger above the wind shear in the east wind
zones.
This distribution of rather short vertical wavelengths in west wind areas (or long
vertical wavelengths in east wind areas) is also visible in the ratio of vertical and
horizontal wavelength Figure 8.23d. The ratio is small in the west and higher in the
east wind areas.
For the distribution of the momentum flux (Figure 8.23e), the most dominant depen-
dency is the one of decreasing values with rising altitude. However, around the two
wind change events (east to west wind), the momentum flux shows a small increase
even in higher altitudes (25-35 km). This comes from the influence of the potential
energy in the momentum flux (see Equation 4.3). These signatures in the potential
energy are not as expressed in the momentum flux, since the ratio of vertical and
horizontal wavelength shows minimum values at these events.
For Figure 8.23, the wind zero of late 2007 to mid 2008 seams to have some influ-
ence. The potential energy shows a rather long period of high values, the horizontal
wavelength has its maximum values at the same time period penetrating all altitude
layers. For the vertical wavelength, the low values in the west wind areas (late 2006
or 2011) can not be found in 2007/08. Here the vertical wavelength also penetrates
all altitude ranges with rather high values. This constellation leads to low values in
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the ratio of λv/λh. Even though this ratio is small, the momentum flux shows its
maximum in high altitudes around that time period (2007/08).

These plots show the complexity of the gravity parameters in the tropical region.

8.4 Orientation of Wave Propagation

As a final result, the orientation of the wave vector is provided. As already discussed

Figure 8.24: Distribution of the orientation of the wave vector as 4-year monthly
mean values: 2007-2010 for month 01-07 and 2006-2009 for month 08-12 for altitude
range of 20-25 km.
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Figure 8.25: Same as Figure 8.24 but for the 30-35 km altitude range.

in Section 6.3, this is not a direction but the orientation of the wave propagation.
The applied method using three RO profiles can not derive a wave propagation di-
rection. First, the global monthly mean values of the wave orientation are displayed
in Figure 8.24 for the altitude range of 20-25 km and Figure 8.25 for 30-35 km alti-
tude. These results are monthly mean values averaged over four years 2007-2010 for
January through July and 2006-2009 for August until December. The angles of prop-
agation orientation are given as deviation from East-West-Orientation (East-West
= 0◦). Both altitude ranges (Figures 8.24 and 8.25) show the same first impression
of the dominating pure east-west orientation of waves (yellow shades areas). For the
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Figure 8.26: Distribution of altitude dependence of the orientation of the waves for
a regions east of the Andes (25-65◦S, 55-70◦W).

global monthly averages, a maximum deviation of ±30◦ was found, with the high-
est variation in the low latitudes. The strong and steady zonal winds in the extra
tropical regions and especially on the SH might be one reason for this. Also the
difference in dominating wave sources between the tropics and extra tropics could
play a role in this effect.
Also shown is the orientation as a function of altitude versus time in a region on

the lee side of the Andes 25-65◦S, 55-70◦W (see Figure 8.26). As in Figures 8.24
and 8.25 the determined angles are given in a 60◦ wide window around the east-west
orientation representing 0◦. For the chosen area, the expected wave orientation is
almost pure east-west, due to the fact that the majority of these waves should be
lee or mountain waves induced by the strong zonal wind crossing the mountains.
This expectation is confirmed by Figure 8.26. For the time period between August
2006 and the beginning of 2011, the angel variates within a 15◦ range around the
east-west orientation. Starting late 2010, this variation range increase up to 60◦.
This however can be a side effect of the decrease in the data density.
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Conclusions

This work used the FORMOSAT-3/COSMIC dataset to determine GW parameters.
The analysis is applied to the time period between June 2006 and May 2012. The
derivation of the horizontal wavelength as a key parameter for the determination of
the momentum flux was performed using three RO profiles within a certain tempo-
ral and spacial range (2h and 15◦ lat/lon around each profile, respectively). Global
and regional distributions of monthly and seasonal means or evolution of gravity
wave parameters like potential energy, vertical and horizontal wavelength, wave ori-
entation and momentum flux are displayed. Now the questions risen at the end of
Chapter 1 will be discussed.

I. How can temperature profiles from GPS radio occultation obser-
vations be used for determination of global momentum flux distributions?
With this question in focus, the limitations but also the advantages of applying the
new retrieval method developed in frame of this work shall be discussed.

This thesis shows, that the GPS RO technique is a powerful tool to derive GW
information. The unique COSMIC dataset provides a high number of occultation
profiles. Also the number of co-located triads of occultations is high enough to de-
rive seasonal or even monthly mean global distributions of gravity wave parameters
like the vertical and horizontal wavelength, the wave orientation or the momentum
flux. However, the results of the horizontal wavelength and therefore also of the mo-
mentum flux are sensitive to the choice of range parameters for the triads. A careful
choice of these parameters is required before analyzing the dataset. As demonstrated
in Section 6.2, within a certain range, the choice of range parameters has only an
effect on the absolute values but not on the structures within the distributions of
the gravity wave parameters. On the other hand, this new method of using three
profiles may lead to higher resolution in the resulting distributions (depending on
the occultation density and the choice od spacial range parameters) than presented
by Wang and Alexander (2010). This is due to the triad approach taking advantage
of the full data density.
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II. How do the results collate with momentum flux distributions
derived from other retrieval methods or instruments?
What are the differences and what the new results that are derived using the new
retrieval method?

A comparison to other datasets is discussed in Chapter 7. The distribution of
the vertical momentum flux is comparable with results from other instruments like
HIRDLS or to the momentum flux distribution presented by Wang and Alexander
(2010) but shows a significant improvement in resolution and sensitivity towards
convective induced gravity wave momentum flux. The high resolution of 5◦ lat/lon
in the results provides more detailed global information on the momentum flux than
any other method before. The local enhancement of momentum flux at the lee side
of mountains is a known phenomenon. This effect and its evolution of it is dis-
cussed in Chapter 7 for the lee waves of the Andes. However, the contribution of
momentum flux related to convective sources, like the movement of the ITCZ or the
eastward drift of the monsoon has never been derived from GPS RO data or other
global momentum flux studies before.

III. How can the analysis method be used for other GPS RO-
missions or even for other instrumentations?
What are the limitations to these datasets and what would be an ideal constellation
to further improve the results?

This retrieval method can be applied to other RO datasets as well as to other
dataset that provide high vertical resolution temperature and density profiles. Since
the basis of this method are co-located triads of vertical temperature profiles, the
data density is also a crucial points for the application of this method. A verti-
cal resolution lower than 1 km would decrease the sensitivity towards waves with
short vertical wavelength which are most dominant in the tropical region. The ideal
constellation for this retrieval method would be an isosceles triangle constellation
of LEO satellites with horizontal distances between the LEOs of 200-600 km. If
these three LEOs would track the same GPS satellite at the same time, their LOS
would be nearly parallel and the temporal window as well as the horizontal spacing
could be strongly decreased. But due to orbital constrains, this constellation is not
practicable. The COSMIC-2 mission, introduced in Chapter 3 will provide a dataset
that fulfills the major limitations and come quite close to the idea of the ideal case.
For more information see Chapter 10.
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Chapter 10

Outlook

The next step following this work could be to include data from other RO satel-
lite missions to increase the data density. Since the ideal constellation (discussed
in Chapter 9) is hard to realize, the upcoming possibilities from the planned
FORMOSAT-7/COSMIC-2 (COSMIC-2) science mission should be taken under con-
sideration. COSMIC-2 will launch 12 LEOs (6 with low inclination orbits (2015)
and 6 additional satellites with high-inclination orbits (2018)) as a RO follow-on
mission to COSMIC. After the launch of all satellites, this constellation is supposed
to provide up to 12,000 high-quality profiles per day. This increased data density
will make it possible to decrease the spacial and maybe also the temporal range
parameters. A smaller spacial resolution could minimize aliasing effects for the hor-
izontal wavelength determination leading to more precise values in the momentum
flux derivation. With the higher data density, leading to higher resolution results,
the possibility of short temporal averages (10 or even 1 day) must be analyzed.
One other question regarding this triad method is, if it can be applied to other
altitude ranges, e.g., within the troposphere or even at the tropopause level.
Also the idea to use a similar method to analyses RO electron density profiles within
the ionosphere should also be considered.
Concerning the momentum flux analysis, the derivation of the momentum flux gra-
dient with possibly high precision and resolution is another important task to be
worked on. In addition to that, it would be an important step to determine the
wave propagation direction.
The results of this work could be used for modification of the momentum flux
parametrization for global circulation or forecasting models. However, the goal
of the deliberations about possible applications of this new method and the follow-
ing tasks is the possibility of assimilating measured momentum flux values to these
models. Even though this work provides new results about the behavior of gravity
waves, there is still a lot of work to be done before this goal is reached.
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Appendix A

Acronyms

AIRS Atmospheric InfrRed Sounder
AMSU Advanced Microwave Sounding Unit
atmPrf atmospheric Profile
AURA follow on for Upper Atmosphere Research Satellite
BDC Brewer-Dobson Circulation
BEIDOU chinese Navigation Satellite System
CHAMP CHAllenging Minisatellite Payload
CRISTA Cryogenic Infrared Spectrometers and

Telescopes for the Atmosphere
COMPASS chinese Satellite Navigation System
COSMIC Constellation Observing System for Meteorology,

Ionosphere and Climate
COSMIC-2 follow on mission to COSMIC
DJF December, January and February
DLR Deutsches Zentrum für Luft- und Raumfahrt

(German Aerospace Center)
FORMOSAT-3 FORMosa SATellite mission-3
Galileo European Global Navigation Satellite System
GIOVE-A,-B Galileo In-Orbit Validation Element -A and -B
GLONASS GLObal NAvigation Satellite System
GNSS Global Navigation Satellite System
GPS Global Positioning System
GPS/MET Global Positioning System / METeorology Program
GRACE GRAvity recovery and Climate Experiment
GW Gravity Wave
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HIRDLS High Resolution Dynamics Limb Sounder
IRNSS Indian Regional Navigation Satellite System
ITCZ Inter-Tropical Convergence Zone
JJA June, July and August
LEO Low Earth Orbiter
LIMS Limb Infrared Monitor of the Stratosphere
MAM March, April and May
MetOp Meteorological Operational Satellite
MODIS Moderate Resolution Imaging Spectroradiometer
MU Radar Middle and Upper Atmosphere Radar
NASA National Aeronautics and Space Administration
NAVSTAR NAVigation Satellite Timing And Ranging
NH Northern Hemisphere
NOAA National Oceanic and Atmospheric Administration
PW Planetary Wave
QBO Quasi Biennial Oscillation
RO Radio Occultation
RP Reference Point
SABER Sounding of the Atmosphere using Broadband

Emission Radiometry
SH Southern Hemisphere
SON September, October and November
TanDEM-X TerraSAR-X add-on for Digital Elevation Measurement
Terra flagship satellite of the Earth Observing

System (Latin word for Earth)
TerraSAR-X Terra Synthetic Aperture Radar Satellite
UCAR University Corporation for Atmospheric Research
UTLS Upper Troposphere Lower Stratosphere
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Appendix B

Symbols

a impact parameter
α bending angle
cp isobaric heating capacity
∆x horizontal distance
∆Φi, j phase differences
E0 energy per unit mass
Ek kinetic energy
Ep potential energy
f Coriolis parameter
fL1, fL2 L-band frequencies
FPh vertical flux of horizontal momentum
FPx vertical flux of zonal momentum
FPy vertical flux of meridional momentum
g gravitational acceleration
Γ adiabatic temperature gradient
H altitude scale
k zonal wavenumber
kh horizontal wavenumber
kph projected horizontal wavenumber
l meridional wavenumber
λh horizontal wavelength
λ′h projected horizontal wavelength
λv vertical wavelength
m vertical wavenumber
n refractive index
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Nz Brund-Väisälä frequency
ω intrinsic frequency
p total air pressure
pw water vapor pressure
r tangent radius
Rc local radius of curvature
ρ density
T temperature
T temperature background
T ′ temperature fluctuation
Θ potential temperature
u′ zonal wind perturbation component
v′ meridional wind perturbation component
w′ vertical wind perturbation component
xi,j zonal coordinates
yi,j meridional coordinates
z altitude
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Appendix C

Publications as (CO-) Author

This is a list of publication that were produced while working on this thesis with
myself (A. Faber born Haser) as Author or Co-Author.

List of Paper:

• Faber, A., P. Llamedo, T. Schmidt, A. de la Torre, and J. Wickert; A New
Approach to Global Gravity Wave Momentum Flux Determination from GPS
Radio Occultation Data, Atmos. Meas. Tech. Dis., doi:10.5194/amtd-6-2907-
2013, 2013

• Alexander, P.; A. de la Torre, P. Llamedo, R. Hierro,T. Schmidt, A. Haser,
and J. Wickert; A method to improve the determination of wave perturbations
close to the tropopause by using a digital filter. Atmos. Meas. Tech., 4, 9,
1777-1784, doi:10.5194/amt-4-1777-2011, 2011

• Schmidt, T., J.-P. Cammas, H.G.J. Smit, S. Heise, J. Wickert, and A. Haser;
Observational characteristics of the tropopause inversion layer derived from
CHAMP/GRACE radio occultations and MOZAIC aircraft data. J. Geophys.
Res., 115, D24304, doi:10.1029/2010JD014284, 2010

• Schmidt, T., J. Wickert, and A. Faber [Haser]; Variability of the upper tro-
posphere and lower stratosphere observed with GPS radio occultation bending
angles and temperatures. Adv. Space Res., 46, 2, 150-161., doi:10.1016/j.asr.2010.01.021,
2010
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List of Book Chapter:

• Ern, M., C. Arras, A. Faber, K. Fröhlich, C. Jacobi, S. Kalisch, M. Krebsbach,
P. Preusse, T. Schmidt, and J. Wickert; Observations and Ray Tracing of
Gravity Waves: Implications for Global Modeling.-In: Lübken, F.-J. (Eds.),
Climate and weather of the sun-earth system (CAWSES): highlights from a
priority program, Springer, 383-408, 2013

• Heise, S., J. Wickert, C. Arras, G. Beyerle, A. Haser, T. Schmidt, and F. Zus;
Analysis and application of atmospheric data from CHAMP and GRACE.
Observation of the system Earth from Space: Status Seminar 4 October 2010
Rheinische Friedrich-Wilhelms-Universität Bonn, Koordinierungsbüro GEOTECH-
NOLOGIEN, 46-51, 2010
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