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Abstract

Gravity waves drive global circulations in the mesosphere and strato-
sphere. Due to their small scales, they are usually not resolved in cur-
rent global circulation models. Thus, their impact on the circulation
is implemented in the form of simplified sub-models called parameter-
isation schemes. Several theoretical studies have highlighted that the
assumptions on which these parameterisation schemes are based need
to be reconsidered. However, the confirmation of these studies through
measurements is still missing. A novel airborne remote sensing instru-
ment, which can provide exactly such measurements, is the Gimballed
Limb Observer for Radiance Imaging of the Atmosphere (GLORIA).

GLORIA has two different measurement modes suitable for gravity
waves: full angle tomography and limited angle tomography. Full angle
tomography allows for the reconstruction of the atmospheric tempera-
ture structure with a spatial resolution of 20 km in both horizontal direc-
tions and 200 m in the vertical at an accuracy of 0.5 K. This spatial res-
olution is very high for remote sensing instruments. Three-dimensional
volumes reconstructed with limited angle tomography have a resolution
of 30 km in flight direction, 70 km across flight track, and 400 m in the
vertical at an accuracy of 0.7 K. Full angle tomography is better suitable
for small-scale gravity waves with unknown orientation and limited an-
gle tomography for non-stationary waves.

The first gravity wave field investigated in this thesis was measured
above Iceland on 25 January 2016. Driven by the full wave charac-
terisation achieved from the GLORIA measurements, the Gravity wave
Regional Or Global RAy Tracer (GROGRAT) reveals a strong oblique
propagation of this wave covering more than 2000 km horizontal dis-
tance. This strong oblique propagation happens mainly in a narrow
altitude band between 15 km and 20 km. Even though many studies
predicted oblique gravity wave propagation, it still surprises that it take
place in such a narrow altitude band. Further, GROGRAT shows that in
the case of solely vertical propagation, which is a common assumption
used for gravity wave parameterisation schemes, the wave momentum
is deposited not only at a completely wrong geographical location but
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also at a wrong altitude.
The importance of non-linear processes for gravity wave propagation

is investigated on a second case study using GLORIA measurements
taken above southern Scandinavia on 28 January 2016. The results
of the linear propagation model GROGRAT with satellite measurements
from the Atmospheric Infrared Sounder (AIRS) agree very well if a de-
tailed observational filter is considered for the satellite measurements.
Thus, non-linear processes seem to be negligible for the propagation
of the investigated gravity waves. A further result of this study is, that
one needs to consider the detailed observational filter of a measurement
technique to draw meaningful conclusions from comparisons between
observations and models.



Zusammenfassung

Schwerewellen treiben globale Zirkulationen in der Strato- und Meso-
sphäre an. Aufgrund ihrer kleinen Skalen werden Schwerewellen in der
Regel in heutigen globalen Zirkulationsmodellen nicht aufgelöst. Daher
wird ihr Einfluss auf die Zirkulation durch sehr vereinfachte Teilmodel-
le, genannt Schwerewellenparameterisierungen, angenähert. Mehrere
theoretische Studien haben gezeigt, dass die diesen zugrunde liegenden
Annahmen, dringend überdacht werden müssen. Allerdings fehlt diesen
Studien bis heute die Bestätigung durch Messungen. Der flugzeugge-
tragene Infrarot-Horizontsondierer GLORIA (Gimballed Limb Observer
for Radiance Imaging of the Atmosphere) kann eben solche Messungen
bereitstellen.

GLORIA hat zwei für Schwerewellen geeignete Messmodi: Vollwinkel-
tomographie und Teilwinkeltomographie. Diese Arbeit zeigt, dass bei-
de Methoden geeignet sind mesoskalige Schwerewellen vollständig zu
charakterisieren. Durch Vollwinkeltomographie lassen sich für die Fer-
nerkundung sehr hohe räumliche Auflösungen von 20 km in beiden ho-
rizontalen Richtungen und 200 m in der Vertikalen bei einer Messge-
nauigkeit von 0.5 K erreichen. Mit Teilwinkeltomographie rekonstruier-
te Temperaturstrukturen haben horizontale Auflösungen in Flugrichtung
von 30 km und quer zur Flugrichtung von 70 km. Die vertikale Auflösung
liegt bei 400 m, die Messgenauigkeit bei 0.7 K. Vollwinkeltomographie
eignet sich besser für kleinskalige Schwerewellen mit unbekannter Ori-
entierung und Teilwinkeltomographie für zeitlich veränderliche Wellen.

Das erste im Rahmen dieser Arbeit untersuchte Schwerewellenfeld
wurde am 25. Januar 2016 über Island gemessen. Angetrieben durch
die vollständige Wellencharakterisierung von GLORIA, zeigt das Schwe-
rewellenausbreitungsmodell GROGRAT (Gravity wave Regional Or Glo-
bal Ray Tracer) eine sehr stark horizontale Ausbreitung der Welle über
eine Distanz von mehr als 2000 km. Diese stark horizontale Ausbrei-
tung findet hauptsächlich in einem sehr schmalen Höhenband zwischen
15 km und 20 km statt. Obwohl mehrere Studien horizontale Ausbrei-
tung von Schwerewellen vorhergesagt haben, ist die Ausbreitung in ei-
nem so schmalen Höhenband überraschend. GROGRAT zeigt auch, dass
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im Falle einer rein vertikalen Ausbreitung dieser Schwerewelle, wie sie
in Schwerewellenparameterisierungen angenommen wird, der Schwe-
rewellenimpuls nicht nur an der komplett falschen geographischen Po-
sition sondern auch auf der falschen Höhe abgelagert würde.

Die Bedeutung von nicht-linearen Prozessen bei der Ausbreitung von
Schwerewellen wird an einer zweiten Fallstudie mit GLORIA Messungen
vom 28. Januar 2016 über Südskandinavien näher betrachtet. Verglei-
che zwischen Ergebnissen des linearen Ausbreitungsmodells GROGRAT
mit Satellitenmessungen des Atmospheric Infrared Sounder (AIRS), zei-
gen, unter Einbeziehung des vollständigen Beobachtungsfilters des Sa-
telliteninstruments, eine gute Übereinstimmung. Dies lässt darauf schlie-
ßen, dass nicht-lineare Prozesse bei der Ausbreitung dieser Schwere-
welle keine Rolle gespielt haben. Als Nebenergebnis zeigt diese Studie
auch, dass die Anwendung des vollständigen Beobachtungsfilters zwin-
gend erforderlich ist, um sinnvolle Schlüsse aus dem Vergleich zwischen
Messung und Modell ziehen zu können.
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1 Introduction

Gravity waves are waves in a fluid medium with buoyancy and grav-
ity as restoring forces. The most familiar example of gravity waves are
ocean waves at the interface between water and air. In addition to these
surface waves, gravity waves can also exist inside one single medium,
where they are sustained by density gradients. These waves are called
internal gravity waves. In the atmosphere internal gravity waves are
defined via temperature, wind and pressure fluctuations. The tempera-
ture fluctuations caused by gravity waves can lead to the condensation
of water and the formation of clouds. Figure 1.1 shows such gravity
wave-generated clouds above the Alps. They are generally aligned with
the main mountain ridge. The occurrence of two or more of these elon-
gated, parallel cloud patterns is characteristic of gravity wave-generated
clouds.

In the atmosphere, gravity waves are, for example, generated by flow
over orography. Blocked by the orographic elevation, the air mass is
forced to rise. Due to the decreasing atmospheric pressure, it expands
and cools adiabatically during the upwards motion. The density gradi-
ent in a stable atmosphere is in general lower than the adiabatic density
gradient. When the air arrives at the mountain top, it is denser and,
therefore, heavier than the surrounding air. Gravity then accelerates
the air downwards. When the air reaches its level of neutral buoyancy
(the level where, the density of the air mass matches the surrounding
density), the downwards movement slows down. The density of the
air parcel is now smaller than the surrounding and it gets accelerated
back upwards by buoyancy. A harmonic oscillation around the level of
neutral buoyancy is generated. Every oscillating air parcel is coupled
to the air parcels above and below and a vertically propagating wave is
created. Any process that can force air upwards or downwards, can gen-
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Figure 1.1: Clouds induced by a gravity wave above the Austrian Alps near
Mellau. Picture by Jörn Ungermann.

erate a gravity wave. Besides the flow over orography, convection, jets,
and fronts are the most important atmospheric gravity wave sources.
These main gravity wave sources are located in the troposphere, that is
between the Earth surface and altitudes of 10 km to 15 km.

Gravity waves can propagate in all spatial dimensions transporting
energy over large distances. They break when the perturbation caused
by the gravity wave becomes sufficiently large to locally overcome the
stable stratification of the air. One possibility, how this can happen, is
that due to the decreasing atmospheric pressure, which leads to an expo-
nential growth of the gravity wave amplitude, the gravity wave becomes
unstable and breaks. In these breaking processes, the momentum of the
gravity wave is completely or partially transferred to the background ei-
ther in form of turbulences and/or in form of a flow acceleration. The
flow acceleration always happens in the direction in which the grav-
ity wave was intrinsically propagating. Turbulence caused by gravity
waves is a major safety issue for aviation and a better understanding of
the underlying processes could drastically enhance the accuracy of its
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Figure 1.2: Wind filtering of gravity waves. The dissipation altitude of atmo-
spheric gravity waves (grey arrows) strongly depend on their phase velocity
with respect to the background wind (black line) and their amplitude (thick-
ness of the grey arrow). The direction in which the background flow is acceler-
ated by a breaking or dissipating gravity wave is determined by the propagation
direction of the gravity wave. The Coriolis force, further introduces a poleward
(equatorward) acceleration for westward (eastward) gravity wave drag.

prediction (Sharman et al., 2012).
Another gravity wave dissipation process is wind filtering (Figure 1.2).

It happens when the phase velocity of a gravity wave equals the horizon-
tal background wind speed. The altitude at which this happens is called
a critical layer. The effect of wind filtering is different in summer and
winter due to the climatological differences in the horizontal wind pro-
files and the importance of different gravity wave sources which lead to
gravity waves of different spatial and temporal scales.

In summer, the background wind in the stratosphere and lower meso-
sphere is directed westward and increasing with altitude. The main ex-
citation mechanism of gravity waves in summer is convection. Convec-
tive gravity waves can have all kinds of phase speeds and propagation
directions. Gravity waves with westward phase velocities meet critical
levels at different altitudes. When dissipating, they exert a westward
acceleration onto the background wind. Due to the Coriolis force and
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the conservation of angular momentum, westward accelerated air will
also move polewards. Contrary, gravity waves with eastward phase ve-
locities can propagate up to higher altitudes without being filtered by
the background wind. Once their amplitude becomes too large, they be-
come unstable and break. This happens often in the mesosphere, where
they then decelerate the westward background flow. The deceleration
leads to the summer time wind reversal in the mesosphere–lower ther-
mosphere region (Holton, 1982, 1983). The conservation of angular
momentum induces an equatorward residual circulation.

In winter, the background wind in the upper stratosphere and lower
mesosphere is blowing eastward. Consequently, the filtering would ap-
pear reversed. However, in winter the main sources of gravity waves are
flow over orography, jets, and fronts. These processes generate gravity
waves usually propagating against the tropospheric background flow,
thus westward, with phase speeds close to zero. These gravity waves
can have very high amplitudes and, thus, break often at comparably low
altitudes in the stratosphere, where they accelerate the background flow
westward.

Another aspect which differs from summer to winter is the occurrence
of planetary waves. These larger-scale atmospheric waves, which are
driven by the conservation of potential vorticity, appear more frequently
in winter and propagate intrinsically westward. Especially the planetary
waves with low phase velocities mainly break in the stratosphere. There,
they lead to a westward and poleward acceleration of the background
flow. In the winter stratosphere, this acceleration of the flow by plane-
tary waves is in general stronger than the acceleration through gravity
waves. A detailed discussion of planetary waves is beyond the scope of
this work, but can be found, for example, in Holton (1992).

Figure 1.3 summarises global wind circulations resulting from the dis-
sipation (breaking and filtering) of gravity waves and planetary waves.
According to the concept of mass conservation, the poleward movement
on both hemispheres in the stratosphere forces air to ascend over the
equator and descend over the poles. This stratospheric circulation is
known as Brewer–Dobson circulation (BDC). It is mainly driven by plan-
etary waves, but gravity waves have been shown to strongly influence
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Figure 1.3: Global atmospheric circulations driven by gravity waves and plan-
etary waves.

its variability. Moreover, the decreased activity of planetary waves in
summer, cause the summer branch of the BDC to be mainly driven by
gravity waves (Alexander and Rosenlof, 2003; Butchart, 2014).

The meridional circulation in the mesosphere forces air to ascend
over the summer pole and descend over the winter pole. While as-
cending (respectively descending) the air cools down (respectively heats
up) according to adiabatic expansion (respectively shrinking). The up-
welling leads to a cold summer mesopause (Holton, 1982, 1983) and the
downwelling to a warm winter stratopause (McLandress, 1998; Siskind,
2014). Downward coupling processes link all these middle atmospheric
circulations with near-surface seasonal weather and regional climate
(Scaife et al., 2016; Kidston et al., 2015).

Gravity waves have horizontal scales ranging from couple kilometres
to several thousand kilometres. Vertical scales vary from hundreds of
metres to approximately 50 km. Due to computational constraints, only
the large-scale part of the gravity wave spectrum can be resolved in cur-
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rent general circulation models. Small-scale gravity waves are simplified
in form of parameterisation schemes. Several studies show that approxi-
mations and inaccuracies of parameterisation schemes of sub-grid-scale
processes can cause large uncertainties in climate change projections
(Shepherd, 2014). For example, climate change projections differ by up
to 2 K surface temperature (Sigmond and Scinocca, 2010) and several
hPa surface pressure at polar latitudes (Sandu et al., 2016) depending
on the set-up of the gravity wave parameterisation scheme. Improved
climate change projections and mid-term weather forecasts therefore re-
quire more advanced parameterisation schemes as proposed by various
studies (e.g. Bushell et al., 2015; de la Camara and Lott, 2015; Amemiya
and Sato, 2016).

One of the largest simplifications, used nowadays for gravity wave pa-
rameterisation schemes, is to assume solely vertical propagation. Sev-
eral modelling studies have highlighted the importance of 3-D propa-
gation to precisely reproduce middle atmospheric circulation patterns
(Sato et al., 2009; Kalisch et al., 2014; Ribstein and Achatz, 2016).
Furthermore, gravity wave source distributions and launch parameters,
such as propagation direction and wavelength spectrum, are often over-
simplified in parameterisation schemes (Alexander and Dunkerton, 1999;
Richter et al., 2010; Garcia et al., 2017) and need validation by obser-
vations (Geller et al., 2013). Another simplification of parameterisation
schemes lies in the assumption that momentum transfer between gravity
wave and background flow only happens during dissipation, saturation
or breaking processes. However, several theoretical studies show that
momentum deposition of gravity waves on the background flow also
takes place in absence of dissipation, saturation, and breaking (Buehler
and McIntyre, 2003; Eberly and Sutherland, 2014; Boeloeni et al., 2016).
These studies predict, that in certain cases transient direct interactions of
gravity waves with the background flow can even be responsible for the
major part of gravity wave momentum deposition. To figure out, how
severely these simplifications impact seasonal weather prediction and
climate projections, a proper understanding of the involved processes
is required. Therefore, measurements are needed which allow detailed
gravity wave propagation studies. To derive the propagation direction
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of a gravity wave, a full wave characterisation is necessary (Alexander
et al., 2010).

Such a full wave characterisation is, in principle, possible from vari-
ous measurement techniques. Several methods have been developed to
evaluate in situ data from close-to-vertical profiles taken by radiosondes,
dropsondes, or falling spheres. These methods include hodograph anal-
ysis (Guest et al., 2000), the Stokes method (Eckermann and Vincent,
1989), or a combination of wind and temperature measurements in a
common approach (Wang and Geller, 2003; Zhang et al., 2014). Fur-
thermore, there are multiple techniques based on horizontal 1-D mea-
surements for example from airplane instrumentation (Alexander and
Pfister, 1995; Fritts et al., 2016; Smith et al., 2016; Wagner et al., 2017)
and observations by super-pressure balloons (Boccara et al., 2008; Hert-
zog et al., 2008). All these methods infer the wave direction via po-
larization and dispersion relations, as they do not reveal the 3-D wave
structure directly.

In the last years, new remote measurement concepts evolved, which
facilitate measurements of 3-D gravity wave structures directly. In the
mesosphere, a full wave characterisation of small-scale gravity waves
has been achieved with the Middle Atmosphere Alomar Radar System
(MAARSY; Stober et al., 2013). For medium-scale gravity waves in the
mesosphere, a full characterisation has been derived by combining lidar
and airglow imager measurements (Bossert et al., 2015; Lu et al., 2015;
Cao et al., 2016). However, all these observations are limited to a few
ground-based stations. Further, it is difficult to link observations at alti-
tudes as high as the mesopause region to specific gravity wave sources,
which are usually located at much lower altitudes in the troposphere and
lower stratosphere. First measurements of 3-D gravity wave structures
in the stratosphere using satellite instruments are presented by Ern et al.
(2017) and Wright et al. (2017). These studies are based on nadir obser-
vations of the Atmospheric Infrared Sounder (AIRS) satellite instrument
and are limited by the coarse vertical resolution of the instrument. This
implies that gravity waves with vertical wavelengths below 15 km are
invisible. Some of the limitations originating from this coarse vertical
resolution of AIRS will be discussed in this thesis. So far no measure-
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menttechniqueexiststomeasurethe3-Dstructureofmesoscalegravity

wavesinthelowerstratospherewithhighspatialresolution.

Anoveltechniquetomeasuregravitywavesintheuppertroposphere–

lowerstratosphere,i.e.,closetothegravitywavesources,isairborne

limbimaging.Limbimagingallowsfora3-Dreconstructionoftheatmo-

spherictemperatureandconsequentlyafullcharacterisationofmesoscale

gravitywaves.ThedevelopmentoftheGimballedLimbObserverforRa-

dianceImagingoftheAtmosphere(GLORIA)isthefirstimplementation

ofsuchanairborneinfraredlimbimager(Friedl-Vallonetal.,2014;Riese

etal.,2014).TheGLORIAinstrumentisaFouriertransformspectrom-

eterwitha2-Ddetectorarraymeasuringspectrallyresolvedinfrared

radiationbetween780cm−1and1400cm−1(7➭mto13➭m).Likean
infraredcamera,GLORIAmeasuresthecharacteristicthermalemissions

oftracegasesandparticlesintheatmosphere.Theemittedradiation

dependsontheamountandtemperatureofthesetracegasesandpar-

ticles.Thus,GLORIAenablestheretrievalofatmospherictemperature

andtracegasdistributions.

TheGLORIAinstrumentismountedinthebellypodoftheGerman

HighAltitudeandLongRangeResearchAircraft(HALO;DLR,2018)

andlookstowardsthehorizon-alsocalledlimboftheEarth-onthe

rightsideoftheaircraft(Figure1.4).Itcanchangeitshorizontalview-

ingdirectionfrom45°(rightforward)to135°(rightbackward)with

respecttotheaircraft’sheading.Ifavolumeofairissuchobservedun-

derdifferentangles,itmaybereconstructedusingtomographicmethods

(e.g.Natterer,2001).Measuringemittedradiationfromall360°around

avolume,forexample,byflyingacircle,iscalledfullangletomogra-

phy(FAT).FormerstudiesofFATfortracegasretrievalsshowed,that

thistechniqueimprovesthehorizontalresolutionoflimbsoundersby

anorderofmagnitudedownto20kmwhileretainingthehighverti-

calresolutionofapproximately200minthevertical(Ungermannetal.,

2010b).Sinceflyinginacircularpatternofsufficientsizecantakemore

thantwohours,FATisonlysuitableformeasurementsinsteadyatmo-

sphericstates,wheretheconditionsdonotchangesignificantlyduring

theacquisitiontime.Accountingforthechangeoftheatmospheredur-

ingacquisitionispossiblefortracegasretrievalsbyincludingadvection
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Figure 1.4: The German high altitude and long range research aircraft (HALO)
at the airport in Kiruna, Sweden. Picture by Peter Preusse.

(Ungermann et al., 2011). The temperature structure in the presence of
gravity wave events, however, is in general governed by a multitude of
waves with different spatial and temporal scales. The a priori knowledge
of the temporal development of these waves is not sufficient to retrieve
a fast changing temperature structure using FAT. Furthermore, air traffic
control restrictions and the requirements imposed by other instruments
may prevent complicated closed flight patterns. Due to the horizontal
scanning capabilities of the GLORIA instrument, the same volume of air
is measured from multiple angles already during simple straight flights.
The technique of reconstructing a 3-D volume using measurements from
a limited set of angles is called limited angle tomography (LAT). How-
ever, LAT inversion problems are notoriously difficult to solve as they are
in general seriously ill-posed (Natterer, 2001). Thus, the first question
investigated in this thesis will be: Can LAT be used to study mesoscale
gravity waves?

In winter 2015/2016 an aircraft campaign with the HALO aircraft
took place to study different gravity wave aspects as well as chemical
processes in the Arctic polar winter. The campaign base was chosen to
be located in Kiruna, Sweden, as the Scandinavian mountains are one of
the major orographic gravity wave sources on the northern hemisphere.
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Furthermore, the location of Kiruna close to the polar circle made it a
perfect choice for flights into the polar vortex. During the campaign six
flights dedicated to gravity waves were performed. To achieve the best
possible measurement results, scientific research flights are planned us-
ing different forecasts and a tailor-made flight planning tool. The flight
patterns can be adjusted to the atmospheric situation and special in-
strument requirements. This raises the questions: What is the optimal
flight strategy to observe mesoscale gravity waves with GLORIA? Are
the achieved 3-D volumes of atmospheric temperature sufficient in
size and spatial resolution to fully characterise these waves? How
does the measurement set-up (LAT vs FAT) influence the quality of
retrieved wave parameters?

As mentioned earlier, nowadays general circulation models use simpli-
fied gravity wave parameterisation schemes, which assume solely verti-
cal propagation. Comparisons between measurements and general cir-
culation models using these simplified gravity wave parameterisation
schemes showed that the models predict too low temperatures for the
southern winter stratosphere (McLandress et al., 2012; Garcia et al.,
2017). This cold-pole bias likely arises from too weak downwelling in
this region. McLandress et al. (2012) show that missing orographic grav-
ity wave drag around 60° S might be the cause of this cold-pole bias.
Due to the lack of orography at 60° S, McLandress et al. (2012) assume
that oblique propagation of gravity waves could be responsible for this.
However, the closest mountains are located around 55° S and 65° S, thus,
more than 500 km away. Till today there exist no measurements, show-
ing that oblique propagation can happen over such large distances. Dur-
ing the aircraft campaign mentioned above, an orographically excited
gravity wave above Iceland with strong oblique propagation was pre-
dicted for the 25 January 2016. This thesis will examine the following
scientific questions: Can GLORIA measurements confirm that oblique
propagation can happen over large distances? How large are the
discrepancies between reality and simplified gravity wave parame-
terisation schemes?

Linear ray-tracing models are often used to approximate the propaga-
tion of gravity waves. They can help to identify sources (Gerrard et al.,
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2004; Preusse et al., 2009a; Pramitha et al., 2015) or study oblique prop-
agation (Kalisch et al., 2014; Ribstein and Achatz, 2016). However,
similar to gravity wave parameterisations in general circulation mod-
els, these ray-tracing models do only account for momentum transfer
between gravity waves and background flow during dissipation, satura-
tion and breaking processes. By combining gravity wave observations
from GLORIA with satellite measurements, this thesis will investigate:
How meaningful are the results of linear ray-tracing models? How
well do they agree with observations?

The organisation of this work is as follows: First, a short overview
about important points of gravity wave theory is given in Chapter 2.
Chapter 3 describes the data acquisition, including the aircraft cam-
paign, important instruments on board of HALO with an emphasis on the
GLORIA instrument, and the AIRS satellite instrument. Further, Chap-
ter 3 includes a short description of the analysis and reanalysis general
circulation model data from the European Centre for Medium-Range
Weather Forecasts, which is used to support the scientific analysis of
the GLORIA measurements. To analyse the acquired measurement and
model data with respect to gravity waves, the atmospheric variables first
have to be separated into large-scale background and small-scale gravity
wave perturbation. Afterwards the gravity wave structures have to be
fully characterised and their wave parameters have to be derived. The
details of these analysis techniques are presented in Chapter 4. Chap-
ter 5 investigates the sensitivity of GLORIA to gravity waves for the mea-
surement concepts of LAT and FAT. The scientific questions regarding the
ability to fully characterise gravity waves from GLORIA measurements
will be investigated in this Chapter. The GLORIA measurement results
from 25 January 2016 are analysed with respect to gravity wave sources
and propagation in Chapter 6. A special focus will be given to the study
of oblique gravity wave propagation and the errors introduced by sim-
plified parameterisations. Further measurements on 28 January 2016
above Scandinavia, show another interesting gravity wave case (Chap-
ter 7). The GLORIA measurements of this day are used to question the
validity of linear wave theory.





2 Gravity wave theory

Gravity waves in the atmosphere are excited by the vertical displace-
ment of air parcels. The original equilibrium of forces is disturbed and
the air parcel starts to oscillate around its level of neutral buoyancy. This
chapter gives an overview over important processes involved in the exci-
tation and propagation of gravity waves. First, it will be described how a
displacement of an air parcel leads to a wave motion and which disper-
sion relation the created wave follows (Section 2.1). The relationship of
wave equations for different atmospheric quantities like wind and tem-
perature are derived in Section 2.2. Afterwards, the propagation and
energy transport of gravity waves through the atmosphere is discussed
(Section 2.3). Finally, different sources of gravity waves are presented
(Section 2.4).

2.1 Dispersion relation

Due to the stable stratification of the atmosphere, i.e. to the fact that
pressure and density decrease with altitude, an upward displaced air
parcel will expand. During a fast upward displacement, the air parcel
cannot exchange heat with the surrounding air and, thus, will cool in
dry air according to the adiabatic temperature gradient

Γ =
�

dT
dz

�
adiab.

= − g
cp
≈ −9.76

K
km

, (2.1)

with temperature T , altitude z, standard gravity g and specific heat ca-
pacity of air cp. If the real atmospheric temperature gradient γ = dT

dz
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is larger1 than the adiabatic gradient Γ , an adiabatically upward dis-
placed air parcel will be colder than the surrounding air. The difference
between the temperature Tp of the displaced air parcel and the temper-
ature T of the surrounding air is given by

Tp − T = (Γ − γ)ξ′, (2.2)

where ξ′ indicates how far the air parcel is displaced from its original
position of neutral buoyancy and is called vertical displacement.

During the adiabatic upwards or downwards movements, the air par-
cel stays in pressure balance with the surrounding:

RsρpTp = p = RsρT, (2.3)

where Rs is the specific gas constant of air, T the temperature and ρ the
density of the surrounding air, and Tp and ρp are the new temperature
and density of the displaced air parcel, respectively. If the air parcel is
colder than the surrounding air, it has to be denser and thus heavier. The
force accelerating the air parcel downward is given by the difference in
gravity between the displaced air parcel of mass mp and an air parcel of
the surrounding air with the same volume V , which has the mass m:

Fg = −gmp + gm = −gV (ρp −ρ) = −mp
g
T
(γ− Γ )ξ′. (2.4)

This force is proportional to the vertical displacement ξ′. Thus, a har-
monic oscillation around the position of neutral buoyancy with Buoy-
ancy frequency N =

�
g
T (γ− Γ ), also called Brunt-Väisälä frequency, is

excited.
In reality, the air parcel does not move solely vertically, but on a

slanted line at an angle ϕ to the vertical (Figure 2.1 a). The force accel-
erating or decelerating the air parcel along this slanted line is

F = Fg cosϕ = −mpN 2 cosϕ
�
ξ′ cosϕ

�
= −mpN 2 cos2 ϕξ′. (2.5)

1less negative or positive
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Figure 2.1: Sketch of the oscillations induced by a gravity wave. Panel (a)
shows the harmonic oscillation of an air parcel influenced by a gravity wave
in a stationary ambient. An air parcel which is lifted by an arbitrary source
process expands and cools down according to the adiabatic temperature gra-
dient. If the adiabatic temperature gradient is smaller than the temperature
gradient of the surrounding air, the air parcel will be colder and denser than
the surrounding air. The higher density and, thus, higher gravity, will force the
air parcel downwards. Due to the adiabatic heating and shrinking it will then
be warmer, but less dense than the surrounding. Now buoyancy will acceler-
ate the air parcel upwards. Panel (b) depicts the phase fronts of a stationary
gravity wave in a horizontal background wind. The movement of an air parcel
in the background wind gets disturbed by the gravity wave and the air parcel
continues on a wave trajectory (black line). The thin grey lines stand for the
gravity wave phase lines with maximal wind perturbation. Red and blue lines
indicate warm and cold phase fronts, respectively.
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The air parcel oscillates with intrinsic frequency

ω2 = N cosϕ = N
λz�

λ2
h +λ2

z

= N
kh�

k2
h + k2

z

≤ N , (2.6)

with horizontal wavelength λh =
2π
kh

, horizontal wave number kh, verti-
cal wavelength λz =

2π
m , and vertical wave number m. In a 3-D coordi-

nate system with horizontal axes x and y , and vertical axis z, the wave
vector k = (k, l, m) is defined by the three wave numbers k, l, and m
in x , y , and z direction, respectively. In this case, the horizontal wave
number is given by kh =

�
k2 + l2 and the intrinsic frequency becomes

ω2 = N

�
k2 + l2�

k2 + l2 + m2
. (2.7)

This equation relating temporal and spatial characteristics of a wave
with each other is called dispersion relation. Including effects due to
Earth’s rotation and the compressibility of air, leads to the full dispersion
relation for atmospheric gravity waves (Fritts and Alexander, 2003):

ω2 =
(k2 + l2)N 2 + f 2

�
m2 + 1

4H2

�
k2 + l2 + m2 + 1

4H2

(2.8)

where f = 4π
24 h sin(θ ) denotes the Coriolis frequency, θ the latitude, and

H the density scale height in which the density decreases by a factor of
Euler’s number e.

In the atmosphere, H is on the order of 7.5 km. For waves with verti-
cal wavelengths below 20 km the density scale height term 1

4H2 is much
smaller than m2 and, thus, can be neglected. This approximation is
called Boussinesq approximation and neglects all effects caused by fast
changes in density, e.g. sound waves. For waves with horizontal wave-
length λh =

2π�
k2+l2 much larger than vertical wavelength λz =

2π
m (which

is the case for all waves measured by GLORIA), the dispersion relation
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can be further simplified to

ω2 =
(k2 + l2)N 2

m2
+ f 2. (2.9)

Unless stated otherwise, this simplified dispersion relation is used in this
work. If the x-axis is chosen to be oriented along the horizontal wave
vector the wave motion becomes two-dimensional and the dispersion
relation can be written as

ω2 =
k2N 2

m2
+ f 2. (2.10)

Solving the three-dimensional dispersion relation (Equation 2.9) for
the vertical wave number

|m|=
√√(k2 + l2)N 2

ω2 − f 2
, (2.11)

directly shows, that to keep m physically meaningful and, thus, real val-
ued, ω has to be larger than f . Hence, the intrinsic frequency ω of
atmospheric gravity waves is confined to the range f <ω≤ N .

The group velocity c g of a wave is the velocity at which a wave packet
propagates through the atmosphere and transports energy and momen-
tum. It is defined as the wave number derivative of the intrinsic fre-
quency:

c g ≡∇kω=
N 2
�

k2 + l2

ωm3

⎛
⎝

mk�
k2+l2
ml�

k2+l2

−�k2 + l2

⎞
⎠ . (2.12)

Without Earth’s rotation the intrinsic frequency becomes ω ≈ N
�

k2+l2

|m|
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and the group velocity simplifies to

c g =
N
m2

⎛
⎝ |m| k�

k2+l2

|m| l�
k2+l2

− sgn(m)
�

k2 + l2

⎞
⎠ . (2.13)

This equation directly reveals, that the group velocity c g of gravity waves
is perpendicular to the wave vector k and, thus, parallel to the phase
lines. Further, the vertical group velocity is opposite to the vertical wave
number meaning that a downward pointing wave vector indicates up-
ward energy transport. The horizontal group velocity points in the same
direction as the horizontal wave vector kh = (k, l).

The phase velocity cp of a wave determines how fast and in which
direction the wave crests and troughs of a wave move. It is defined as
cp ≡ ωk

|k|2 and is parallel to the wave vector k.
Until now, a stationary ambient was assumed. If the air is moving,

the frequency of the gravity wave is Doppler shifted. From the point
of view of a stationary observer the gravity wave has the ground-based
frequency

Ω=

�
1+ ū · cp

|cp|2
�
ω=ω+ ū · k, (2.14)

with background wind speed ū and gravity wave phase speed cp =
ωk
|k|2 .

It is important to note, that the dispersion relation (Equations 2.7 – 2.10)
links the intrinsic frequency ω with the wave vector k, not the ground-
based frequency Ω.

Due to the Doppler shift, also the group velocity and the phase velocity
of the wave change:

cg, gb ≡∇kΩ= c g + ū, (2.15)
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and

cp, gb ≡ Ωk
|k|2 = cp + (k · ū) k

|k|2 , (2.16)

where cg, gb stands for the ground-based group velocity, cp, gb for the
ground-based phase velocity, and c g and cp represent the intrinsic group
and phase velocities of the wave in a stationary ambient.

Figure 2.1 b shows a gravity wave in a one-dimensional background
wind ū = (U0, 0, 0), U0 > 0, with intrinsic frequency ω= −k · ū = −kU0

as seen from a stationary observer on the ground. The coordinate system
is chosen in a way, that the x-axis is oriented along the horizontal wave
vector (k = (k, 0, m), k < 0 and m < 0). In this special case, the ground-
based phase velocity cp, gb = cp + (k · ū) k

|k|2 becomes zero. The wave
phases do not move and the wave pattern is stationary in time. The air
parcels, in contrast, move from left to right with the background wind
on horizontal trajectories. These trajectories get distorted by the gravity
wave and follow now a wave-like pattern (black line). The ground-based
group velocity reduces to solely vertical:

cg, gb = c g + ū =
N
m2

⎛
⎝ |m| sgn(k)

0
− sgn(m)|k|

⎞
⎠+

⎛
⎝U0

0
0

⎞
⎠=

⎛
⎝ 0

0
|k|

⎞
⎠ . (2.17)

The wave transports energy upwards. It will be shown later (Section 2.4),
that a gravity wave excited by a wind flow over a mountain ridge has
exactly such characteristics.

2.2 Polarisation relations

The development in space and time of the vertical displacement ξ′ caused
by a gravity wave can be described by a sinusoid

ξ′(x , y, z, t) = ξ̂ sin(kx + l y + mz −ωt +φ), (2.18)
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with ξ̂ the vertical displacement amplitude and φ the phase of the wave.
A positive (upward) displacement leads to a cooling and thus a nega-

tive temperature perturbation:

T ′(x , y, z, t) = −(γ− Γ )ξ′(x , y, z, t) = −T N 2

g
ξ′(x , y, z, t). (2.19)

The amplitudes of vertical displacement ξ̂ and temperature T̂ are related
by

T̂ = −T N 2

g
ξ̂. (2.20)

The vertical wind perturbation is the temporal derivative of the verti-
cal displacement:

w′(x , y, z, t) =
∂ ξ′
∂ t

= −ωξ̂ cos(kx + l y + mz −ωt +φ). (2.21)

Without Earth rotation, the relation of vertical wind and horizontal wind
is given by the ratio of the respective wavelengths. Thus, the horizontal
wind perturbation u′h can be written as

u′h(x , y, z, t) =
m�

k2 + l2
w′(x , y, z, t) =

√√N 2

ω2
− 1 w′(x , y, z, t). (2.22)

One finds for typical stratospheric values, that the horizontal wind am-
plitude ûh in units of [m s−1] is about twice the temperature amplitude
in units of [K]:

ûh = − m�
k2 + l2

ωξ̂=
g

T̄ N
T̂ ≈ 10

250 · 0.02
T̂
� m

sK

�
= 2T̂

� m
sK

�
. (2.23)

The Earth rotation induces an additional rotational component of the
wind, which is significant for waves with ω close to the Coriolis param-
eter f . In this case, the horizontal wind is divided into components
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parallel and perpendicular to the wave vector:

û|| =
ûh�

1− f 2

ω2

, (2.24)

û⊥ =
ûh�
ω2

f 2 − 1
. (2.25)

The wind component perpendicular to the wave vector is 90° out of
phase with the parallel wind component. The ratio of the two wind
components is:

û⊥
û||

=
f
ω

. (2.26)

These equations relating perturbation amplitudes of different variables
with each other are called polarisation relations.

2.3 Wave propagation

The propagation of a gravity wave can be approximated with ray the-
ory, also called WKB theory (after Wentzel, Kramers and Brillouin who
developed this method for quantum mechanics). In this theory, wave
packets are treated as particles moving along rays. The main assumption
is, that the background state varies slowly in time and space, compared
to the faster movements of the wave, described by the wave vector k
and the wave frequency ω. Thus, changes in wave vector and wave fre-
quency also occur slowly and the path of a wave can be approximated by
propagating a wave packet in small steps according to the ground-based
group-velocity cg, gb:

dx
d t

= cg, gb = c g + ū =
N 2
�

k2 + l2

ωm3

⎛
⎝

mk�
k2+l2
ml�

k2+l2

−�k2 + l2

⎞
⎠+ ū. (2.27)
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Waves with long vertical and short horizontal wavelengths (small m and
large

�
k2 + l2) in general propagate faster than waves with short verti-

cal and long horizontal wavelengths. Further, waves with large vertical
wavelength (small m) have a much larger vertical than horizontal group
velocity.

The energy which is transported through space is given by the energy
of the harmonic oscillator. The kinetic energy is defined as

Ek =
1
2
ρ|u ′|2 = 1

2
ρ(u′2|| + u′2⊥ + w′2), (2.28)

the potential energy as

Ep =
1
2
ρN 2ξ′2. (2.29)

The total energy, which is transported by the wave, is given by the sum
of the time and space averaged potential and kinetic energy2. Thus, a
wave packet transports the total energy of

E =
1
2
ρ(u′2|| + u′2⊥ + w′2 + N 2ξ2) =

1
4
ρ(û2

|| + û2
⊥ + ŵ2 + N 2ξ̂2). (2.30)

Applying the polarisation relations (Section 2.2) leads to

E =
1
2
ρ

�
T̂
T

�2 � g
N

�2 ω2

ω2 − f 2
. (2.31)

In sheared flows, the wave energy may change due to a change in the
intrinsic wave parameters. The wave action density A≡ E

ω , in contrast,
is conserved along the wave path (Bretherton, 1969):

∂

∂ t
A+∇cg, gb A=

∂

∂ t
A+∇ūA+∇c g A= 0. (2.32)

2The average over one wavelength and wave period of a sine or cosine function is

given by cos(kx −ωt) = sin(kx −ωt) = 1
2 .
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Alternatively, one can also define the invariant pseudo-momentum
M ≡ Ek

ω , which is proportional to the wave action density A (Scinocca
and Shepherd, 1992). Gradients of its flux indicate where a gravity wave
exchanges drag with the background flow. Especially, the vertical flux
of horizontal pseudo-momentum (GWMF)

FM, z = cg, z
E
ω

kh =
1
2
ρ
� g

N

�2 (k, l)
m

�
T̂
T̄

�2

(2.33)

is used as a diagnostic for the sources and sinks of gravity waves (Fritts
and Alexander, 2003; Ern et al., 2004).

In the following, the simple case of a time invariant atmosphere with
a one-dimensional background wind in x-direction ū = (U0, 0, 0) is used
to discuss how a change in the atmospheric state (N 2 or ρ) influences
the wave amplitude. Without loss of generality, the coordinate system
is chosen in a way that the horizontal wave vector is oriented along
the x-axis (k = (k, 0, m)). In this case the wave action conservation
(Equation 2.32) simplifies to

∂

∂ x
(U0 + cg, x)A+

∂

∂ z
cg, z A= 0. (2.34)

Assuming that the wave packet does not substantially spread in the hor-
izontal direction during its vertical propagation through the atmosphere
leads to

∂

∂ z
cg, z A= 0 ⇐⇒ cg, z A=

1
2
ρ
� g

N

�2 1
m

�
T̂
T̄

�2

=
1
2
ρN 2 1

m
ξ̂2 = constant.

(2.35)

Due to the vertically decreasing density ρ in the atmosphere, the grav-
ity wave amplitudes T̂ and ξ̂ increase with altitude. Furthermore, if the
vertical wavelength stays constant, the gravity wave temperature ampli-
tude T̂ increases with increasing N , the vertical displacement amplitude
ξ̂ decreases.
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This thesis uses the Gravity wave Regional Or Global RAy Tracer (GRO-
GRAT; Marks and Eckermann, 1995; Eckermann and Marks, 1997), which
is a numerical implementation of ray theory written. GROGRAT im-
plemented as first gravity-wave ray tracer the full dispersion relation
(Equation 2.8). Thus, gravity waves of all frequencies, including non-
hydrostatic gravity waves as well as gravity waves with frequencies close
to the Coriolis frequency f , can be propagated through a spatially slowly
varying background atmosphere (Marks and Eckermann, 1995). A sec-
ond version of GROGRAT (Eckermann and Marks, 1997), further imple-
mented a not only spatially but also temporally varying background.

The differential equations

d xi

d t
=

∂ω

∂ ki
and

dki

d t
=

∂ω

∂ xi
xi ∈ (x , y, z), ki ∈ (k, l, m) (2.36)

are solved for multiple time steps using Runge-Kutta methods. For each
time step, the wave action conservation law (Equation 2.32) and the
full dispersion relation (Equation 2.8) are applied to calculated changes
in the wave amplitude. Wave dissipation and damping ( ∂

∂ t A �= 0) are
accounted for in GROGRAT by including turbulent (Pitteway and Hines,
1963) and radiative (Zhu, 1994) damping schemes and saturation (Fritts
and Rastogi, 1985).

GROGRAT requires as input a 4-D atmospheric background field and
a gravity wave launch distribution including starting location (longi-
tude, latitude, altitude), horizontal wave numbers, wave amplitude and
ground-based frequency. The 4-D atmospheric background fields used
for the calculations in this thesis are constructed from 6-hourly ECMWF
analysis fields (Chapter 3.5) using a scale separation method (Chap-
ter 4.1). To get gravity wave launch parameters, the results of sinusoidal
fits (Chapter 4.2) of the 3-D GLORIA measurements (wave amplitude
and wave vector) are converted to the requested input parameters (hor-
izontal wave numbers, wave amplitude and ground-based frequency)
using the full dispersion relation (Equation 2.8) and the 4-D atmospheric
background fields.
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2.4 Sources

2.4.1 Orography

Orography is one of the major sources of gravity waves. The mechanism
by which orography excites gravity waves is discussed here using a sim-
ple 2-D case taken from Sutherland (2010). A uniformly stratified fluid
is moving with a constant horizontal background wind speed ū(x , z) =
(U0, 0) over periodic low-amplitude sinusoidal mountains (Figure 2.2).
The height of the mountains is given by

h(x) = ĥ cos(k0 x). (2.37)

For an observer moving with the background flow, for example an
air parcel or a balloon, the mountains seem to move at speed −ū =
−(U0, 0). An air parcel at the surface is forced upward and downward
following the terrain height. Thus, its vertical displacement ξ′(x , t) at
place x = (x , 0) and time t can be inferred from the terrain height h(x):

ξ′(x , t) = h(x + U0 t) = ĥ cos(k0(x + U0 t))

= ξ̂ cos(− sgn(U0)k0 x − |U0|k0 t) = ξ̂ cos(kx −ωt), (2.38)

z

xh(x)h

0h

U0

c   = –U0p
(x)

λ  = 2π / k

φ

Figure 2.2: Sketch of a gravity wave excited at a sinusoidal mountain (shaded
area). A detailed description can be found in the text. Adapted from Fig-
ure 5.12 of Sutherland (2010).
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with displacement amplitude ξ̂, horizontal wave number k, and intrinsic
frequency ω. Requesting ω to be positive and using the axis symmetry
of the cosine function leads to ω = k0|U0| and k = − sgn(U0)k0. It was
discussed before (Section 2.1), that the intrinsic frequency of gravity
waves is limited to the range f < ω ≤ N . Thus, the required wind
speed for the excitation of gravity waves at a certain wave number k0

(determined by the orography) is limited by the Coriolis frequency f > 0
and the buoyancy frequency N :

f
k0

< |U0| ≤ N
k0

. (2.39)

Assuming that the wave motion continues to upper layers x = (x , z),
the wave equation can be extended to

ξ′(x , t) = ξ̂ cos(kx + mz −ωt) = ξ̂ cos(x k −ωt), (2.40)

with wave vector k = (k, m). The intrinsic frequency ω of a plane wave
in a uniformly-stratified fluid is related to the wave vector k = (k, m)
via the dispersion relation (Section 2.1):

ω2 =
k2N 2

m2
+ f 2. (2.41)

Solving the dispersion relation (Equation 2.41) for the vertical wave
number m gives:

m2 =
k2N 2

ω2 − f 2
=

k2
0N 2

U2
0 k2

0 − f 2
=

N 2k2
0

f 2

⎛
⎝ 1

U2
0 k2

0
f 2 − 1

⎞
⎠=

N 2k2
0

f 2

�
1

R2
0 − 1

�
.

(2.42)

If the Rossby number R0 = k0|U0|
f is larger than 1, the vertical wave

number m is a real number and vertically propagating gravity waves are
excited. A small Rossby number (R0 � 1) indicates a flow in geostrophic
balance. In this case no gravity waves are excited.
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Wave crest and troughs with constant phase move at intrinsic phase
velocity

cp ≡ ωk
|k|2 =

ω

k2 + m2

�
k
m

�
. (2.43)

Wave energy is transported with the intrinsic group velocity

c g ≡∇kω=
N 2k
ωm3

�
m
−k

�
. (2.44)

To transport the energy away from the mountains, the vertical compo-
nent of the group velocity cg, z = −N2k2

ωm3 has to be positive and, hence, m
has to be negative.

When observing this wave from the stationary reference frame of the
mountains, the wave crest move with ground-based phase velocity

cp, gb ≡ Ωk
|k|2 = (ω+ u · k) k

|k|2 = (k|U0| − sgn(U0)k0U0)
k
|k|2 = 0.

(2.45)

Thus, the ground-based frequency Ω = ω + u · k = 0 and the wave is
stationary in time. An observer on the ground, would see the stationary
vertical displacement field

ξ′(x , z) = h0 cos

⎛
⎝− sgn(U0)k0 x −

√√√ k2
0N 2

U2
0 k2

0 − f 2
z

⎞
⎠ . (2.46)

The ground-based group velocity of such a stationary wave is

cg, gb = c g + ū =
N 2k
ωm3

�
m
−k

�
+
�

U0

0

�
=

U2
0 k2

0 − f 2

k2
0U2

0

� −U0|U0|
N

�
U2

0 k2
0 − f 2

�
+
�

U0

0

�
.

(2.47)

For waves with intrinsic frequency ω = k0|U0| 
 f , the ground-based
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group velocity is vertical:

cg, gb = c g + ū ≈
�−U0

U2
0 k0

N

�
+
�

U0

0

�
=

�
0

U2
0 k0

N

�
. (2.48)

This theory can straightforwardly be expanded to localized mountains
by approximating the shape of the mountains through

h(x) =

∫ ∞

−∞
ĥ(k)eikx dk (2.49)

where

ĥ(k) =
1

2π

∫ ∞

−∞
h(x)eikx d x , (2.50)

is the Fourier transform of the mountain. The generated disturbance is
then a superposition of waves with respective horizontal wave number
and amplitude, k and ĥ(k):

ξ(x , z) =

∫ ∞

−∞
ĥ(k)eikx+im(U0,k) zdk. (2.51)

Using a double Fourier transform, this can even be expanded to moun-
tains varying in both horizontal directions:

h(x , y) =

∫ ∞

−∞

∫ ∞

−∞
ĥ(k, l)eikx+il y dkdl. (2.52)

The corresponding vertical displacement field above these three dimen-
sional mountains is then

ξ(x , y, z) =

∫ ∞

−∞

∫ ∞

−∞
ĥ(k, l)eikx+il y+im(U0,k,l) zdkdl. (2.53)

In the following, two cases of 3-D mountains, a mountain ridge and a
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single mountain peak, are discussed in more detail. The orientation of
the phase fronts of a gravity wave generated by a 3-D mountain ridge is
independent of the wind direction: The phase fronts are always parallel
to the mountain ridge, meaning that the horizontal wave vector is always
perpendicular to the ridge. This originates in the fact, that only the part
of the wind perpendicular to the mountain ridge U0,⊥ is responsible for
generating gravity waves (e.g. Bacmeister et al., 1994). The horizon-
tal wavelength λh = 2π

k0
of such gravity waves is given by double the

width of the mountain ridge at half its height (Jiang et al., 2002). If the
mountains consist of multiple ridges with different half-height widths,
multiple gravity waves with different horizontal wavelengths are gener-
ated. The vertical wave numbers m = 2π

λz
of the generated gravity waves

can be calculated following Equation 2.42:

m =
k0N�

U2
0,⊥k2

0 − f 2
. (2.54)

The intrinsic phase speed and intrinsic group velocity are pointing against
the exciting wind U0,⊥. Due to the additional wind component parallel
to the mountain ridge (U0,||), the ground-based phase and group veloci-
ties in horizontal direction are not zero any more. Instead they have an
additional component in the direction of U0,||. The propagation of the
wave can be imagined like the movement of a swimmer in an ocean cur-
rent: The swimmer moves at a constant speed in one direction (intrinsic
group velocity). A background current with exactly the same velocity
as the swimmer, but oriented in the opposite direction, (U0,⊥) keeps the
swimmer at the same place. If a second current (U0,||) is additionally
involved in the situation, the swimmer will drift away with exactly the
speed of this second current. Thus, in the case of ω 
 f , the ground-

based group velocity can be given by cg, gb = (0, U0,||,
k0U2

0,⊥
N ), if the x-axis

is chosen to be oriented perpendicular to the mountain ridge.
Mountains do not always form mountain ridges. Instead, they also

appear as single mountains, for example in the form of small islands.
In this case, the generated gravity waves have more complex structure.
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Figure 2.3: Satellite image of cloud patterns generated by gravity waves be-
hind the Crozet Islands on 9 April 2014. Picture courtesy by Jeff Schmaltz,
LANCE/EOSDOS MODIS Rapid Response Team at NASA GSFC.

Figure 2.3 shows a cloud pattern generated by gravity waves stemming
from small islands. The phase fronts form a diverging wake of waves,
meaning the waves are propagating away from the source on the flanks
of a v-shape on the leeward3 side of the mountain. A detailed discussion
of the theory of gravity waves generated by single mountains would
exceed the scope of this thesis. Details can be found for example in
the textbooks by Sutherland (2010) or Nappo (2012).

Islands, like for example Iceland, which have both a main mountain
ridge but also many single mountain peaks (volcanoes), will generate
very complex wave patterns including both, the phase fronts parallel to
the main mountain ridge, as well as the v-shaped phase structures in the
downwind direction.

3Leeward is the downwind direction.
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2.4.2 Non-orographic sources

Even though single gravity wave events excited by orography often have
higher energies than those excited by other sources, the globally inte-
grated contribution of non-orographic sources can have a comparable
magnitude (Fritts and Nastrom, 1992; Hertzog et al., 2008). In the
tropics, convection is the most important non-orographic gravity wave
source, while in the mid-latitudes, jets and fronts become more impor-
tant (Fritts and Alexander, 2003).

2.4.2.1 Convection

Due to the high intermittency of convection and the oblique propagation
of the convectively generated waves, it is often difficult to directly link
observed convective gravity waves to their source (Preusse et al., 2001;
Fritts and Alexander, 2003; Kalisch et al., 2016; Trinh et al., 2016). Nev-
ertheless, there are multiple observations which show a close correspon-
dence between gravity waves and deep convective clouds (Sato et al.,
1995; Dewan et al., 1998; McLandress et al., 2000; Alexander et al.,
2000). In contrast to mountain waves, convective gravity waves are not
characterized by a single characteristic phase speed or frequency. In-
stead, they are generated throughout the full spectrum of phase speeds,
wave frequencies, and horizontal and vertical scales. The exact genera-
tion of gravity waves by convection is not yet fully understood. However,
three simplified generation mechanisms have been proposed so far: (1)
pure thermal forcing, (2) a mechanical oscillator effect, and (3) a tran-
sient mountain effect.

Pure thermal forcing: Within convective cells, updrafts and downdrafts
form periodically and force air parcels to oscillate. At the top of the
convective cell, these oscillations interfere with the stable stratification
above and create vertically propagating gravity waves. The strength-
/extent of these updrafts and downdrafts is related to the latent heat
and, thus, the heating depth. Salby and Garcia (1987) showed that the
vertical wavelength of the generated gravity waves is twice the heating



32 2 Gravity wave theory

depth. Due to the doubling of the buoyancy frequency at the tropopause,
the waves get refracted and a decrease of the vertical wavelength by a
factor of 2 is observed. Thus, the gravity waves excited by pure thermal
forcing have a vertical wavelength of one tropospheric heating depth in
the stratosphere. The intrinsic frequencies of these gravity waves are
determined by the time scales of the heating processes.

Mechanical oscillator effect: Within the updraft, an air parcel at some
point encounters its level of neutral buoyancy, above which it gets decel-
erated. The air parcel starts to oscillate vertically (m = 0) around this
level, which is usually located in the upper troposphere (Fovell et al.,
1992). The oscillation frequency is given by the tropospheric buoyancy
frequency Nt . The horizontal scales of these gravity waves are deter-
mined by the width of the convective updraft (Lane et al., 2001). The
doubling of the buoyancy frequency at the tropopause leads to wave
refraction and introduces a tilt of the phase fronts in the stratosphere:

k2

m2 + k2
=

ω2

N 2
=

N 2
t

N 2
≈ 1

4
. (2.55)

In the horizontal, the phase fronts of waves generated by the mechani-
cal oscillator effect are in general concentric rings around the convection
cell propagating away. If the convection cell is moving with a horizontal
background wind ū, only gravity waves propagating against this back-
ground wind remain. Lane et al. (2001) found, that the gravity waves
generated by the mechanical oscillator effect have 10-times higher mo-
mentum fluxes than those generated by pure thermal forcing.

Transient mountain effect: Another possible generation mechanism
of convective gravity waves is called transient mountain effect. For
the background wind flow, the convective updrafts appear as obstacles
(mountains) and gravity waves are generated by the same mechanisms
and follow the same equations as the waves described in Section 2.4.1.
The only difference to the simple mountain wave theory is, that these
convective obstacles are not stationary in time. Hence, the ground-based
phase speed of the generated gravity waves is not zero, but equal to the
speed at which the convective towers move horizontally.
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Simulation studies show that the importance of these generation mech-
anisms strongly depends on the background conditions: In conditions
with very weak flow relative to the storm, gravity waves of significant
strength are excited. This has to be attributed to the pure thermal forc-
ing or mechanical oscillator effect (Fovell et al., 1992; Lane et al., 2001).
However, in strong wind shear, the generated gravity waves have higher
amplitudes than expected for pure thermal forcing or mechanical oscil-
lation. These waves are most likely generated by the transient mountain
effect (Clark et al., 1986).

2.4.2.2 Jets and fronts

The excitation of gravity waves in the vicinity of jets can often be de-
scribed by geostrophic adjustment also called spontaneous adjustment
emission (Fritts and Alexander, 2003; Plougonven et al., 2013). In this
theory, the unbalanced flow tries to restore balance through radiating
away energy in form of gravity waves. The causes for these imbalances
are various and include, for example, the acceleration or deceleration of
the flow by cross-stream pressure gradients (Fritts and Luo, 1992; Luo
and Fritts, 1993; Guest et al., 2000), the evolution of fronts (frontogen-
esis) and baroclinic instabilities (O’Sullivan and Dunkerton, 1995; Grif-
fiths and Reeder, 1996; Reeder and Griffiths, 1996), local body forces
due to gravity wave dissipation (Zhu and Holton, 1987; Vadas and Fritts,
2001), and the break down of a mixing layer due to shear instabilities
(e.g. Medvedev and Gavrilov, 1995; Bühler, 1999).

Even though the cause of imbalance is not very important, for the
gravity waves emitted while restoring balance, the spatial and tempo-
ral characteristics of the imbalance have a direct effect on the emitted
gravity wave spectrum. The longer the forcing on the flow persists, the
smaller is the frequency of the waves. Typical periods of jet generated
gravity waves are between 1 h and the inertial period 1/ f . The wave-
lengths of these gravity waves are in general about twice the extent of
the imbalance and on the order of a few kilometres in the vertical and
10-100 times larger in the horizontal. gravity waves excited by spon-
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taneous adjustment propagate in general both upward and downward
away from the source. Thus, the sources can often be found in mea-
surements where fish-bone patterns are present in vertical cross sections
(Vadas et al., 2018).

Gravity waves are also frequently observed in jet exit regions. These
regions are characterized by a widening of the stream lines of a jet. A
simple model of such a jet exit region is a dipole consisting of a cyclone
and an anticyclone travelling together at slow speed (Cunningham and
Keyser, 2000; Snyder et al., 2007). These dipoles can be persistent over
many days and emit gravity waves at the front of the dipole throughout
the whole period. These gravity waves in general originate from spon-
taneous adjustment emission within the core of the jet (Snyder et al.,
2007; Wang and Zhang, 2010). However, they get trapped by the jet
and transported to the jet exit region (Buehler et al., 2005; Viudez,
2008; Wang et al., 2010). The propagation of these waves inside the
jet strongly influences the wave structure. Thus, the spatial and tempo-
ral properties of the escaping gravity waves are mainly determined by
the background flow and not by the original source of the waves (Snyder
et al., 2009; Wang and Zhang, 2010; Wang et al., 2010). In contrast, the
amplitudes of these gravity waves are mainly determined by the origi-
nal sources (Wang and Zhang, 2007; Lin and Zhang, 2008; Wang and
Zhang, 2010).



3 Data acquisition

This thesis uses measurement and model data from various sources. The
methods used for data acquisition are described in this chapter. Most
measurement data originate from an aircraft measurement campaign
called PGGS (Section 3.1), which took place from December 2015 to
March 2016. The main scientific goals of this campaign and the scientific
payload on board of the German High Altitude and Long Range Research
Aircraft (HALO) are summarized. Section 3.2 follows with a detailed
description of the measurement principle of the Gimballed Limb Ob-
server for Radiance Imaging of the Atmosphere (GLORIA). Flight plan-
ning methods needed to achieve the best measurement results with GLO-
RIA are presented in Section 3.3. Additional to the airborne measure-
ments, data from the spaceborne Atmospheric Infrared Sounder (AIRS;
Section 3.4) along with model data from the European Centre for Medium-
Range Weather Forecasts (ECMWF; Section 3.5) are used to accomplish
the scientific findings derived in the following chapters.

3.1 Aircraft measurement campaign

From December 2015 to March 2016 an extensive aircraft measurement
campaign called PGGS took place with ground bases in Oberpfaffen-
hofen, Germany, and Kiruna, Sweden. PGGS actually was a conglomer-
ate of several campaigns with different scientific targets:

• POLSTRACC: observe the polar stratosphere in a changing cli-
mate,

• GW-LCYCLE: study the full life cycle of gravity waves,
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• GWEX: demonstrate the use of infrared limb imaging for gravity
wave studies,

• SALSA: investigate the seasonality of air mass transport and origin
in the lowermost stratosphere.

During the campaign, 21 research flights were performed covering
20° N to 90° N and 80° W to 30° E (Figure 3.1), out of which seven con-
tained measurements of gravity waves. On 12 January 2016, a gravity
wave field was sampled above the Italian Apennine Mountains. On 25
January 2016, a gravity wave field above Iceland was probed with a
hexagonal flight pattern dedicated to full angle tomography with GLO-
RIA. On 28 January and 29 February, gravity waves above southern and
northern Scandinavia were investigated with linear flight patterns. On
2 February 2016, a mountain wave above Svalbard was chosen as one
of the scientific goals and encircled with a hexagon. On 6 March and
10 March 2016, gravity waves above the southern tip of Greenland and

Figure 3.1: All measurement flights performed during PGGS.
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above the Greenland plateau were addressed by scientific flights. This
thesis will present and analyse GLORIA measurement results from the
flights on 25 January 2016 above Iceland (Chapter 6) and on 28 January
2016 above southern Scandinavia (Chapter 7). The scientific targets of
all other PGGS flights are listed in Table 3.1. Scientific topics including
gravity waves are highlighted in bold.

The carrier used for this campaign was the German High Altitude and
Long Range Research Aircraft (HALO; see Figure 1.4). This plane is
based on the business jet Gulfstream G550 with modifications that allow
the mounting of a wide variety of scientific equipment. The maximum
speed of HALO is 940 km h−1, the maximum cruise altitude is 15.5 km,
and the maximal flight distance is 12 500 km (DLR, 2018). Due to the
weight of the scientific payload, the maximum flight altitude is in gen-
eral not reached during scientific measurement campaigns. The high-
est flight altitude during PGGS was 14.9 km. Due to the maximal al-
lowed take-off weight, every scientific instrument decreases the maxi-
mum amount of fuel, which HALO can take on a flight. Thus, the maxi-
mal flight distance is determined by the weight of the scientific payload
and is typically around 9000 km.

The scientific payload of HALO during PGGS encompassed three re-
mote sensing instruments: GLORIA in the belly-pod, the upward looking
water vapor, cloud and ozone lidar WALES, and the differential optical
absorption spectrometer miniDOAS. In addition, the Basic HALO Mea-
surement and Sensor System (BAHAMAS) measuring temperature, pres-
sure and winds at high precision and high temporal resolution as well
as a number of in-situ instruments were part of the payload. The full
list of instruments can be found in Table 3.2. This thesis uses data from
GLORIA, the BAHAMAS system and the dropsondes. BAHAMAS and
the dropsondes are descibed shortly in the following. Section 3.2 gives
a detailed description of the GLORIA instrument and the used retrieval
methods.

BAHAMAS is part of the extended standard instrumentation on HALO.
The main sensors are mounted inside a nose boom which allows for
more accurate temperature and wind measurements than possible on
standard airplane instrumentation. After post-flight processing, data are
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Table 3.1: Scientific targets of the HALO research flights during PGGS.

# Date Scientific targets

1 08/12/2015 Operational test flight
2 10/12/2015 Operational test flight
3 13/12/2015 Scientific instrumentation test flight
4 17/12/2015 SALSA: early winter survey
5 21/12/2015 POLSTRACC: early winter survey into polar vortex
6 12/01/2016 Ferry flight to Kiruna: long transect from subtropical air masses

to polar vortex core,tropopause fold above Italy interacting
with gravity waves

7 18/01/2016 POLSTRACC: renitrification and enhanced ClOx in the polar
vortex

8 20/01/2016 POLSTRACC: renitrification, enhanced ClOx , and very cold
temperatures in the polar vortex, polar stratospheric clouds

9 22/01/2016 POLSTRACC: polar stratospheric clouds east of Greenland
10 25/01/2016 GW-LCYCLE/GWEX: Gravity waves above Iceland,

hexagonal flight pattern
11 28/01/2016 GW-LCYCLE/GWEX: Transient gravity waves above

southern Scandinavia, coordinated flight with the Falcon
research aircraft

12 31/01/2016 POLSTRACC: late January survey into the polar vortex
13 02/02/2016 GW-LCYCLE/GWEX: Gravity waves above Svalbard,

hexagonal flight pattern
POLSTRACC: high latitude survey

14 26/02/2016 POLSTRACC: late February survey at different theta levels to
study the chlorine and bromine chemistry inside the polar vortex

15 29/02/2016 POLSCTRACC: the development of a polar low off the
Norwegian coast,
GW-LCYCLE/GWEX: gravity waves above northern
Scandinavia

16 06/03/2016 GW-LCYCLE/GWEX: gravity waves at the south tip of
Greenland,
POLSTRACC: high ozone loss and cirrus clouds

17 09/03/2016 POLSTRACC: ozone loss and depleted NOy
18 10/03/2016 GW-LCYCLE/GWEX: gravity waves above the Greenland

plateau,
SALSA: air masses with high N2O

19 13/03/2016 Ferry flight to Oberpfaffenhofen: low N2O over Greenland, high
tropopause and high N2O between Greenland and Great Britain

20 16/03/2016 SALSA: late spring survey
21 18/03/2016 POLSTRACC: evolution of air masses already probed on

13/03/2016, cirrus clouds
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provided shortly after flight (1–2 days). The resolution of nominal data
is ≈1 Hz, for turbulence studies experimentally higher temporal resolu-
tions are recorded. The temperature measurements of BAHAMAS have
an accuracy of 0.5 K and a precision below 0.1 K (Giez, 2012).

Dropsondes are sensors on parachutes released from the aircraft, which
send meteorological information to a receiver in the aircraft by teleme-
try. They register temperature, GPS position information from which
horizontal winds are derived, and pressure. A sonde takes approxi-
mately 15 min from 14 km to the ground. A temporal sampling of 2 Hz
corresponds to a vertical resolution of approximately 20 m (Kaufmann,
2018).

Table 3.2: List of scientific instruments for the aircraft measurement campaign
PGGS on board of HALO.

Acronym Explanation

AENEAS NOy measurement
AIMS Atmospheric Chemical Ionization Mass Spectrometer
BAHAMAS Basic Halo Measurement and Sensor System
Dropsonde System Meteorologic data set below HALO
FAIRO Fast ozone measurement
FISH Fast In-situ Stratospheric Hygrometer
GhOST Gaschromatograph for Observation of Startopsheric Tracers
GLORIA Gimballed Limb Observer for Radiance Imaging of the

Atmosphere
HAGAR-V High Altitude Gas AnalyzeR
HAI Hygrometer for Atmospheric Investigation
TRIHOP Three-channel tunable diode laser instrument for atmospheric

research
miniDOAS Differential Optical Absorption Spectroscopy
WALES Water Vapour Lidar Experment in Space
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3.2 Gimballed Limb Observer for Radiance
Imaging of the Atmosphere (GLORIA)

3.2.1 Measurement concept

The Gimballed Limb Observer for Radiance Imaging of the Atmosphere
(GLORIA) is an infrared limb sounder with a Fourier Transform Spec-
trometer (FTS) developed for deployment on an aircraft (Friedl-Vallon
et al., 2014; Riese et al., 2014). GLORIA combines a classical Michelson
interferometer with a 2-D detector array. It measures the infrared ra-
diation in the spectral range from 780 cm−1 to 1400 cm−1 (Figure 3.2),
which is emitted by particles and trace species in the atmosphere. The
interferometer spectrally resolves this radiation to reveal characteristic
molecular emission bands. The 2-D detector array consists of 256× 256
pixels, out of which 48 horizontal× 128 vertical pixels are used to de-
crease the read-out time. GLORIA provides more than 6 000 simulta-
neous limb-views with elevation angles ranging from −3.3° to slightly
upwards. Thereby, an altitude range from 4 km up to flight altitude
around 15 km is covered. To increase the signal-to-noise ratio, all pixels
of one detector-row are co-added to superpixels. Even though this co-
adding reduces the horizontal resolution of trace gas and temperature
retrievals in flight direction slightly, it improves the measurement quality
drastically. Further, one has to keep in mind, that the horizontal resolu-
tion across flight direction is much worse than in flight direction, which
means the slight reduction in flight direction does not change the infor-
mation content gained from these measurements. The horizontal point
spread function (PSF) of these superpixels is 1.5°, which corresponds to
6.7 km at an altitude of 10 km.

GLORIA’s line of sight (LOS) aims towards the horizon - also called
limb of the Earth - on the right side of the aircraft. These straight LOSs
get a parabolic shape when plotted in a cartesian coordinate system with
x-axis following the Earth’s surface (Figure 3.3 a). The point of the LOS
which is closest to the earth surface is called tangent point. Due to the
exponentially declining density of the atmosphere with altitude, most
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Figure 3.2: Infrared spectra measured by GLORIA on 25 January 2016 at
10:14 UTC. Shown are co-added spectra of the 128 superpixels. The spec-
tral ranges used for the retrievals in this thesis (see Table 3.4) are highlighted
in grey.

radiation along the LOS is emitted at lower altitudes and, thus, around
this tangent point. Moreover, for geometrical reasons, a comparatively
long part of the LOS samples altitudes close to the tangent point, while
higher atmospheric layers are passed only briefly. As a consequence,
limb sounders are in general more sensitive to changes in the atmo-
sphere around the tangent point. The temperature weighting function
in Figure 3.3 b, which is a measure for the amount of measured radiation
originating from a certain point in space, demonstrates this nicely. The
horizontal resolution of limb sounders along LOS can be calculated from
the full width at half maximum (FWHM) of this temperature weighting
function. For conventional limb sounders this resolution along LOS is on
the order of 200 km to 300 km (Riese, 1994; von Clarmann et al., 2009;
Ungermann et al., 2012).

GLORIA is operated in two different modes: The chemistry mode,
which has a high spectral sampling of 0.0625 cm−1, and the dynamics
mode with a coarser spectral sampling of only 0.625 cm−1. The coarser
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Figure 3.3: In Panel (a) a simple schematic of the limb sounding geometry is
given. The airplane is flying orthogonally into the paper plane. Images taken
under 90° azimuth cover the dark grey area with LOSs. The respective tangent
points (bright coloured dots) increase in distance with decreasing altitude. The
tangent points of forward and rearward looking images (light grey and pale
coloured dots) are closer to the flight path. The LOS, which are straight lines
in reality, have a parabolic shape in this plot due to the transformation into a
cartesian coordinate system with x-axis following the earth surface. Panel (b)
shows the weighting function along three different LOSs indicating the con-
tribution of the respective part of the atmosphere to the observed signal. In
panels (c) and (d) the principles of LAT and FAT with the GLORIA instrument
are depicted, respectively. Shown are top views in bird perspective onto the
flight path. The dots again indicate the tangent points and are coloured ac-
cording to their altitude. Each grey sector indicates one horizontal scan from
45° (right forward) to 135° (right backward). The lighter the grey, the later in
time are these measurements taken. Figure from Krisch et al. (2018).
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spectral sampling leads to a faster interferogram acquisition and accord-
ingly an improved spatial sampling in flight direction (at 10 km altitude
0.45 km instead of 2.25 km). The horizontal resolution in flight direc-
tion, is not dominated by the spatial sampling but by the point spread
function (PSF) of the detector and is on the order of several kilometres
for both measurement modes depending on the tangent-point altitude.

The improved spatial sampling of the dynamics mode is used to scan
the atmosphere horizontally in steps of 4° from 45° (right forward) to
135° (right backward) with respect to the aircraft’s heading (Figure 3.3 c).
In this way, the same volume of air is measured under different angles,
which allows for tomographic retrievals (Natterer, 2001). With this con-
cept the horizontal resolution can be improved by up to an order of
magnitude. The exact values of the spatial resolutions in all directions,
depend on the specific measurement pattern and retrieval set-up and
are discussed separately for each presented retrieval in the respective
chapters.

Measuring emitted radiation from all 360° around the volume, for
instance, by flying a hexagon, is called full angle tomography (FAT,
Figure 3.3 d). In contrast to FAT, limited angle tomography (LAT, Fig-
ure 3.3 c) does not measure the volume from all sides but only from a
limited set of angles. Due to the horizontal scanning capabilities of the
GLORIA instrument, this is already possible on a linear flight path. How-
ever, LAT inversion problems are in general seriously ill-posed (Natterer,
2001). Well-posed problems in the mathematical term are defined to
have a unique and continuous solution (Hadamard, 1902). If a problem
does not have a solution or the solution is not unique or not a contin-
uous function of the input parameters, the problem is called ill-posed.
Problems with multiple solutions can often be converted to well-posed
problems through adding a priori knowledge in form of regularisation
terms.

Using FAT allows for the 3-D reconstruction of a cylindrical volume.
The diameter of this volume depends on the flight path and is usually on
the order of 400 km. The volume which can be reconstructed with LAT
is given by the tangent point distribution. Tangent points of forward or
backward looking measurements are closer to the flight path then those
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with an azimuth angle of 90° (see Figure 3.3 a). At higher altitudes,
the tangent points are closer together and thus the horizontal resolution
across flight track is higher. At the same time the horizontal extent of the
tangent point covered area is smaller at higher altitudes. In the verti-
cal, the volume covered by tangent points has a banana-like shape with
increasing distance to the flight path and increasing horizontal extent
with decreasing altitude. At 10 km altitude, the horizontal extent of the
measurement volume across flight track is on the order of 150 km.

Using LAT, all overlapping measurements of an air parcel are taken
less than 15 min apart. In contrast, the acquisition time of the full angle
tomogram acquired on the 25 January 2016 above Iceland was 125 min.
Thus, LAT is more suitable for measurements of transient gravity waves
and gravity waves in a fast changing background wind, whereas for FAT
steady gravity waves with a ground-based phase speed of approximately
0 are needed. Further advantages and disadvantages of FAT and LAT
for gravity wave measurements are discussed in Chapter 5, where the
sensitivity of both measurement methods to gravity waves is studied in
detail.

3.2.2 Level 2 processing

In remote sensing, the process of converting raw detector measurements
to equitemporally sampled interferograms is called level 0 processing.
Level 1 processing transforms these interferograms to calibrated spec-
tra. The derivation of geophysical quantities from these calibrated spec-
tra is called level 2 processing. Level 2 processing is an inverse problem,
meaning there is no function directly relating the atmospheric radiation
at the place of the instrument with the geophysical quantities. However,
a forward model describes which radiation is expected to be measured
by the instrument if the atmosphere has a certain temperature and trace
gas distribution (Section 3.2.2.1). By iteratively adapting these tem-
perature and trace gas distributions, the simulated measurements can
be adjusted until they agree with the real measurements within a cer-
tain range of expectation. This process is called inversion or retrieval
(Section 3.2.2.2). The retrieval diagnostics describe the influence of dif-
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ferent error sources and the retrieval set-up on the retrieved geophysical
quantities (Section 3.2.2.3).

3.2.2.1 Forward model and GLORIA measurement simulator
(GLSIM)

The forward model F : �n → �l maps a certain atmospheric state a ∈ �n

onto a set of radiances F(a) ∈ �l as could be measured by GLORIA. It de-
scribes the radiative transfer in the atmosphere, which is determined by
emission, absorption and scattering processes. The change of radiation
in space at a certain wave number ν can be described by the equation
of radiative transfer (e.g. Chandrasekhar, 1960):

I(ν, s) = I(ν, 0)e−τ(ν,0,s) +

∫ s

0

ℑ(ν, s′)e−τ(ν,s′,s)κ(ν, s′)ρ(s′)ds′, (3.1)

where ℑ = j
κ is the so-called source function, j the emission coefficient,

and κ the absorption coefficient. The optical thickness τ(ν, s′, s) be-
tween point s′ and s is defined by

τ(ν, s′, s) =

∫ s

s′
κ(ν, s′′)ρ(s′′)ds′′. (3.2)

The absorption coefficient κ is a function of trace species, wave number
ν, temperature T and pressure p. It can be calculated using character-
istic absorption lines tabulated in databases like for example HITRAN
(high-resolution transmission molecular absorption database; Rothman
et al. (2013)). The optical thickness τ in Equation 3.1 is used to define
the transmittance tr(ν, s′, s) = e−τ(ν,s′,s).

In local thermodynamic equilibrium and in the absence of scattering,
the source function ℑ(ν, s′) becomes the Planck function

�(ν, T (s′)) =
2hpν

3

c2

1

exp(
hpν

kB T (s′) )− 1
, (3.3)
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with Planck constant hp, speed of light c, and Boltzmann constant kB.
To adjust the general equation of radiative transfer (Equation 3.1)

to the GLORIA measurement geometry, one has to integrate along LOS
from space (s = ∞) to the instrument location (s = 0). The infrared
radiation in space is negligible (I(s →∞) ≈ 0), thus the radiation ar-
riving at the instrument can be calculated as follows:

I(ν) = −
∫ ∞

0

�(ν, T (s′))dtr(ν, 0, s′)
ds′ ds′. (3.4)

The forward model F does this calculation for a certain set of spectral
ranges defined by the retrieval set-up. It takes as input the atmospheric
pressure, temperature and trace gas distribution, which determines the
Planck function and the transmittance at every point s′ in the atmo-
sphere.

The forward model F also includes the spectral resolution of the de-
tector, called instrument line shape (ILS), and the spatial resolution of
the detector, called PSF. The PSF is convolved with the radiation coming
from all azimuth angles Θ and all elevation angles Φ:

F(a) =

∫ π/2

−π/2

∫ 2π

0

PSF(Θ,Φ)
∑
ν

ILS(ν)I(ν)dΘdΦ (3.5)

As GLORIA can measure radiances only with finite precision and accu-
racy, a measurement error ε ∈ �l is added to get the simulated radiances
y ∈ �l:

y = F(a) + ε (3.6)

The radiative transfer modelling for GLORIA is done using the Jülich
Rapid Spectral Simulation Code V2 (JURASSIC2) which efficiently han-
dles the large data amounts of imager instruments and tomographic re-
trievals. It is based on JURASSIC (Hoffmann, 2006), which was pre-
viously used as forward model for the evaluation of several satellite-
and air-borne remote sensing experiments (e.g. Hoffmann et al., 2008;
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Weigel et al., 2010; Ern et al., 2017). It contains several approaches
of varying computational complexity and accuracy for computing radi-
ances, but we employ in this work the fast table based approach using
the emissivity growth approximation (EGA; e.g. Weinreb and Neuen-
dorffer, 1973; Gordley and Russell, 1981; Riese et al., 1999).

The forward calculation can also be used to generate simulated mea-
surements. This is implemented in the GLORIA measurement simulator
(GLSIM), which combines the forward model with the facility to simu-
late a range of potential flight patterns. Thus, the effectiveness of differ-
ent measurement geometries can be explored without using costly flight
hours and real measurement time.

3.2.2.2 Retrieval

The Jülich Tomographic Library (JUTIL) software package is used for
mapping infrared spectra back to geophysical quantities, in our case the
retrieved atmospheric state ar ∈ �n. The ill-posed retrieval problem is
approximating by a well-posed one using a temperature regularisation.
This temperature regularisation is implemented following the scheme
introduced by Tikhonov and Arsenin (1977):

J(a) =
�
F (a)− y

�T
S−1
ε

�
F (a)− y

�
+ (a− aa)

T S−1
a (a− aa)→min

(3.7)

with Sε ∈ �l×l the measurement error covariance matrix and Sa ∈ �n×n

the covariance matrix of the atmospheric state vector. The first term
of the cost function J is a measure for the agreement between simu-
lated and real measurements. The regularisation term (second part of
Equation 3.7) converts the ill-posed problem into a well-posed one and
ascertains a physically meaningful solution. The regularisation is based
on an a priori covariance matrix Sa:

S−1
a =

w0

σ2
|a|2 + w1

σ2

�����cz
∂

∂ z
a

����
2

+

����ch
∂

∂ x
a

����
2

+

����ch
∂

∂ y
a

����
2�

. (3.8)
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Table3.3:Standarddeviations,weightingfactors,vertical(cz),andhorizontal

(ch)correlationlengthsusedfortheconstructionofthecovariancematrixSa
(Equation3.8).

atmosphericquantity σ w0 w1 cz ch

temperature 1K 10−3 10−2 1.0km 100km

O3 141ppbV 10−6 10−5 8.0km 6400km

CCl4 13pptV 10−5 10−4 2.0km 800km
HNO3 987pptV 10−7 10−4 3.2km 1280km

Thestandarddeviationsσ,weightingfactorsw1andw2,andthecorrela-

tionslengthsczandchusedfortheretrievalaregiveninTable3.3.These

factorsarechosenafterseveralsensitivitytest.Inthecurrentretrieval

version,theycannotbeinterpreteddirectlyasphysicallymeaningfulcor-

relationlengths.Amorephysicalregularisationscheme,whichwilluse

correlationlengthsestimatedfromclimatologicalmeasurements,iscur-

rentlyunderdevelopment(Krasauskasetal.,2018).

Theminimizationproblemissolvedwithatruncatedconjugategradi-

entbasedtrustregionscheme.Moredetailsontheretrievalalgorithms

usedforGLORIALevel2processingaredescribedbyUngermannetal.

(2015).Todecreasethecomputationaleffort,onlyalimitednumber

ofspectrallinesisusedfortheretrievals.Conventionalinfraredtem-

peratureretrievalsforlimbsoundinginstrumentsusespectralrangesin

theCO2Q-branchregionat790.75cm
−1(12.6➭m)(Rieseetal.,1997;

Ungermannetal.,2010a).TheresolutionalongLOScanbeincreased

byincludingadditionalspectralrangeswithdifferentemissionandab-

sorptioncharacteristics(Ungermannetal.,2011).Theretrievalspre-

sentedinthisthesisusethespectralrangesinTable3.4.Theretrievals

ofthegravitywavesensitivitystudy(Chapter5)useonlythespectral

ranges1to7inTable3.4.Theretrievalsinvolvingactualmeasurements

(Chapter6and7)includethespectralranges8and9inTable3.4toim-

provetheknowledgeabouttheCCl4backgroundradiationintheCO2
Q-branchregion.Furthermore,thespectralranges10to13areused

additionallytoretrievethetracegasHNO3,whichismostlyusedtoget
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Table 3.4: Spectral ranges used for the GLORIA retrievals presented in this
thesis. The last column indicates the retrieved quantity for each spectral range.
For the simulation study (Chapter 5.2 and 5.3), the spectral ranges 1 to 7 are
used. For the real measurement retrievals (Chapter 5.4), the spectral ranges 8
to 13 are added. The spectral ranges are highlighted in grey in Figure 3.2.

Spectral range in cm−1 Used for

1 790.625 – 791.250 temperature
2 791.875 – 792.500 temperature
3 956.875 – 962.500 temperature
4 980.000 – 984.375 temperature, O3
5 992.500 – 997.500 temperature, O3
6 1000.625 – 1006.250 temperature, O3
7 1010.000 – 1014.375 temperature, O3
8 793.125 – 795.000 CCl4
9 796.875 – 799.375 CCl4
10 883.750 – 888.125 HNO3
11 892.500 – 896.250 HNO3
12 900.000 – 903.125 HNO3
13 918.750 – 923.125 HNO3

an accompanying picture of a second stratospheric tracer besides ozone.

To improve the convergence speed and the quality of retrievals, a pri-
ori fields are taken from different models. The temperature a priori
was constructed from ECMWF operational analyses by applying the scale
separation described in Chapter 4.1 and using the background field as a
priori. This ensures that any gravity wave signature in the retrieval result
does not originate from the a priori field. The pressure field was taken
directly from the ECMWF analysis. The a priori fields of several trace
gases (CH4, CO2, H2O, O3, ...) are taken from the Whole Atmosphere
Community Climate Model version 4 (WACCM4; Marsh et al., 2013).
For the study based on synthetic data in Chapter 5, a climatological field
ac from Remedios et al. (2007) is used as a priori field.

For small perturbations, the forward model can be linearised using a
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Taylor expansion (Rodgers, 2000; Ungermann et al., 2010a):

y − y a = F′(aa)(a− aa) + ε. (3.9)

F′(aa) =
∂ F
∂ a

��
aa

is the Jacobian matrix of the forward model evaluated at
aa and y a = F(aa) are the simulated radiances of the a priori state.

With the retrieval gain matrix G(aa) = (F′(aa)T S−1
ε

F′(aa)+S−1
a )−1F′(aa)T S−1

ε

and the Jacobian matrix F′(aa), the averaging kernel matrix A(aa) =
G(aa)F′(aa) can be calculated. Using the averaging kernel and the gain
matrix, synthetic perturbations of the atmospheric state Δas, such as
gravity waves, as well as synthetic measurement errors εs can directly
be transferred into retrieved atmospheric perturbations Δar:

G(aa)(y − y a) = G(aa)(F
′(aa)(a− aa) + εs) (3.10)

Δar = A(aa)Δas +G(aa)εs. (3.11)

This linearisation is used for the synthetic sensitivity study presented
in Chapter 5 and for the error analysis (detailed description in Chap-
ter 3.2.2.3)). For the wave amplitudes used for the sensitivity study, the
noise term G(aa)ε is negligible with respect to the other terms and, thus,
is disregarded. For selected cases, the linear approximation has been
validated by a comparison of linear and non-linear retrieval results.

3.2.2.3 Diagnostics

As described in Chapter 3.2.2.2, a linearisation of the retrieval can be
used to calculate the influence of arbitrary error sources. Covariance ma-
trices describing different systematic error sources are assembled using
an auto-regressive approach with reasonable standard deviations and
correlation lengths (Tarantola, 2004). The standard deviations and cor-
relation lengths used for the different systematic errors are summarized
in Table 3.5. All these systematic errors are combined under the label
accuracy. It is assumed that gain and offset errors are spatially uncorre-
lated, but spectrally fully correlated (in the absence of a better character-
ization, this provides a worse error estimate than assuming no spectral
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Table 3.5: Systematic error sources included in the retrieval diagnostics with
respective standard deviations and correlation lengths.

Error source standard deviation correlation lengths

pointing errors 0.05° vertical: ∞, temporal: 0
misrepresented background
gases

from Remedios et al. (2007)

uncertainties in spectral line
characterization

5 % temporal: ∞
calibration errors gain 1 % temporal: ∞
calibration errors offset 5 nW temporal: 0

correlation). The effects of calibration errors on the GLORIA retrieval
are discussed in detail in Appendix B.

The covariance matrix for measurement noise is taken from theoret-
ical estimates given by Friedl-Vallon et al. (2014) that agree well with
estimates derived from real measurements (Kleinert et al., 2014). Error
estimates calculated from this measurement noise will be named preci-
sion error in the following. The resolution describes which area around
a measurement point influences its value. However, from a numerical
perspective, the influence as determined by the averaging kernel matrix
becomes never exactly zero simply due to numerical inaccuracies in de-
termining the matrix. Atmospheric values closer to a measurement point
in general have higher influence than values far away. One way to de-
termine the influence of the atmosphere around a measurement point is
to look at the averaging kernel matrix A. The resolution of 1-D remote
sensing retrievals at a certain point in the atmosphere can be defined
as the full-width-at-half-maximum (FWHM) of the respective averaging
kernel (Rodgers, 2000; von Clarmann et al., 2009). In previous work
(Ungermann et al., 2011), the vertical resolution of tomographic GLO-
RIA measurements was determined from the FWHM of the centre row
of the averaging kernel. The horizontal resolution was derived from a
sphere containing all points of the averaging kernel A larger than half
the maximum. The averaging kernels of LAT retrievals have a very com-
plex shape and are in general not symmetric in the horizontal. Thus,
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the resolutions of the 3-D retrievals presented in this thesis are defined
by the lengths of the main axes of a 3-D ellipsoid containing all points
of the averaging kernel A larger than half the maximum. This is espe-
cially useful for determining the spatial resolutions of more ill-posed LAT
retrievals than the previously used circular spheres.

3.3 Scientific flight planning

To gain the best possible scientific results, the measurement flights have
to be specifically tailored to the respective atmospheric situations. This is
done with the help of the Python-based Mission Support System (MSS).
MSS is a web-service based tool for scientific flight planning initially
developed by Rautenhaus et al. (2012). In preparation for the mea-
surement campaign in Winter 2015/2016, this tool entered the public
domain and became an open source program. It consists of two major
components: First, a web server providing an Open Geospatial Consor-
tium Web Map Service (WMS) with some additional proprietary features
enabling, for example, also vertical cross-sections needed for scientific
flight planning; Second, a cross-platform Python client for actual flight
planning, which may access any WMS server. The WMS server is able
to provide horizontal and vertical cuts through any regularly gridded
model data following the NetCDF Climate and Forecast metadata stan-
dards. To support the scientific study of gravity waves, plots of new data
products such as gravity wave perturbations and momentum flux data
were included.

The front end was drastically enhanced in a joint effort before and dur-
ing the PGGS campaign by implementing several features required espe-
cially for the planning of tomographic flights with GLORIA (Figure 3.4).
For example, hexagonal flight patterns can now easily be added through
providing a centre point, a radius, and a rotation angle. After creation,
single points of the hexagon can be shifted separately or deleted to pre-
cisely adjust the flight path to the requirements. Another option im-
plemented to adapt the flight path accurately to the GLORIA viewing
geometry is the display of GLORIA tangent points at different altitudes.
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Figure 3.4: Top view of a gravity wave forecast for the flight on 25 January
2016 in the MSS flight planning tool including the GLORIA specific novel de-
velopments of the front end. The filled contours show the temperature per-
turbation field. The flight path is coloured with respect to the angle between a
GLORIA 90° azimuth LOS and the sun. The angle becomes larger, thus less crit-
ical, from red over orange, dark violet, light violet, dark green, to light green.
The red dots mark the tangent points at 12 km altitude, the red lines mark the
viewing direction of 90° azimuth.

This feature simplifies the location of self-match flight patterns, where
the GLORIA measurements from one leg cover the flight path of another
leg at a lower altitude. The exact altitude difference and horizontal dis-
tance between the two legs can now be determined directly in the flight
planning tool. During calibration sequences, GLORIA takes deep space
measurements, meaning its LOS is pointed slightly upwards. If the LOS
is points into the sun, the measurement quality is strongly decreased and
not sufficient for calibration any more. Direct sunlight on the entrance
window of GLORIA, which does not directly enter the optics, will heat
the window, increase its emissions, and reduce the measurement quality.
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Thus, I included the display of solar azimuth and elevation angles along
the flight track. This new feature, was then used to adjust the horizontal
viewing direction of the instrument to improve the measurement quality
and to plan the calibration sequences.

To get from a scientifically optimal flight plan to a real flight plan
submitted to air traffic control, several iterations between scientist and
pilots are necessary. Originally, the exchange of flight plans took place
through simple text files or even on paper and the coordinates of the
flight path had to be entered by hand in the respective flight planning
tool of the other party. To simplify this data exchange, I implemented
in MSS new reading and writing routines for several data formats, like
csv1 or FliteStar2. Further, air traffic control regions and restricted areas
were added to MSS to reduce the number of iteration loops between
pilots and scientists.

3.4 The Atmospheric Infrared Sounder
(AIRS)

The Atmospheric Infrared Sounder (AIRS) is one of the instruments on-
board NASA’s Earth Observing System (EOS) Aqua satellite (see also
Aumann et al., 2003; Chahine et al., 2006). AIRS is a nadir-scanning
instrument that performs scans across the satellite track. Each scan
consists of 90 footprints across track, and the width of the swath is
about 1800 km. At nadir, the footprint diameter is 13.5 km, and the
across-track sampling step is 13 km. The along-track sampling distance
is 18 km. The EOS Aqua satellite is in a sun-synchronous orbit with fixed
equator crossing times of 13:30 LT for the ascending orbit (flying north-
ward) and 01:30 LT for the descending orbit (flying southward).

AIRS is a hyperspectral radiometer that measures atmospheric emis-
sions of CO2 with high spectral resolution. In contrast to limb geometry,

1comma-separated values file format
2FliteStar is a commercial flight planning tool from Jeppesen Sanderson, Inc. used
by the HALO operating crew.
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nadirsoundingdependsonthesaturationoftheradiancealongtheray-

pathtogainverticalinformation. Dependingonthewavelength,the

sensitivityfunctionalongLOSpeaksatdifferentaltitudes(Hoffmann

andAlexander,2009).Bycombiningmultiplespectrallines,atemper-

atureprofilecanberetrieved.Incontrasttolimbsounders,thevertical

resolutionsofthesenadirprofilesareusuallyontheorderof10kmto

20km.

Forretrievalsofnighttimedata,emissionsofthe4.3➭mandthe
15➭mspectralbandscanbecombined. Fordaytimeretrievalsonly
the15➭mbandisusedduetonon-localthermodynamicequilibrium
effectswhichinfluencethe4.3➭mband.Correspondingly,AIRSnight
timedatahaveabetterverticalresolutionandlowernoise.Exceptfor

polarlatitudes,daytimedatacorrespondtoascendingorbits,andnight

timedatatodescendingorbits,respectively.TheAIRStemperaturere-

trievalspresentedinthisthesisfollowtheretrievalset-uppresentedby

HoffmannandAlexander(2009).

Theverticalresolutionofthesetemperatureretrievalsvariesfrom

6.6kmto14.7kmdependingonaltitude.Thetotalaccuracyisbetween

2.1Kand0.6K,theprecisionbetween1.5Kand2.1K(Hoffmannand

Alexander,2009).

Noobservationtechniquecanresolveallscalesofgravitywaves.In

ordertoallowquantitativeassessmentsofgravitywaveparametersde-

rivedfrommeasurements,thesensitivityfunctionoftheobservation

techniquewithrespecttogravitywaveswithdifferentspatialscales,

alsocalledobservationalfilter,hastobeconsidered(Ernetal.,2005;

Alexanderetal.,2010;Trinhetal.,2016).Theobservationalfiltermaps

thetruegravitywaveamplitudeormomentumfluxontotheamplitude

ormomentumfluxobservedbythegivenmeasurementtechnique.The

AIRSobservationalfilterforthemiddlestratosphere(36km)isshownin

Figure3.5.Forverticalwavelengthsbelow25kmthetemperatuream-

plitudeofthegravitywaveisunderestimated.Inadditiontoprevious

studies,thisthesisalsousesanobservationalfilterfortheverticalwave-

length. Theimportanceofthisadditionalobservationalfilterforthe

verticalwavelengthwillbeshowninChapter7.Whilethetemperature

amplitudeisunderestimatedforwaveswithshortverticalwavelengths,
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the vertical wavelength is overestimated by up to 50 %. As such, the
gravity wave spectrum is shifted towards higher vertical wavelengths
and AIRS gravity wave observations of waves with vertical wavelengths
below 30 km have to be treated carefully.

These values do not include effects caused by the scale separation
of the measured temperature into background temperature and gravity
wave perturbations. Sensitivity functions including the effect of scale
separation by an across-track 4th-order polynomial (a standard proce-
dure for nadir sounders) are given, for example, by Meyer et al. (2018)
or the supporting information of Ern et al. (2017). Further, gravity
waves with horizontal wavelengths of less than 100 km that may be af-
fected by the limited AIRS footprint size are not described by the obser-
vational filter in Figure 3.5.
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Figure 3.5: Sensitivity function of AIRS for gravity wave amplitude (red) and
vertical wavelength (blue) at given vertical wavelengths. Figure from Krisch
et al. (2020).
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3.5 Analysis and reanalysis model data from
the European Centre for Medium-Range
Weather Forecasts (ECMWF)

Modern numerical weather prediction (NWP) relies on two fundamen-
tal components, first, a high-resolution general circulation model (GCM)
which includes all processes relevant for weather forecast and, second,
the assimilation of a multitude of different types of measurements in
order to constrain the model state as accurately as possible to the real
atmospheric state. The European Centre for Medium-Range Weather
Forecasts (ECMWF) integrated forecast system assimilates measurement
data by a method called 4-D var. The model is constrained by measure-
ments clustered in 12 hour windows from 9 UTC to 21 UTC and from
21 UTC to 9 UTC the next morning. Measurements up to an altitude of
approximately 40 km are used in the assimilation. A model state is saved
every 3 hours for the analysis runs and hourly for the ERA5 reanalysis
runs. These model fields provide a close to reality background for the
propagation of gravity waves with the GROGRAT model (Chapter 2.3).
Further, realistic excitation of gravity waves is triggered by processes
resolved by the model, i.e. mesoscale orography and spontaneous ad-
justment. Other gravity wave source processes such as convection are
parametrized in the GCM and the emitted gravity waves are less realistic
(Preusse et al., 2014). It has to be noted, that the assimilation does not
constrain gravity waves themselves, thus, they can develop freely from
the model physics.

The dynamical core of the ECMWF GCM is based on a spectral repre-
sentation of the atmosphere. The spatial resolution was enhanced sev-
eral times in the recent decade. The ERA5 reanalysis has a horizontal
resolution of 31 km at the equator on 137 levels from the surface up to
80 km. The current ECMWF analysis used in this thesis has a horizon-
tal resolution of 16 km at the equator with the same amount of verti-
cal levels as ERA5. Though the dynamical core would in principal al-
low to resolve waves with horizontal wavelength double the horizontal
resolution, hyperdiffusion, which was introduced to provide numerical
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stability, limits well-resolved waves to about 10 spatial grid points (Ska-
marock, 2004; Preusse et al., 2014). Thus, waves of horizontal wave-
lengths longer than approximately 300 km are fully resolved in the ERA5
reanalysis data and waves of horizontal wavelengths longer than ap-
proximately 150 km in the analysis fields. Shorter waves, if excited e.g.
by topography, may still be present but are suppressed in amplitude.

In summary, the ERA5 reanalysis has a higher temporal, but lower
horizontal resolution than the ECMWF analysis. Accordingly, for small-
scale waves the ECMWF analysis is more accurate, for fast changing
situations, ERA5 might be preferable.



4 Wave characterisation

To scientifically analyse the measurement and model data described in
Chapter 3 with respect to gravity waves, the perturbations caused by
gravity waves have to be identified and the waves fully characterised.
This process happens in two steps. First, the synoptic scale background
is identified by performing a scale separation and then subtracted from
the measurements to isolate the gravity wave structure (Section 4.1 and
Krisch et al. (2020, Appendix)). Second, the gravity wave structure is
characterised using a spectral analysis, which allows to determine char-
acteristic wave vectors and amplitudes (Section 4.2).

4.1 Scale separation of atmospheric variables

The atmospheric temperature structure in the mid-latitude stratosphere
and troposphere is shaped by dynamical features of different spatial and
temporal scales. The most important features are the mean atmospheric
temperature, synoptic planetary waves and multiple small scale pro-
cesses including gravity waves. The mean atmospheric temperature is
governed by slow radiative processes and large scale meridional circu-
lations. These vary slowly in altitude and latitude, but are assumed to
remain constant in zonal direction. Synoptic scale planetary waves sur-
round the Earth on latitude circles. Thus, they have integer zonal wave
numbers1. In the mid stratosphere, the main planetary wave modes have
zonal wave numbers of 1−6. In the lower stratosphere and troposphere,

1A wave with zonal wave number 1 has one crest and one trough on a zonal path
around the Earth. This corresponds to a zonal wavelength of ≈40 000 km at the
equator and ≈20000 km at 60° latitude. A wave with zonal wave number of 20 has
20 crests and troughs and, thus, a zonal wavelength of ≈2000 km at the equator.
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also planetary waves with higher zonal wave numbers become impor-
tant. gravity waves have horizontal wavelengths of a few kilometres
to several thousand kilometres. However, due to the GLORIA measure-
ment resolution and extent, this chapter will concentrate on the identifi-
cation of mesoscale gravity waves with horizontal wavelengths between
100 km and 1000 km.

For global data sets, background and gravity wave fluctuations are tra-
ditionally separated using zonal low pass filtering with a cut-off wave
number of 6 in the mid-stratosphere (e.g. Fetzer and Gille, 1994; Ern
et al., 2006, 2018). This zonal filter might allocate gravity wave struc-
tures with long zonal but short vertical and/or meridional wavelengths
to the background. A sliding polynomial smoothing with a Savitzky-
Golay filter (SG-filter; Savitzky and Golay, 1964) in the vertical and/or
meridional direction can be applied additionally to the background field
to smear out these small scale signals. Through subtracting the smooth
background temperature from the total temperature, one receives a per-
turbation field containing different small scale processes like gravity
waves or different weather systems like convection or fronts. However,
these weather systems are only present in the troposphere and, thus,
do not interfere with the characterisation of gravity waves in the strato-
sphere. For the analysis and reanalysis model data used in this thesis,
a zonal Fast Fourier transform (FFT) filter with cut-off wave number 18
was combined with a 4th order SG-filter over a window of 5 km in the
vertical and a 3rd order SG-filter over a window of 750 km in the merid-
ional direction to get a smooth background.

Due to the local nature of GLORIA measurements, global filtering al-
gorithms, like the zonal method described above, are not suitable. A
number of low-pass filters are in general suitable for the scale separa-
tion on regional data sets. To identify the best method for the GLORIA
measurements, a 2D FFT-filter, a running mean filter, a Gaussian filter,
an SG-filter, and a Butterworth filter (BW-filter; Butterworth,1930) are
compared in the following (see also appendix of Krisch et al., 2020).
The separation of pass and stop frequencies are handled differently in
each method (Figure 4.1). The FFT-filter has a very sharp transition from
pass to stop band, but requires a periodic signal, which GLORIA mea-
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Figure 4.1: Frequency response of different low-pass filters to a delta function.
Shown are a Fast Fourier Transform (FFT) with a cut-off wavelength of 750 km,
a running mean filter with a window width of 750 km, a Gaussian filter with
a full width at half maximum (FWHM) of 500 km, a Savitzky-Golay (SG) 3rd
order polynomial smoothing in running windows of 750 km width, and a 3rd
order Butterworth (BW) filter with a cut-off wavelength of 750 km. Figure from
appendix of Krisch et al. (2020).

surements cannot provide. The running mean filter and the Gaussian
filter have both a very flat transition between pass and stop band. This
makes a clear separation more challenging. In contrast, the SG-filter
as well as the BW-filter have a faster transition between pass and stop
band.

To test these filters systematically on GLORIA-like data, a synthetic
temperature field is constructed, which covers an altitude range from
8 km to 15 km and has a horizontal extent of 1000 km centred around
0 km (Figure 4.2). This temperature field is composed of a mean back-
ground profile (Figure 4.2 a-c), a synoptic scale wave (Figure 4.2 d-f)
and a mesoscale gravity wave (Figure 4.2 g-i). The mean temperature is
defined in three altitude ranges with different properties to generate a
smooth transition. Above 11 km, a constant value of 220 K is assumed.
Between 11 km and 9 km altitude, the temperature gradient smoothly
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Figure 4.2: Synthetic temperature structure generated to test different scale
separation methods. The total temperature (last row) is constructed from a
mean temperature field (first row), a synoptic scale zonal wave (second row)
and a mesoscale gravity wave (third row). Detailed descriptions of the different
fields and their exact structure can be found in the text. Figure adapted from
appendix of Krisch et al. (2020).
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Table 4.1: Different filters used for the scale separation of gravity waves and
background and their set-up parameters.

polynomial
cut-off

wavelength
window
length

FWHM

Fast Fourier transform (FFT) 750 km
Running mean 750 km
Gaussian 500 km
Savitzky-Golay (SG) 3rd order 750 km
Butterworth (BW) 3rd order 750 km

decreases with altitude from 0 K km−1 to −6.5 K km−1. Below 9 km the
temperature gradient is then kept constant at−6.5 K km−1. The synoptic
scale wave has a wavelength of 1500 km (corresponds to wave number
12 at 60° latitude), phase fronts oriented parallel to the y-axis and a
temperature amplitude of 1.5 K. The mesoscale gravity wave is cho-
sen to have a horizontal orientation perpendicular to the synoptic scale
wave, a vertical wavelength of 300 km, and a horizontal wavelength of
5 km. The constructed wave is further multiplied by Gaussian functions
in all spatial dimensions to simulate the often localised nature of real
gravity waves. The Gaussian functions have a FWHM of 400 km in both
horizontal directions and a FWHM of 5 km in the vertical. The sum of
mean temperature, synoptic scale wave and gravity wave (Figure 4.2 j-l)
is used as input for the different filtering algorithms.

All filtering algorithms are applied in both horizontal dimensions, to
avoid, that gravity waves which are oriented along one horizontal axis,
are erroneously considered as background. The exact set-ups of the dif-
ferent filters are summarized in Table 4.1. The results are shown in Fig-
ure 4.3. With the FFT-filter (first row), the running mean (second row)
and the Gaussian-filter (third row), parts of the synoptic scale wave re-
main in the perturbation field. Thus, these filters are not appropriate for
the scale separation of GLORIA data. Both, the SG-filter (fourth row) as
well as the BW-filter (fifth row) qualitatively reproduce the original grav-
ity wave structure with minimal altering effects. The BW-filter seems to
shift the wave phases outwards, which is likely to be due to a small part
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Figure 4.3: Temperature fluctuations calculated by subtracting the low-pass
filtered background fields from the original synthetic temperature field (Fig-
ure 4.2 j-l). Figure adapted from appendix of Krisch et al. (2020).
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of the synoptic scale wave remaining in the signal. A quantitative com-
parison is done by calculating the Pearson coefficient P correlating the
original wave with the filtered results:

P =

∑n
i=1 (xi − x̄) (yi − ȳ)�∑n

i=1 (xi − x̄)2
�∑n

i=1 (yi − ȳ)2
, (4.1)

with x1 . . . xn all data points of the original wave field, x̄ the mean of the
original wave field, y1 . . . yn all data points of the remaining wave field
after filtering, and ȳ the mean of the remaining wave field after filter-
ing. The FFT-filter reaches a correlation with the original of 53.2 %, the
running mean of 51.5 %, the Gaussian of 86.9 %, the SG-filter of 99.4 %
and the BW-filter of 98.5 %. Thus, the Pearson coefficients confirm that
the SG-filter is the best choice for GLORIA measurements. Other orien-
tations and wavelengths of both synoptic scale waves and gravity waves
have been tested and lead to similar results.

Including an additional filter over the altitude dimension can further
improve the results. For the GLORIA measurements presented in this
thesis, an additional 3rd order SG-filter with a window length of 3 km is
applied in the vertical after the horizontal filtering.

4.2 Spectral analysis using a
three-dimensional sinusoidal fitting
routine (S3D)

To characterise the temperature perturbations with respect to gravity
waves, wave parameters (horizontal and vertical wavelengths, wave am-
plitude and wave direction) are derived. For this task, a small-wave
decomposition method called three-dimensional sinusoidal fitting rou-
tine (S3D) has been developed in Jülich. The method has already been
used for the characterisation of gravity waves in several publications
(Lehmann et al., 2012; Preusse et al., 2014; Ern et al., 2017).

S3D uses a least square approach to fit a sine function to the 3-D tem-
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perature perturbation field T ′ (x ) received after scale separation:

χ2 =
∑

i

( f (x i)− T ′ (x i))
2

σ2
f (x i)

(4.2)

with weighting function σ2
f (x ) and the sine function

f (x ) = T̂ · sin(kx +φ) = A · sin(kx ) + B · cos(kx ), (4.3)

with 3-D wave vector k = (k, l, m), temperature amplitude T̂ , wave
phase φ, sine amplitude A= T̂ cosφ, and cosine amplitude B = T̂ sinφ.
The reformulation into a sine and a cosine part reduces the number of
fitting parameters, since A and B can be calculated analytically for every
combination of wave vector k and atmospheric temperature perturba-
tion T ′ (x ). The wave numbers k, l, and m are derived in an iterative
minimisation scheme reducing χ2. There are different minimisation ap-
proaches implemented, such as a parameter nesting and steepest de-
scent. The iteration is ended when the method converges (i.e. χ2 falls
below a limit) or a maximum number of iteration steps is reached. As
weighting function, a Gaussian can be applied to reduce the impact of
data further away from the cube centre. After the minimisation is com-
pleted, the amplitudes A and B are converted back into the temperature
amplitude T̂ and the wave phaseφ, which are more intuitive for physical
interpretation.

The method is applied on analysis cubes – small three-dimensional
sub-regions of the perturbation field. In each cube, a superposition of
monochromatic sine waves is assumed and determined by fitting. The
quality of the results depends on the used cube size. If the cube is
too large compared to the resulting wavelengths small fluctuations get
masked by larger scale waves. Additionally, since real gravity waves
are highly variable and complex, an approximation with monochromatic
waves is only valid inside small areas (see also Chapter 6.4). If the cube
is too small, the amount of data points is not sufficient to uniquely iden-
tify the dominant wave structure. Systematic tests with synthetic waves
have shown, that cube sizes covering only 40 % of one wave cycle per
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direction in general still lead to reasonable results.
Originally, the method was implemented in the programming lan-

guage IDL and used for satellite or numerical weather prediction model
data. To apply S3D to GLORIA data, the code had to be adapted. To
make it easier accessible, the code was first transferred to the open
source language Python, and stored in a version controlled repository
(Git), to manage the changes made by different contributors. The new
version management system also includes an issue management sys-
tem for necessary future code changes, which can subsequently be ad-
dressed by different developers. The following changes are made to
make the code applicable to GLORIA measurements: Since GLORIA
measurements are sampled on regular Cartesian km-grids instead of
spherical longitude-latitude-grids, a new reading routine is implemented.
The generation of the small analysis cubes is updated to handle the new
grids. To reduce the impact of measurement data with low confidence
values, the weighting function σ2

f can now be given as an external input
and is chosen to be 1 if a tangent point exists in the corresponding grid
cell and 105 if not. GLORIA measurement data show a highly variable
strength in the temperature perturbations. To recover these variations
in gravity wave amplitude and still keep the cube sizes large enough for
reasonable fits of the wave vector, a refitting routine is inserted. The
wave vector is determined in large cube sizes first and then, in smaller
cube sizes, the wave amplitude and phase are calculated analytically
using the wave vectors determined before.





5 The measurement sensitivity
of GLORIA to gravity waves

Airborne limb imaging is a novel technique, which for the first time al-
lows the measurement of 3-D temperature and trace gas distributions
in the upper troposphere–lower stratosphere region (Ungermann et al.,
2011; Kaufmann et al., 2015). In this Chapter, the capability of GLORIA,
the first implementation of this technique, to measure the 3-D structure
of mesoscale gravity waves is investigated (see also Krisch et al., 2018).
In this context, the following research questions stated in the introduc-
tion will be answered in this Chapter: Are the achieved 3-D volumes
of atmospheric temperature sufficient in size and spatial resolution to
fully characterise mesoscale gravity waves? How does the measurement
set-up influence the quality of retrieved wave parameters? Can limited
angle tomography be used to study mesoscale gravity waves? What is
the optimal flight strategy to observe these waves with GLORIA?

For this purpose, the accuracy of reconstructing gravity wave param-
eters, such as horizontal and vertical wavelength, amplitude and wave
orientation is studied with an end-to-end simulation study for full angle
tomography (FAT) and limited angle tomography (LAT). The concept of
the end-to-end simulation is described in Section 5.1. The results for FAT
and LAT are presented in Sections 5.2 and 5.3, respectively. In addition
to this synthetic study, the temperature structures reconstructed by FAT
and LAT are compared for a real measurement case on 25 January 2016
(Section 5.4). On this day, the HALO aircraft first performed a linear
flight through a gravity wave, which was followed by a hexagon around
the same structure. Thus, both techniques are applicable.
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Figure 5.1: Methodological concept of the performed simulation study. A de-
tailed description can be found in the text. Figure from Krisch et al. (2018).

5.1 Concept of the sensitivity study

Figure 5.1 shows the concept of the end-to-end simulation, which in-
vestigates the sensitivity of different GLORIA measurement concepts to
gravity waves. The basic idea is to generate a monochromatic gravity
wave of fixed amplitude and wavelength and see if and with which accu-
racy these wave parameters can be reproduced from simulated measure-
ments. For this the standard processing chain of GLORIA with retrieval,
scale separation, and S3D fit is used.

To simulate a realistic atmosphere, a climatological field ac ∈ �n from
Remedios et al. (2007) was used, including temperature, pressure and
several trace gases. The climatological temperature T c ∈ �m was per-
turbed at each point x i ∈ �3 in space by a synthetic wave

wi
s = T̂ · sin (kx i +φ) , (5.1)

where T̂ is the temperature amplitude, k ∈ �3 the 3-D wave vector,
and φ the phase of the wave. In the present simulation study, the tem-
perature amplitude T̂ is chosen to be 3 K and the wave phase φ to be
0°. From now on, the 3-D wave vector k = (k, l, m) will mainly be ex-
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pressed in terms of vertical wavelength λz =
2π
m , horizontal wavelength

λh = 2π�
k2+l2 , and horizontal wave direction ψ = arctan2(k, l)1. Thus, if

a downward pointing wave vector is assumed (m < 0, upward propa-
gating wave), a wave with wave direction of 0° has east-west oriented
phase fronts and is tilted towards the north, a wave with wave direction
of 180° is tilted towards the south.

This predetermined atmospheric state with synthetic temperature T s

is used to calculate a set of simulated infra-red radiances using the GLO-
RIA measurement simulator (GLSIM; Chapter 3.2.2.1). For simulation
of FAT a hexagonal flight path around 0° N and 0° E with 200 km radius
was chosen, according to the hexagonal flight path tested in (Unger-
mann et al., 2011) for trace gas retrievals. For LAT a flight along the zero
meridian from 5° S to 5° N was simulated. Using these simulated infra-
red spectra, a tomographic retrieval (Chapter 3.2.2.2) is performed.
This retrieval uses only a well-defined set of infrared radiances (Ta-
ble 3.4, rows 1 to 7) and can reconstruct the atmosphere only in a re-
duced area, limited by the measurement geometry.

The retrieved temperature structure has to be scale separated into
temperature background and gravity wave perturbations before apply-
ing the wave characterisation tool S3D to derive the wave parameters.
To solely investigate the sensitivity of the measurement concept and ex-
clude any additional effects due to the scale separation, the filtering
methods presented in Chapter 4.1 are not used for this simulation study.
Instead the original temperature background from the climatology T c

is subtracted from the retrieved temperature field T r ∈ �m to obtain
the retrieved wave perturbation w r ∈ �m. Due to the GLORIA mea-
surement resolution and extent, mesoscale gravity waves with horizon-
tal wavelengths between 100 km and 1000 km and vertical wavelengths
between 1 km and 10 km are investigated with this sensitivity study. As
waves with wavelengths up to 2.5 times of the cube size can be charac-
terised, a cube size of 400 km× 400 km× 5 km was chosen.

The retrieved wave structure and the results from the S3D wave char-

10°≤ψ< 360° is the angle between y-axis and horizontal wave vector kh = (k, l) in
clock-wise direction.
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acterisation, are then compared to the synthetic wave and the synthetic
wave parameters, respectively. The absolute error of the retrieval within
an area A containing the points x i, with i = 1 . . . n, can be calculated as
follows:

S =
1
n

n∑
i=1

�
w s (x i)− w r (x i)

�
(5.2)

For a fair comparison, the area A must be chosen in a way, that it covers
the measurement region. The best coverage is achieved by choosing
the area A between 9.5 km to 11.5 km altitude, 1.75° to 2.25° longitude,
and −1° to 1° latitude for LAT and 9.5 km to 11.5 km altitude, −1° to
1° longitude, and −1° to 1° latitude for FAT. The absolute error is used
to determine the ability of the measurement technique to reproduce the
temperature amplitude T̂ of a certain synthetic wave w s:

OT̂ =
T̂s − S

T̂s

. (5.3)

By repeating this process for different horizontal and vertical wavelengths,
the observational filter of the measurement concept is established. The
observational filter is a helpful measure for the reproducibility of gravity
waves by the measurement set-up and the retrieval concept. The knowl-
edge of the observational filter is necessary for meaningful comparisons
of measurements from different instruments or measurement and model
results (Ern et al., 2005; Alexander et al., 2010; Trinh et al., 2015).
However, this traditional observational filter does not give detailed in-
formation about all wave parameters relevant, e.g., for determining the
GWMF (Equation 2.33). Using the results of the S3D wave characterisa-
tion, the concept of the observational filter thus is expanded to detailed
observational filters for all important wave parameters. The observa-
tional filter for the horizontal wavelength λh, the vertical wavelength
λz, the horizontal wave direction ψ, and the temperature amplitude T̂
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are determined for each synthetic wave parameter as follows:

Oζ = 1− 1
n

n∑
i=1

ζs − ζr(x i)
ζs

for ζ ∈ λh,λz, T̂ ,ψ. (5.4)

The so constructed more specific observational filters define the quality
of GLORIA measurements for gravity wave research. The observational
filters for FAT and LAT are presented in Sections 5.2 and 5.3, respectively.

5.2 Full angle tomography (FAT)

Figure 5.2 shows an example of a FAT of a synthetic gravity wave. The
temperature error of the retrieval remains below 0.5 K within the tan-
gent point area. Thus, FAT is capable of reproducing this gravity wave
with high accuracy. Conventional 1-D limb-sounding retrievals usually
introduce large phase shifts (Preusse et al., 2002, 2009b; Ungermann
et al., 2010a). These phase shifts can introduce errors in the vertical
wavelength of up to 25 % (Preusse et al., 2002). With FAT, no phase
shift between synthetic wave and retrieved wave is observed. Such a re-
trieval which does not introduce a phase shift, is a large improvement.

An S3D fit was performed for this retrieval with cube centres at 10.5 km
altitude and cube sizes of 5 km× 400 km× 400 km. The results of this
fit can be seen in Figure 5.3. The horizontal and vertical wavelength,
and the horizontal wave direction are well reproduced within the hexag-
onal flight pattern. The original amplitude of 3 K is underestimated by
only 0.1 K. The area outside the hexagonal flight pattern is not covered
by measurements. Thus, the quality of the fitted wave parameters is
expected to decrease towards the edges of the hexagonal flight path.

Such S3D results are used to construct the specific observational filters
in Figure 5.4 following Equation 5.4. These observational filters show
that the horizontal wavelength, the vertical wavelength and the hori-
zontal wave direction are really well reproduced for all tested waves.
The amplitude of the waves is continuously reduced for waves with hor-
izontal wavelength below 200 km or vertical wavelength below 3 km.
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Figure 5.2: FAT retrieval results for a wave with 400 km horizontal, 6 km verti-
cal wavelength, horizontal wave direction ψs = 180°, and temperature ampli-
tude of 3 K. Panels (a-c) show the synthetic wave, panels (d-e) the retrieved
wave, and panels (g-i) the difference between both. The black dashed lines
mark the area covered by tangent points. Figure from Krisch et al. (2018).
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Figure 5.3: S3D results of the FAT retrieval in Figure 5.2. Shown are horizontal
wavelength λh (a), temperature amplitude T̂ (b), vertical wavelength λz (c),
and horizontal wave direction ψ (d). Figure from Krisch et al. (2018).

Figure 5.4: Specific observational filters for (a) horizontal wavelength λh, (b)
vertical wavelength λz , (c) temperature amplitude T̂ , and (d) horizontal wave
direction ψ for the FAT retrieval. The yellow lines mark errors of 10 % for
the horizontal wavelength (Panel (a)) and 20 % for the amplitude (Panel (c)).
Figure from Krisch et al. (2018)
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This simulation study shows, that FAT is able to properly reconstruct
the wave vectors of mesoscale gravity waves. However, the observa-
tional filter of the temperature amplitude has to be taken into account,
when comparing these measurements to different data sets.

5.3 Limited angle tomography (LAT)

5.3.1 Dependence of the retrieval results on
horizontal and vertical wavelengths

Figure 5.5 shows a comparison of the LAT retrieval results for differ-
ent wavelengths. The waves in column 1 and 4 have a larger horizon-
tal wavelength of 600 km compared to the waves in columns 2 and 3
with 200 km horizontal wavelength. The vertical wavelength of 6 km
of the waves in columns 1 and 3 is longer than the vertical wavelength
of 2 km of the waves in columns 2 and 4. The waves with large ver-
tical wavelength in columns 1 and 3 are well reproduced by the LAT
retrieval within the tangent point covered area with errors below 0.5 K.
The waves with short vertical wavelengths show larger temperature er-
rors of up to 1.5 K within the tangent point area. This difference comes
from the curved LOS through the straight phase fronts, which leads to an
averaging over different wave phases. For the waves with short vertical
wavelength the LOS crosses multiple opposite wave phases, which de-
creases the measurement signal. A similar dependence of the sensitivity
on the alignment of phase fronts with LOS was observed for sub-limb
viewers (Wu and Waters, 1996; McLandress et al., 2000).

All retrieved waves show a slight V shape pattern, which is more em-
phasized for the waves with short vertical wavelength. This V shape
is probably caused by the parabola shape of the LOS in the vertical.
The retrieval does not know, where along the line-of-sight how much
of the measured radiation was emitted, unless crossing measurements
give sufficient information. As the LAT has fewer measurements at dif-
ferent angles, the temperature signal is redistributed according to the
weighting function (Figure 3.3 b) along the LOS. This can be nicely seen
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Figure 5.5: Cross sections of retrieved waves (first and third row) and differ-
ences between true and retrieved waves (second and fourth row) of the LAT re-
trieval. The different columns show waves with different horizontal and verti-
cal wavelengths. The true horizontal wave orientation of all waves is ψs = 180°
and, thus, these waves have phase fronts perpendicular to the flight path. The
black dashed lines mark the area covered by tangent points. The grey line in
the vertical cross sections indicates a LOS for a measurement with 90° azimuth
angle and tangent point altitude of 10.5 km. Figure from Krisch et al. (2018)
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Figure 5.6: Specific observational filters for (a) horizontal wavelength λh,
(b) vertical wavelength λz , (c) temperature amplitude T̂ , and (d) horizon-
tal wave direction ψ for the LAT retrieval and true horizontal wave orientation
ψs = 180°. These waves have phase fronts perpendicular to the flight path.
The yellow lines mark errors of 10 %, 10 %, 20 %, and 10° in Panels (a-d),
respectively. Figure from Krisch et al. (2018)

in the vertical cross sections in Figure 5.5 g & o, where the warm temper-
ature follows the LOS upwards behind the tangent point. This vertical
shift of temperature also causes the northward oriented V shape in the
horizontal cross sections.

As already for the FAT case, the specific observational filters were cal-
culated using the S3D fits of the LAT retrievals (Figure 5.6). The de-
viations of horizontal and vertical wavelengths are mainly below 10 %.
Only for very short vertical and very long horizontal wavelengths errors
of above 20 % appear. This is probably due to the above mentioned V
shape deformation of the wave, which is more difficult to fit with one sin-
gle sinusoidal wave. The same problem appears for the horizontal wave
direction. For waves with short vertical and long horizontal wavelengths
and, thus a strong V shape, the direction cannot be derived properly
anymore. For the rest of the waves the direction error stays everywhere
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below 10°. The observational filter for the amplitude shows a similar
pattern as for the FAT case.

5.3.2 Dependence of retrieval results on the wave
orientation

Figure 5.7 depicts the retrieval results for waves with horizontal wave
directions turned by 30° (ψs = 210°) compared to those in Figure 5.5.
In the vertical, the phase fronts are tilted southward and, thus, towards
the instrument (compare, e.g., Figure 5.7 k).

Overall, the structures are reproduced reasonably well. As for the
perfectly perpendicularly-aligned waves already, waves with long verti-
cal wavelengths (Figure 5.7 a–d and Figure 5.7 i–l) are reproduced bet-
ter than waves with short vertical wavelengths (Figure 5.7 e–h and Fig-
ure 5.7 m–p).

Due to the tilt of the waves towards the aircraft, the LOS is partly
aligned with the phase fronts before the tangent point. This effect is
stronger for steep waves such as in Figure 5.7 k than for relatively flat
waves such as in Figure 5.8 c, g and o. Due to this alignment the area of
best sensitivity is shifted towards the aircraft for the steep wave. Spread-
ing the signal now around this shifted sensitivity maximum, just spreads
the signal along the same wave phase, as the LOS has little curvature in
this region. Therefore, no strong shape deviation is observed. For the flat
waves a similar V shape can be observed as for the waves in Figure 5.5,
due to a spreading of signal along LOS around the tangent point.

In the observational filter (Figure 5.8) a small decrease in the quality
of amplitude reproduction can be seen compared to the observational
filter of perfectly east-west aligned waves (Figure 5.6). However, the
wavelengths and wave direction are barely influenced and reproduced
at a similar high quality. The V shape of the waves only occurs outside
the tangent point region, thus proper horizontal wave directions can be
observed.

Figure 5.9 shows the retrieval results for waves turned by −210° com-
pared to Figure 5.5 (ψs = 30°). These waves are tilted northward and,



80 5 The measurement sensitivity of GLORIA to gravity waves

Figure 5.7: Cross sections of retrieved waves (first and third row) and dif-
ferences between true and retrieved waves (second and fourth row) of the
LAT retrieval. The different columns show waves with different horizontal
and vertical wavelengths. The true horizontal wave orientation of all waves
is ψs = 210°. These waves are tilted towards the aircraft. Figure from Krisch
et al. (2018)
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Figure 5.8: Specific observational filters for (a) horizontal wavelength λh, (b)
vertical wavelength λz , (c) temperature amplitude T̂ ,and (d) horizontal wave
direction ψ for the LAT retrieval with true horizontal wave orientation ψs =
210° and, thus, waves, which are tilted towards the aircraft. The yellow lines
mark errors of 10 %, 10 %, 20 %, and 10° in Panels (a-d), respectively. Figure
from Krisch et al. (2018)

thus, away from the flight path. Only for the wave with large horizon-
tal and large vertical wavelength (Figure 5.9 a–d) the temperature am-
plitude is reproduced well within the tangent point region. However,
the horizontal orientation in this area, which should be similar to Fig-
ure 5.7 a, from north-west to south-east is not recovered. The same
happens for waves with short vertical wavelengths (Figure 5.9 e–h and
m–p): The information about the horizontal wave direction is lost within
the retrieval. Again a V shape appears for all these waves. Due to the
inverse vertical tilt compared to Figure 5.7, the opening of the V shape
is this time to the south.

For steep waves (Figure 5.9 k) the main signal is again shifted, this
time behind the tangent point area, where the LOS and the phase fronts
are well aligned. Thus the spreading of the signal does not influence
these waves as strongly as the flat waves and the horizontal orientation
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Figure 5.9: Cross sections of retrieved waves (first and third row) and differ-
ences between true and retrieved waves (second and fourth row) of the LAT re-
trieval. The different columns show waves with different horizontal and verti-
cal wavelengths. The true horizontal wave orientation of all waves is ψs = 30°.
These waves are tilted away from aircraft. Figure from Krisch et al. (2018)
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Figure 5.10: Specific observational filters for (a) horizontal wavelength λh,
(b) vertical wavelength λz , (c) temperature amplitude T̂ , (d) and horizontal
wave direction ψ for the LAT retrieval with true horizontal wave orientation
ψs = 30° and, thus, waves, which are tilted away from aircraft. The yellow
lines mark errors of 10 %, 10 %, 20 %, and 10° in Panels (a-d), respectively.
Figure from Krisch et al. (2018)

does not get lost in the retrieval. The decreased amplitude compared
to Figure 5.7 can be explained by the fact that the maximum of the
weighting function along LOS is located slightly before the tangent point
(Figure 3.3 b).

A similar picture is given from the observational filter in Figure 5.10.
Even though the amplitude is underestimated for very steep waves, the
horizontal wave orientation can be derived accurately. However, the flat-
ter the wave gets, the worse the derived horizontal wave direction. For
waves with horizontal to vertical wavelengths ratio of above 200, the di-
rection error exceeds 30°. Also the horizontal wavelength reproduction
is decreased somewhat compared to the two cases before (Figure 5.6
and Figure 5.8).

Further tests with horizontal wave direction 30° < ψs < 90° and
210° < ψs < 270° show a drastic decline in the amplitude sensitivity
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to waves with short horizontal wavelengths. For waves tilted away from
the flight path (ψs > 30°) the fit quality of the horizontal wave direction
and the horizontal wavelength decreases drastically already at ψs = 40°.

These studies show that LAT applied to gravity waves gives best re-
sults for waves with phase fronts perpendicular to the flight path and,
thus, horizontal wave vector ψs = 180°. However, if the wave is slightly
turned, the quality of the derived wave parameters is not affected strongly
as long as the wave is tilted towards the instrument (180° <= ψs <=
210°). In general, waves are best retrieved when their aspect ratio of
horizontal and vertical wavelengths, i.e. their steepness, is favourable
for an alignment with the LOS. In these cases, tilts towards and away
from the instrument may give reasonable results. Thus, for LAT, a more
or less accurate prediction of the wave orientation is required before the
flight, to adjust the flight path respectively.

5.4 Comparison of LAT and FAT results for
a real measurement case on 25 January
2016 over Iceland

From December 2015 to March 2016, GLORIA was deployed on board
of the German research aircraft HALO for a research campaign cover-
ing several scientific targets (see Chapter 3.1). On 25 January 2016, a
research flight over Iceland investigated a gravity wave excited at the
Icelandic Mountain. A linear flight leg of 500 km length crossing the
phase fronts almost perpendicular, was followed by a hexagonal flight
pattern with 460 km diameter around the wave structure. A full discus-
sion and scientific interpretation of this flight is given later in Chapter 6.
Here, the focus is put on the comparison of the wave structures derived
from LAT and FAT (Figure 5.11). For the LAT retrieval, only measure-
ments taken during the linear flight leg are used. For the FAT retrieval,
only those taken during the hexagonal flight are employed. To compare
the differences in gravity wave structure, the temperature structure of
both retrievals first has to be separated into background state and wave
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Figure 5.11: Comparison of FAT (Panels (a-c)) and LAT (Panels (d-f)) retrieval
results for a research flight over Iceland on 25 January 2016. Shown are the
temperature perturbations after scale separation as described in Sec. 4.1. The
grey line indicates the part of the flight path, from which the measurements
are used for the retrieval. The left column depicts horizontal cross sections at
11 km altitude, the two right columns present vertical cross sections along the
dashed lines of the left column. The dotted lines mark the area covered by
tangent points. Figure from Krisch et al. (2018)

perturbation. This is done using the scale separation methods described
in Chapter 4.1.

In Figure 5.11, the temperature perturbation is shown for both LAT
and FAT. In general the LAT results (Figure 5.11 d–e) agree very well
with the FAT results (Figure 5.11 a–c) within the volume covered by
both. FAT as well as LAT retrieval, show a superposition of waves with
longer and shorter horizontal wavelengths. Differences in strength and
scale of the waves, for example in cross section #2, can be explained
due to the different tangent point coverage of both methods. Especially
higher altitudes in cross section #2 are not well covered with tangent
points in the FAT retrieval (Figure 5.11 c). This is probably the reason
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Table 5.1: Diagnostics of the tomographic retrievals of the measurement flight
on 25 January 2016. A detailed description how these parameters are calcu-
lated can be found in Chapter 3.2.2.3.

Quantity FAT LAT

Horizontal resolution 20 km
along flight track: 30 km
across flight track: 70 km

Vertical resolution 200 m 400 m
Accuracy 0.5 K 0.7 K
Precision 0.05 K 0.05 K

why variations seen in the temperature perturbations are smaller in the
FAT retrieval compared to LAT. Also the smaller scale waves in this region
(Figure 5.11 f) are less prominent in the FAT retrieval (Figure 5.11 c).

A more quantitative comparison of the similarities of both retrievals
can be given by the Pearson correlation coefficient. Including only areas
which are covered by tangent points gives a Pearson correlation coeffi-
cient of 0.91. Expanding this area to places with measurement content
larger than 0.8 (includes areas crossed by a LOS before or after the tan-
gent point) still leads to a Pearson correlation coefficient of 0.75. Thus,
as expected the two retrievals are highly correlated.

Following the description in Chapter 3.2.2.3, the spatial resolution
and measurement errors have been calculated for both methods (Ta-
ble 5.1). The FAT retrieval has a horizontal resolution of 20 km in the
middle of the hexagon at an altitude of 10.5 km. The vertical resolution
is 0.2 km. The precision (noise error) is below 0.05 K, the accuracy is
on the order of 0.5 K. The LAT retrieval has a decreased spatial resolu-
tion of 30 km× 70 km× 0.4 km in along track, across track and vertical
direction, respectively. The precision is similar to the FAT retrieval, the
accuracy is slightly worse with 0.7 K.

A main advantage of 3-D tomographic measurement of gravity waves
over conventional limb measurements is the ability to fully characterise
the wave structure. This is here done by applying the S3D fitting rou-
tine. Figure 5.12 shows the wave parameters obtained from these fits
for both cases. Within the confidence area of our fits, all wave parame-
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Figure 5.12: Wave parameters as obtained from the S3D fit with fitting cubes
of 160 km x 160 km x 3.6 km at centre height of 11.5 km for FAT (Panels (a-d))
and LAT (Panels (e-h)). Non-significant fitting results with wavelengths above
2.5 times the cube size are shaded. Figure adapted from Krisch et al. (2018)
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ters agree very well for both methods. The observed gravity wave has a
horizontal wavelength of around 200 km, a vertical wavelength around
5.5 km, amplitudes up to 2 K and a horizontal wave direction of 160°.
Thus, the wave vector is turned by 20° compared to the flight direction.
The phase fronts are tilted southward and, thus, away from the flight
path. Figure 5.10 predicted for such waves a wavelength reproduction
of more than 90 % and an error in the estimation of the horizontal wave
direction below 7.5°. This can be confirmed with the real measurement.

5.5 Conclusions

This chapter has investigated the capability of GLORIA to measure grav-
ity waves with FAT and LAT. In contrast to FAT, which allows for the
reconstruction of a large, cylindrical, 3-D volume, LAT can only recon-
struct a band of 150 km around a banana-shaped vertical curtain parallel
to the flight path (cf. Figure 3.3 a). The horizontal resolution of LAT is
30 km in flight direction and 70 km perpendicular to flight direction. The
vertical resolution is on the order of 400 m. This volume and resolution
are sufficient to properly derive all important wave parameters such as
the horizontal and vertical wavelengths, the amplitude, and the wave di-
rection for waves with phase fronts perpendicular to the flight path, hor-
izontal wavelength above 200 km and vertical wavelength above 3 km.
This is feasible due to the perfect alignment of wave phases and LOS and
agrees well with earlier studies for other limb sounding concepts (Wu
and Waters, 1996; McLandress et al., 2000; Ungermann et al., 2010a).

For LAT, the quality of the 3-D reconstruction strongly depends on the
orientation of the wave with respect to the instrument. If the waves are
slightly turned away from the perfect orientation the quality of the de-
rived wave parameters is not strongly affected as long as the phase front
is tilted towards the instrument. If the phase fronts are tilted away from
the instrument, the retrieval will create artefacts which reduce the qual-
ity of the derived horizontal wave directions and both wavelengths. For
waves with horizontal wavelength under 300 km, the amplitude error is
larger for waves with phase fronts tilted away from the instrument than
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for waves with phase fronts tilted towards the instrument. In general,
the better the alignment of the wave phases and the LOS, the more in-
formation is attained by the tomographic retrieval. Thus, steeper waves
can be derived with better accuracy than flatter waves. For steep waves
with a horizontal to vertical wavelength ratio below 200 correct wave
directions can be derived independently of the tilt. However, for waves
turned by more than 40° compared to the perfect, perpendicular case,
the reconstruction quality decreases drastically for all tested waves.

In summary, both tomographic methods can reproduce gravity wave
structures much better, than traditional 1-D limb sounding retrievals.
They do not show phase shifts and do not overestimate the horizon-
tal wavelength, in cases where the phase fronts are not aligned with the
LOS. For short scale waves FAT is preferable to LAT due to the higher spa-
tial resolution of 20 km× 20 km× 0.2 km. The slightly better accuracy
of 0.5 K for FAT compared to 0.7 K for LAT also makes FAT favourable for
low amplitude waves. Furthermore, when the precise orientation of the
wave cannot be predicted before the flight, FAT should be the method
of choice, as no orientation dependent artefacts are introduced by the
FAT retrieval. Nevertheless, for many other cases, LAT might be pre-
ferred due to its shorter acquisition time. Especially in cases where the
wave field is not stable, LAT is the better choice. If LAT is the method of
choice, one should try to plan the flight in a way that the flight path is
as perpendicular to the phase fronts as possible.

For the very first gravity wave flight with GLORIA, which took place
above Iceland on 25 January 2016, both measurement concepts were ap-
plied. The temperature perturbations derived from both methods agree
very well with each other. The wave parameters determined with a sinu-
soidal fitting routine yield similar results. The results of the FAT are used
in the following chapter, to study the sources and propagation charac-
teristics of this gravity wave case.





6 The importance of 3-D wave
propagation – a case study
observed above Iceland on
25 January 2016

The gravity wave parameterisation schemes in current general circula-
tion model (GCM) of the atmosphere assume gravity waves to propa-
gate solely vertical. Several theoretical studies have highlighted that
this simplification leads to a wrong location of momentum deposition
and accordingly a misrepresentation of middle atmospheric circulations
in these models (e.g. Sato et al., 2009; Kalisch et al., 2014; Garcia et al.,
2017). However, measurements are still missing which are capable to
confirm that oblique propagation can happen over large distances. This
chapter presents observations of gravity waves measured with GLORIA
above Iceland, which show such oblique propagation over large dis-
tances (see also Krisch et al., 2017). The synoptic situation which leads
to the generation of these gravity waves and determines their propaga-
tion characteristics is described in Section 6.1. The GLORIA measure-
ment results are presented in Section 6.2 and analysed for gravity waves
in Section 6.3. The wave propagation is studied in Section 6.4. The
discrepancies between oblique gravity wave propagation and simplified
parameterisation schemes are investigated here as well. Section 6.5
compares the results of the propagation study to AIRS satellite mea-
surements. The scientific findings are summarized and interpreted in
Section 6.6.



92 6 The importance of 3-D wave propagation

6.1 Synoptic situation

On the measurement day 25 January 2016, gravity waves were excited
by the interaction of low-level winds from a low-pressure system east of
Greenland with the Icelandic orography (Figure 6.1 a). The low pres-
sure system induced a southerly wind approaching the mostly east-west
aligned mountain ridge of Iceland. The generated gravity waves will
have phase fronts parallel to the main mountain ridge and will be tilted
against the exciting background wind. Due to the complex orography of
Iceland with the mentioned main mountain ridge but also many single
mountain peaks spreading all over the island, a very complex gravity
wave phase structure with interference patterns of different waves is
expected (Chapter 2.4.1). The low pressure system and with it the gen-
erated southerly winds above Iceland did not change for more than 6 h
around the measurement time according to ECMWF forecast data. Thus,
a stationary wave pattern is expected.

Above 10 km altitude the zonal wind increases drastically with height
and, thus, the horizontal wind turns from southerly to an almost west-
erly direction at 15 km (Figure 6.1 b). East of Scandinavia, the hori-
zontal wind turns southward (Figure 6.1 b), which is probably caused
by planetary waves interfering with the subtropical jet stream. It will
be shown later, that both processes are important for the propagation
characteristics of gravity waves.

Towards higher altitudes (Figure 6.1 c & d), the influence of the plan-
etary wave decreases and the wind turns back to a westerly direction.
These strong westerly winds in the middle stratosphere in winter are
caused by the strong polar vortex and provide optimal conditions for
westward propagating gravity waves to reach high altitudes (Chapter 1).
On the flight day, the horizontal wind maximum shifts southward at
higher altitudes to around 55° N at 30 km altitude.

Due to the expected complex but stationary wave pattern, FAT was
chosen as optimal measurement concept for GLORIA. Thus, a hexag-
onal flight pattern was planned around the predicted location of the
wave structure. The flight was planned for slightly before 12:00 UTC,
because the NWP models used for flight planning predicted the wave to
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Figure 6.1: Synoptic situation on 25/26 January 2016. Shown are ERA5 hori-
zontal wind (colour and barbs) and pressure (contour lines) fields at different
altitudes and time steps. Low pressure systems are marked with a light blue
"L". The altitude of the respective cross section is given on the top right of the
panels, the model time at the bottom right. The dark blue line marks the flight
path.

have maximum amplitude at this time. To take in-situ measurements
and release dropsondes, the wave structure was not only encircled by a
hexagon, but also crossed with a linear flight path almost perpendicular
to the phase fronts. This additional linear flight leg provided the oppor-
tunity to compare the results of both measurement concepts LAT and
FAT for a real measurement case. The results of this comparison were
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already discussed in Chapter 5.4. The gravity wave structures found in
both retrievals are similar. However, the FAT retrieval has a larger cov-
erage area and a higher spatial resolution. Thus, in this chapter, only
the FAT results will be used for the scientific interpretation.

In Chapter 5.4, a comparison of FAT (measurements taken during the
hexagon) and LAT (measurements taken on the linear flight) results for
this flight was presented.

6.2 GLORIA measurement results

The wave structure over eastern Iceland was first crossed perpendicular
by a linear flight leg of 500 km length between 9:00 UTC and 10:00 UTC.
On this leg, in-situ data of the wave structure were collected at flight
altitude and dropsondes were released. This linear flight pattern was
then encircled by a hexagon with 460 km diameter between 10:00 UTC
and 12:00 UTC (Figure 6.1). The aircraft flight altitude during this time
was between 12.5 km and 13.5 km. Towards low altitudes, the GLORIA
measurements were limited by clouds reaching up as far as 9–10.5 km.

The retrieval diagnostics were already discussed in Chapter 5.4 and
are summarized in Table 5.1. Figure 6.2 a shows a comparison of the re-
trieval results with in-situ measurements and analysis data from ECMWF.
The retrieval results and model data were interpolated onto the in-situ-
measurement locations. The GLORIA measurements agree well with the
in-situ measurements. Some very small scales are beyond the spatial
resolution of GLORIA. The ECMWF analysis data catches the main vari-
ations, but the temperature oscillations are not as strong as indicated
by the in-situ measurements. GLORIA agrees well with the in-situ mea-
surements also for fine structure and peaks, such as the strong peaks
at 10:40 UTC or at 11:40 UTC. A comparison of the GLORIA retrieval
results with dropsonde measurements is shown in Figure 6.2 b. The tem-
perature profiles of GLORIA and the dropsonde agree within expectation
with each other. However, small scale variations are again beyond the
spatial resolution of the retrieval. These comparisons underline the high
quality of the GLORIA measurement data.
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Figure 6.2: A comparison of the GLORIA retrieval results to in situ (Panel (a))
and dropsonde (Panel (b)) temperature measurements and ECMWF analy-
sis from 12:00 UTC. The dropsonde was released at 09:35 UTC at 65.7° N,
13.2° W. The GLORIA retrievals were interpolated in space onto the flight path
and the dropsonde locations, ECMWF data were quadrilinearly interpolated in
space and time. Panel (a) is adapted from Krisch et al. (2017).

For gravity wave analysis, the retrieved temperature has to be sepa-
rated into large scale background and small scale gravity wave pertur-
bation. The gravity wave perturbation is determined using a Savitzky-
Golay-filter (Savitzky and Golay, 1964), as described in detail in Chap-
ter 4.1. The 3-D temperature perturbation inferred from the GLORIA
observations is shown in Figure 6.3. This 3-D plot clearly reveals the
complex structure of the wave field. The strongest temperature pertur-
bations can be found in the southern part of the hexagon. There, the
phase fronts, which are tilted towards the south, bend and change their
vertical wavelength. Horizontal and vertical cross sections through the
measurement volume (Figure 6.4) show more detailed how the wave
structure varies with height and horizontal location. For instance, the
phase fronts directly above Iceland (64° N to 65.5° N and 14° W to 18° W)
are aligned east–west and tilted southwards as expected from the exci-
tation mechanism. Further to the north-east (65° N to 67° N and 10° W
to 14° W), the horizontal orientation of the phase fronts turns more into
south-west to north-east. Visual inspection indicates horizontal wave-
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Figure 6.3: Tomographic retrieval for the research flight on 25 January 2016
over Iceland. Shown are isosurfaces of the temperature perturbations. The
grey line around the retrieved 3-D pattern indicates the flight path. Figure
from Krisch et al. (2017).
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Figure 6.4: Horizontal (a–c) and vertical (d–f) cross sections through the 3-D
volume shown in Figure 6.3. The grey line marks the flight path. The locations
of the vertical cross sections are indicated by numbered dashed lines. Figure
from Krisch et al. (2017).

lengths from 100 km up to 350 km inside the hexagon. The vertical
wavelength of the waves is between 3 km and 6 km. The temperature
perturbations range from ±4 K (in the southwest of the hexagon at an
altitude of 12 km, 64° N to 65.5° N, and 14° W to 18° W) down to ±1 K
(in the smaller-scale waves in the north-western part of the hexagon at
66° N to 68° N and 16° W to 20° W).

6.3 Wave characterisation

In order to further interpret the gravity wave structure and fully charac-
terize it, wave parameters are derived using the S3D method described
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in detail in Chapter 4.2. The S3D algorithm performs 3-D sinusoidal
fits in small data cubes. Due to the expected wavelength ranges and
the GLORIA measurement extent, analysis cubes with sizes of 160 km ×
160 km × 3.6 km and a centre altitude of 11.5 km were chosen. The de-
rived wave parameters are shown in Figure 6.5. As expected for a moun-
tain wave, the horizontal wave direction (Figure 6.5 e) is perpendicular
to the main mountain ridge orientation (Figure 6.5 f). Also, the horizon-
tal wavelength of 200 km to 300 km agrees well with the ridge width.
Further, the derived 3-D wave parameters are used to calculate the di-
rection resolved vertical flux of horizontal pseudo-momentum (GWMF;
Equation 2.33). Its direction is given by the horizontal wave direction
(Figure 6.5 e), its amplitude is shown in Figure 6.5.

Integrating the GWMF over the horizontal extent of a gravity wave
event leads to the total momentum, which determines the maximal drag
this gravity wave event can exert on the background flow in coupling and
dissipation processes. The fitted wave parameters in Figure 6.5 a–c are
used to calculate the GWMF (Figure 6.5 d). The horizontal distribution
of the GWMF clearly highlights two distinct wave packets: one with lo-
cal GWMF of up to 50 mPa north of 66.2° N and one with local GWMF
of up to 100 mPa south of 66.2° N. The GLORIA observations provide
the horizontal variations of GWMF at 11.5 km altitude. This allows the
integration over the corresponding area of the two events and to calcu-
late the total momentum, a measure for the maximal drag this gravity
wave event can exert on the background flow in coupling and dissipa-
tion processes. This is one of the main advantages with respect to 1-D
wind observations, which can provide peak GWMF values but not the
area for which these values are valid. The wave packet further south
has a total momentum of 2.7 GN, the second wave packet further north
only 0.4 GN. The total momentum of all the measured gravity waves
above Iceland is 3.1 GN.

To classify this event, a comparison of all gravity wave events in Jan-
uary 2016 has been performed in the 6-hourly operational analyses of
ECMWF. First the temperature background was isolated, as described
in Chapter 4.1 and subtracted from the original field. The remaining
temperature perturbations were analysed for gravity waves using the
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Figure 6.5: Three-dimensional sinusoidal wave fits of the GLORIA measure-
ments in fitting cubes of 160 km× 160 km× 3.6 km at a centre height of
11.5 km. Non-significant fitting results with wavelengths above 2.5 times the
cube size are hashed. These parameters are used to drive the GROGRAT model,
the results of which are shown in Figure 6.8. Panel (e) shows the direction of
the horizontal wave vector. Eastward direction corresponds to 90° and south-
ward direction to 180°. Figure from Krisch et al. (2017).
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Figure 6.6: Probability of occurrence for gravity waves with specific momen-
tum flux at 11.5 km altitude in a latitude band between 60° N and 70° N in Jan-
uary 2016 calculated from 6-hourly ECMWF operational analyses fields. Red
marked values are found in the GLORIA measurements on 25 January 2016
above Iceland. Figure adapted from Krisch et al. (2017).

3-D sinusoidal fit algorithm described in Chapter 4.2. The GWMFs for
all grid points between 60° N and 70° N were calculated. The GWMFs
from all 124 analyses fields were combined to obtain the probability
of gravity wave occurrence (Figure 6.6). Here, all GWMF values were
considered independent of the horizontal and vertical wavelengths. Re-
moving wavelengths larger than 2.5 times the cube size in order to filter
less significant fits (not shown) induced no major changes in the general
shape of the distribution. This indicates that gravity wave events with
less certain fits do not bias the probability distribution.

For the gravity wave event over Iceland similar GWMF magnitudes
were determined from the ECMWF analyses and from the GLORIA mea-
surements. Thus, a comparison of the measurement results with the
occurrence probability determined from the ECMWF analyses seems rea-
sonable. According to Figure 6.6 the measured gravity wave event can
be classified as a very strong case since the sum of all occurrence proba-
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bilities of stronger events is well below 1 %. This occurrence frequency is
in good agreement with Alexander et al. (2010), Hertzog et al. (2012),
and Podglajen et al. (2016), who present satellite and super-pressure
balloon measurements at somewhat higher altitudes.

6.4 Wave source and propagation

In order to identify the gravity wave source, the Gravity wave Regional
Or Global RAy Tracer (GROGRAT; Chapter 2.3) is used. Backward ray
tracing has already been used in previous studies to locate gravity wave
sources (Wrasse et al., 2006; Preusse et al., 2014; Pramitha et al., 2015).
In order to initialize a ray tracer, the wave must be fully characterized.
This capability for a full wave characterization is the main improvement
of the GLORIA observations compared to previous remote sensing ob-
servations of temperature. gravity wave parameters obtained from sin-
gle vertical temperature profiles lead to a cone of potential source re-
gions instead of a precise source location (Gerrard et al., 2004). This
is the reason why gravity waves derived from conventional limb scan-
ner measurements have not been interpreted in terms of backward ray
tracing. Only the 3-D nature and accuracy of the GLORIA measurements
allow for back-tracing to the precise source location. This is further high-
lighted by a discussion about the accuracy of back-tracing presented in
Appendix A.

The S3D method, is based on the assumption that the fitting volume
is filled by a homogeneous wave with a constant wave amplitude and a
constant wave vector over the fitting volume. However, this assumption
is only valid to a certain degree. In particular, one notices in Figure 6.4,
that the direction of the horizontal wave vector and the vertical wave-
length change with height. The GROGRAT model is used to estimate
errors due to this change over height within the fitting volume (Fig-
ure 6.7). The model is initialised with the wave parameters determined
by S3D (Figure 6.5). The development of these wave parameters over
the hieght of the fitting cube (9.7–13.3 km) is calculated with GROGRAT.
In Figure 6.7 the instantaneous value ξz=11.5 km at the middle point of the
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Figure 6.7: Comparison of mean values over the whole S3D fitting volume and
instantaneous values in the middle for different wave parameters determined
with GROGRAT. For all graphs GWMF weighted means are calculated and de-
picted as black lines. Figure adapted from Krisch et al. (2017).

fitting volume of each individual ray (corresponds to the initialisation
parameters) is compared to an GWMF weighted average value ξ over
the full height range of the S3D fitting volume; here ξ stands for either
the vertical or horizontal wavelength or the horizontal wave direction.
The mean value is comparable to the result the S3D fitting routine would
detremine as monochromatic wave in this height range. The mean ver-
tical wavelength in this case shows a systematic low bias of around 10 %
compared to the instantaneous value in the middle (Figure 6.7a). For
the horizontal wavelength (Figure 6.7b) and the horizontal wave direc-
tion (Figure 6.7c) no systematic bias could be identified. Due to these
results, the vertical wavelengths from the sinusoidal fits were scaled by
a factor 1.1, according to the determined bias, before being used for
source identification and propagation studies.

Figure 6.8 a shows the backward ray traces using the scaled wave pa-
rameters. The measurement position (black crosses) has been defined
as the centre point of the sinusoidal fitting cube. The ends of the ray
traces, which are the probable source locations, are marked with red
dots. The strengths of the gravity waves are expressed by the size of the
red dots, which has been chosen according to the GWMF determined by
the S3D fits. The source locations of the gravity waves, and in particular
those of gravity waves with the highest GWMF values, gather around
the main mountain ridge of Iceland. This ascertains the hypothesis, that
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Figure 6.8: Ray traces calculated using the GROGRAT model. The starting
positions of the rays are marked with black crosses and the grey line indicates
the flight path. The size of the red circles in panel (a) indicates the GWMF
at the end of the ray. Panel (a) shows the backward ray traces and panel (b)
the forward ray traces, all starting at the measurement locations. Panels (c)
and (d) show the change of GWMF with height for a full 4-D GROGRAT (c)
model run and a solely vertical 1-D run (d). Panels (a) and (b) are from Krisch
et al. (2017).
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the gravity waves were excited by the southerly wind approaching these
mountains. The ray traces from the wave packet measured further in
the north partly stop in the north of the island at single mountain peaks.
As can be seen in Figure 6.8 c, the ray traces need between 3 h and 6 h
to reach the ground. Thus, the a vertical group velocity of these grav-
ity waves, which can also be calculated directly from the measurements
and the horizontal wind speed at the surface (Equation 2.47), is between
2 kmh−1 to 3 kmh−1.

Forward ray tracing is used to examine the propagation of the grav-
ity waves away from the measurement location (Figure 6.8 b). On the
measurement day, the southerly wind turned into a strong westerly di-
rection above 10 km, creating a vertical wind shear. In this wind shear
the gravity waves started to propagate eastward. This is confirmed by
the measurements: at 11 km (Figure 6.4 a) the gravity waves are mainly
located above the eastern part of Iceland, while at 13 km (Figure 6.4 c)
the phase fronts already stretch far across the ocean. The waves require
about 1 day to propagate to an altitude of 20 km (Figure 6.8c). At the
same time, they travel horizontally more than 2000 km away from their
source and the measurement location (Figure 6.8 b).

Due to this large travel time and distance, the ray tracing calcula-
tions might be very sensitive to background and initiation conditions.
To support the ray tracing results, the propagation of this wave packet is
also investigated using ERA5 reanalysis data additionally to GROGRAT.
ERA5 data has been chosen due to its hourly availability. Figure 6.9
shows cross sections through the ERA5 temperature perturbation field
at different time steps along one arbitrary chosen GROGRAT ray trace
initiated with GLORIA measurement data. In this way the gravity wave
can be followed through time and space. The location and phase ori-
entations of GROGRAT (grey dot and green line in Figure 6.9) follow
nicely a wave structure observed in ERA5.

The gravity wave travels at low altitudes over the Atlantic towards
Scandinavia. There, the horizontal wind changes from an eastward to
a southward direction (compare also Figure 6.1 b) and takes the grav-
ity wave with it. Due to this changing background wind, the wave is
refracted and the wave vector changes its horizontal orientation from
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Figure 6.9: Cross sections through 6 hourly ERA5 temperature perturbations
along an exemplary GROGRAT ray trace originating from GLORIA measure-
ments. The left column shows vertical cross sections along the ray trace (black
line). The grey dot marks the location of the ray trace at the respective time
step of the model. The green line shows the orientation of the phase lines as
predicted by GROGRAT. The right column shows horizontal cross sections at
the altitude of the ray path at the respective model time.
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southward to westward. At higher altitudes, the prevailing wind has
an eastward direction (Figure 6.1 c & d). A horizontal background wind
opposite to the wave vector is favourable for upward propagation. Due
to the increase of the horizontal wind speed with altitude, the vertical
wavenumber m decreases and, thus, the vertical wavelength increases.
This can nicely be observed in the ERA5 model: Above Estonia, the
phase fronts start to become steeper and reach up to higher altitudes
(Figure 6.9).

According to Equation 2.13, the group velocity for constant k is pro-
portional to:

cg,x ∝ 1
m

cg,z ∝ 1
m2

. (6.1)

Due to the decrease in m, the gravity wave starts propagating faster and
more vertically. This can also be observed both in GROGRAT as well as
in ERA5: The gravity waves propagate quickly upward into the westerly
wind in the mid-stratosphere. At 31.7 km, ERA5 shows a complex wave
pattern with many different wavelengths and wave orientations. Thus,
it is difficult to clearly identify the wave originating from Iceland.

To mimic a typical gravity wave parameterisation scheme used in GCMs
(McLandress, 1998), a second GROGRAT run (1D-GROGRAT) was per-
formed with solely vertical propagation, time-independent background,
and a horizontal wave direction constant with respect to altitude. In
contrast to the full GROGRAT version (Figure 6.8 c), where the grav-
ity waves propagate into the mid-stratosphere, the gravity waves in the
simplified version dissipate below 20 km (Figure 6.8 d). Two processes
might play a significant role here: first, in the 1-D GROGRAT version the
gravity waves are not refracted and the wave vectors do not change their
horizontal orientation with altitude. The westerly background winds at
higher altitudes do not favour the propagation of gravity waves with
wave vectors perpendicular to the wind direction. Second, in the full
GROGRAT run, the gravity waves propagate horizontally away from
the source. Hence, the gravity waves avoid the critical level positioned
above the source location and more GWMF is transported to higher alti-
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tudes. Global mountain wave modelling (Xu et al., 2017) suggests that
this effect may prevail also on a global basis.

6.5 Comparison to AIRS measurements

The wave propagation study with GROGRAT and ERA5 showed, that the
gravity waves measured by the GLORIA instrument need roughly a day
to propagate to altitudes above 30 km. Thus, AIRS satellite measure-
ments on 26 January 2016 taken on ascending orbits are chosen for the
comparison. The temperature perturbations measured with the satel-
lite are shown in Figure 6.10. According to the propagation study, the
gravity waves reach the AIRS measurement altitude of 36 km at around
55° N and 30° E to 35° E. In this area, a wave structure with 1 K to 2 K

Figure 6.10: Temperature perturbations measured by the AIRS instrument on
26 January 2016 on ascending orbits. The picture consists of data from three
different orbits: the easternmost overpass was around 10:15 UTC, the middle
overpass around 11:50 UTC, and the westernmost overpass around 13:30 UTC.
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amplitude can be observed in the AIRS temperature perturbations (Fig-
ure 6.10). This agrees reasonably well with amplitudes of 1 K to 5 K of
the forward propagated gravity waves. Sinusoidal fits of the AIRS tem-
perature perturbations (not shown) determine horizontal wavelengths
of around 500 km and vertical wavelengths around 30 km. According to
the forward ray tracing of the GLORIA measurements, waves with ver-
tical wavelengths around 25 km and horizontal wavelengths between
250 km to 550 km are expected at the AIRS measurement altitude of
36 km. The temperature perturbation pattern of the ERA5 model (Fig-
ure 6.9 j) looks very similar to the one observed by AIRS (Figure 6.10).
As mentioned above, ERA5 shows at this altitude a really complex wave
pattern with superposition of waves with different scale and orienta-
tion. In the AIRStemperature perturbations the main wave structure
above western Russia has a north-south phase orientation, whereas the
gravity wave predicted by the ray tracer has a more north-west to south-
east phase orientation. In the AIRS temperature perturbations a wave
structure can be observed with such a horizontal orientation between
northern Finland and western Russia. However, this wave is too weak
to be analysed in detail.

6.6 Conclusions

In this Chapter, the first 3-D measurements of temperature perturba-
tions induced by a gravity wave are presented. The 3-D measurements
recorded by GLORIA, the first airborne implementation of a novel limb
imaging technique, enabled the deduction of direction-resolved GWMF
and the identification of two distinct wave packets. The retrieved 3-D
wave vectors were used as input in the ray-tracing model GROGRAT,
which highlighted the orography of Iceland as the most likely gravity
wave source. Furthermore, upward from 11 km the wave packets prop-
agate obliquely as is indicated in GLORIA observations and reproduced
by the ray tracer. Using ERA5 reanalysis data in addition to the GRO-
GRAT model helps to accurately follow the wave packet through space
and time and reidentify it above western Russia. In this region a temper-
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ature perturbation is also found in AIRS satellite measurements. How-
ever, the complexity of the wave field and the limited measurement res-
olution hinder a direct connection with the ray tracing results.

A comparison between the full GROGRAT model and a simplified 1-D
version, which neglects oblique propagation and wave refraction, demon-
strates the relevance of these processes for the GWMF deposition height.
In the simplified version, all gravity waves deposit their momentum at
an altitude of around 20 km, whereas the gravity waves in the full ver-
sion were able to vertically propagate to the top of the model at 45 km
and horizontally more than 2000 km away from their source, thus redis-
tributing GWMF significantly. Neither a realistic orientation of the wave
vector and, thus, wave refraction, nor oblique gravity wave propagation
are incorporated in gravity wave parameterisations used in current cli-
mate and weather prediction models (McLandress, 1998; Alexander and
Dunkerton, 1999; Richter et al., 2010; McLandress et al., 2012; Garcia
et al., 2017). However, both processes are context of several studies aim-
ing to improve gravity wave parameterisations (Preusse et al., 2009b;
Sato et al., 2009; Kalisch et al., 2014; Amemiya and Sato, 2016; Rib-
stein and Achatz, 2016; Garcia et al., 2017). The present study provides
a strong motivation to finally implement these processes in current cli-
mate and weather prediction models, especially as this could close gaps
of GWMF in regions with sparse sources (McLandress et al., 2012) and
reduce the cold-pole bias of climate and weather prediction models in
the lower stratosphere (Garcia et al., 2017).





7 The importance of non-linear
processes – a case study
observed above Scandinavia
on 28 January 2016

Several theoretical studies suggest, that non-linear processes can lead
to a severe momentum deposition of gravity waves even in the absence
of dissipation, saturation and breaking (Buehler and McIntyre, 2003;
Eberly and Sutherland, 2014; Boeloeni et al., 2016). Linear gravity wave
models, which are often used to identify gravity wave sources and study
the propagation of gravity waves, completely neglect those non-linear
interactions of gravity waves and the background flow. This chapter
tries to analyse, how meaningful the results of those linear gravity wave
models are and how well their predictions agree with observations (see
also Krisch et al., 2020). For this investigation, the propagation of a
gravity wave above southern Scandinavia, which was measured at differ-
ent altitudes by GLORIA and AIRS, was studied using the linear gravity
wave model GROGRAT. The synoptic situation influencing the gravity
wave propagation is outlined in Section 7.1. Section 7.2 presents the
GLORIA measurements taken on the flight. The results of GROGRAT
are presented and examined in Section 7.3 and compared to the AIRS
measurements in Section 7.4. The scientific findings are summarized in
Section 7.5.
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Figure 7.1: Synoptic situation on 28/29 January 2016. Shown are ERA5 hori-
zontal wind (colour and barbs) and pressure (contour lines) fields at different
altitudes and time steps. Low pressure systems are marked with a light blue
"L". The altitude of the respective cross section is always given on the top right
of the panel, the model time at the bottom right. The dark blue line marks the
flight path. Figure from Krisch et al. (2020).
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7.1 Synoptic situation

For the 28 January 2016, gravity waves were predicted above south-
ern Scandinavia. One prominent source of gravity waves in this region
are the Scandinavian Mountains also called Scandes. The Scandes are a
mountain ridge with north-south orientation stretching along the com-
plete west coast of Scandinavia. They are up to 400 km wide and their
highest mountain is 2469 m. In the southern part, where the HALO flight
path was located (Figure 7.1 blue line in all panels), their mean width
is around 250 km and their mean elevation is on the order of 1800 m.
Due to the ridge width, a typical horizontal wavelength of gravity waves
generated by this orography should be on the order of 400 km. Accord-
ing to Equation 2.39, the minimum wind to generate mountain waves
with a horizontal wavelength of 400 km at a latitude of 60° is 8 ms−1.
However, waves generated with such slow wind speeds would have very
low vertical group velocities and small saturation amplitudes. A grav-
ity wave with a horizontal wavelength of 400 km which is generated
by a flow over orography with 17.5 m s−1 at 60° latitude would have a
vertical group velocity of 0.86 kmh−1 and would need 14 h to propa-
gate to an altitude of 12 km (Equation 2.47). Thus, to measure these
orographically generated gravity waves with GLORIA at 20:00 UTC, the
generating wind should be at least 17.5 m s−1 at 06:00 UTC. This, is the
case (Figure 7.1 a). Gravity waves with smaller horizontal wavelengths
would propagate faster and need less time to propagate to the flight al-
titude. As the orography of the Scandes is composed of mountain ridges
with many different heights and widths, a complex wave structure with
many different horizontal wavelengths below 500 km is expected.

In the morning of the measurement day 28 January 2016, a low pres-
sure system evolved over southern Scandinavia, which then moves slowly
eastward (Figures 7.1 a & b). This low pressure system forces the east-
ward jet stream in the upper troposphere to slow down and diverge.
Thus, a jet exit region is created over the North Sea between Scandi-
navia and Great Britain (Figure 7.1 c). This jet exit region is following
the low pressure system slowly eastwards. Such a jet-exit region also is a
prominent source of gravity waves (c.f. Chapter 2.4.2). In the afternoon
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of 28 January, the jet-exit region is located above southern Scandinavia
(Figure 7.1 d). Hence, the observed gravity waves may be a mixture of
waves generated by orography and this jet-exit region.

The divergence is also connected with a low tropopause altitude and
accordingly a low cloud top height of around 8 km above southern Scan-
dinavia, which results in good measuring conditions for GLORIA. How-
ever, it also sharpens the tropopause, which can lead to partial reflection
of gravity waves. The horizontal wind keeps its eastward orientation at
higher altitudes (Figures 7.1 e & f) as the maximum of the circumpolar
jet stream on this side of the pole is located just south of Scandinavia.
This provides favourable conditions for vertical gravity wave propaga-
tion.

7.2 GLORIA measurement results and wave
characterization

Jet generated gravity waves are not necessarily stationary. Hence, linear-
flight tomography was chosen as measurement strategy. The gravity
wave structure was probed with multiple, 700 km long, linear flight legs
crossing southern Scandinavia in zonal direction. To study the interac-
tion of the gravity wave with the tropopause, two flight legs were posi-
tioned below and two flight legs above the tropopause. Both lower legs
were performed at 61° N and were mainly dedicated to in situ and water
vapour observations by BAHAMAS and WALES (Table 3.2). GLORIA did
not measure during these low level legs, as this part of the flight was
mainly inside or just above clouds. At 20:00 UTC, HALO ascended to
almost 13 km and performed an east-west leg at 59.5° N. This flight leg
was placed further to the south, so GLORIA could look on the earlier
performed, lower flight legs, which should allow comparisons with in
situ and lidar data. Unfortunately, the cloud cover prohibited GLORIA
during most of the flight leg to collect measurements down to the former
flight altitude. At the westernmost point of the leg at around 21:00 UTC,
HALO ascended further to ≈13.5 km altitude, went back to the original
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Table 7.1: Diagnostics of the tomographic retrievals of the measurement flight
on 28 January 2016. A detailed description how these parameters are calcu-
lated can be found in Chapter 3.2.2.3.

Quantity Southern leg Northern leg

Horizontal resolution along flight track 30 km 30 km
Horizontal resolution across flight track 70 km 70 km
Vertical resolution 400 m 400 m
Accuracy 0.7 K 0.7 K
Precision 0.05 K 0.05 K

latitude of 61° N and performed a last west-east leg before returning to
the campaign base at Kiruna, Sweden.

The GLORIA measurements from the southern and northern flight legs
in the stratosphere, were used to perform two separate LAT retrievals.
The retrieval diagnostics are summarized in Table 7.1. The GLORIA
measurements agree well with the in-situ measurements taken during
the flight leg which was used for the respective retrieval (Figure 7.2).
Some very small scales are beyond the spatial resolution of GLORIA.
In-situ measurements taken on the southern (northern) flight leg differ
stronger from the GLORIA retrieval using only measurements from the
northern (southern) flight leg (non-shaded areas in Figure 6.2). How-
ever, the main wave structures are still captured. This can be explained
by the temporal difference between the two legs and the location of the
tangent points of the respective retrievals: The tangent point altitude
decreases with distance to the flight path. Hence, the tangent points of
measurements taken on the southern flight leg are below flight altitude
at the location of the northern flight leg and vice versa. A compari-
son of in-situ measurements taken for example on the northern flight
leg with the temperature retrieval using measurements from the south-
ern flight leg, thus relies on vertical and/or horizontal data extrapola-
tion. The ECMWF analysis catches the main variations, but the temper-
ature oscillations are not as strong as indicated by the measurements.
Sometimes the wave structure appears to be shifted in time/space com-
pared to GLORIA and in-situ measurements (e.g., between 20:30 UTC
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Figure 7.2: A comparison of the GLORIA retrieval results to in-situ-temperature
measurements and ECMWF operational analyses. The GLORIA retrievals were
interpolated in space onto the flight path, ECMWF data were quadrilinearly
interpolated in space and time. The shaded area indicates which GLORIA mea-
surements were included in the respective retrieval. Figure adapted from Krisch
et al. (2020).

and 20:45 UTC).
The retrieved temperatures are separated into background state and

remaining wave perturbation using the scale separation method described
in Chapter 4.1. The remaining temperature perturbations can be seen
in Figure 7.3. The left column shows the temperature perturbations
derived from tomographic measurements performed during the south-
ern flight leg and the right column shows those taken on the northern
flight leg. Both retrievals show a prominent wave structure with around
400 km horizontal and around 6 km to 7 km vertical wavelength. This
large scale structure is perturbed by a smaller scale wave with proba-
bly longer vertical but shorter horizontal wavelength. The smaller scale
wave is more prominent in the east at lower altitudes (Figure 7.3 a & b)
and in the west part at higher altitudes (Figure 7.3 c & d). The larger
scale wave has strongest amplitudes between 8° E and 12° E.

Even though the main characteristics are similar for the observations
during both legs, there are some differences between them. The waves
seem to have slightly different horizontal orientations: The main gravity
wave structure observed on the southern leg between 60° N and 62° N
has north-south oriented phase fronts (Figure 7.3 a & c), whereas the
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Figure 7.3: Temperature perturbations of the GLORIA tomographic retrieval
for the flight on 28 January 2016 over southern Scandinavia. Shown are hor-
izontal (Panels (a-d)) and vertical (Panels (e & f) cross sections. The vertical
cross sections are along the dashed lines in (Panels (a-d)). The grey line indi-
cates the flight path. The left column shows results from measurements taken
on the southern flight leg, the right column results from measurements taken
on the northern flight leg. Figure from Krisch et al. (2020).
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phase fronts of the gravity wave structure observed on the northern
flight leg between 59° N and 60.5° N seem to be turned slightly and have
a north-north-east to south-south-west alignment. Also, the horizontal
wavelengths of the main wave component and the steepness of the phase
fronts seem to differ slightly between the two legs.

Due to the superposition of different gravity waves, the sinusoidal fit
is challenging and the results partly depend on the chosen cube size. To
determine first the large scale wave with horizontal wavelength around
400 km, a 400 km× 250 km× 4 km cube size has been chosen. In the
horizontal, this cube size is on the order of the wavelength, in the ver-
tical the cube size roughly equals the measurement extent. To capture
the spatial variation of the wave amplitude, refits of amplitude and wave
phase, using the previously determined wave vector k, have been per-
formed in fitting cubes of 100 km× 250 km× 1 km. The different hori-
zontal directions observed during both legs are also indicated by the re-
sult of the sinusoidal fit (Figure 7.4). Here, the wave orientation changes
from ϕ = 270° measured during the southern flight leg to ϕ = 290°
measured during the northern flight leg. The horizontal wavelength in-
creases slightly on both legs from west to east. During the southern leg,
the waves also decrease in steepness (increasing vertical wavelength)
from west to east, which can also be seen in the vertical cross section of
the temperature perturbations (Figure 7.3 e): At 200 km distance along
the cross section, the waves have shorter horizontal and longer vertical
wavelengths than at 600 km. According to the sinusoidal fit, the waves
have highest amplitudes between 12° E and 14° E. There, the waves ob-
served during the northern flight leg are in general steeper than those
observed during the southern flight leg, a property already noticed in
the temperature perturbations above.

After these large scale waves have been identified, they can be sub-
tracted from the temperature perturbation fields. The remaining fields
are shown in Figure 7.5. Here, waves with amplitudes up to 1.5 K with
short horizontal and long vertical wavelengths can be seen. However,
the wave structure is quite complex and no single monochromatic wave
can be identified by eye. Instead, the structure has very localised max-
ima and a bit of a chess board pattern. This might hint to a superposition
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Figure 7.4: Three-dimensional sinusoidal wave fit of the GLORIA measure-
ments at a centre height of 11.4 km in fitting cubes of 400 km× 250 km× 4 km
with a tangent point weighting according to Sec. 4.2. In order to capture the
spatial variation of the amplitudes, an amplitude and phase refit has been per-
formed in fitting cubes of 100 km× 250 km× 1 km. The fitting results are used
to drive the GROGRAT model, the results of which are shown in Figure 7.6.
Panel (b) shows the direction of the horizontal wave vector. Eastward direc-
tion corresponds to 90° and southward direction to 180°. Figure from Krisch
et al. (2020).
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Figure 7.5: Remaining temperature perturbations of the GLORIA tomographic
retrieval after subtraction of the wave of Figure 7.4. Shown are horizontal
(Panels (a-d)) and vertical (Panels (e & f)) cross sections. The vertical cross
sections are along the dashed lines in Panels (a-d). The grey line indicates the
flight path. Figure from Krisch et al. (2020).
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of multiple wave packets propagating both upwards and downwards.
For such an overlap of upwards and downwards propagating waves, the
spectral analysis is challenging. Currently, the fit results strongly depend
on the chosen cube size which directly shows, that further synthetic test
have to be performed before applying the method to this wave field.

Not only the main wave component changes in time. The phases of the
small wave component shifts a tiny bit further to the east at an altitude
of 11.4 km from southern to northern leg. This can be seen, for example
at the little maximum at 8° E which is located slightly to the left of the
meridian for the southern retrieval, whereas it is on the meridian for the
northern retrieval. The two little maxima between 10° E and 11°E show a
similar behaviour. These differences explain, why a joint retrieval using
measurements of both legs simultaneously did not converge properly.

7.3 Wave sources and propagation

In order to identify the sources of the first wave component, the Gravity
wave Regional Or Global RAy Tracer (GROGRAT; Chapter 2.3) is used.
The derived gravity wave parameters (Figure 7.4) are used together with
a background field generated from smoothed 6-hourly ECMWF analy-
sis fields. Most of the backward rays and especially those with highest
GWMF values are traced back to the Scandes (Figure 7.6 a). However,
other rays and especially those not reaching the surface origin from a
wide spread area west of Scandinavia. According to the ERA5 model
(Section 7.1) a jet-exit region was moving over this area during the
course of the 28 January 2016, which might be a source for these gravity
waves. At the measurement altitude, the wave parameters of waves not
originating from the surface (Figure 7.6 c-d black crosses) do not differ
from those generated by orography.

The sources of these waves are examined further by a comparison
of the ray-tracing results with ERA5 (Figure 7.7). One ray trace has
been chosen exemplary and ERA5 cross sections are plotted along its
path. In the early morning at 3:00 UTC, the gravity wave predicted by
the ray tracer does not agree well with ERA5. Thus, the source of the
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Figure 7.6: Ray traces calculated using the GROGRAT model. Panel (a) shows
the backward ray traces and Panel (b) the forward ray traces. Panels (c-e)
show the change of wave parameters with height. The end points of backward
rays which do not reach the surface are marked with an open circle, rays which
reach the surface are indicated with a red dot. The size of the circle marks the
strength of the wave (GWMF). In Panels (c-e), the crosses indicate which wave
properties the waves not reaching the surface have at flight altitude. Figure
from Krisch et al. (2020).

wave might be further towards the measurement location. However,
at 9:00 UTC a wave structure with similar orientation as predicted by
the ray tracer can be found just in front of the Scandinavian coast in
ERA5. This location of the wave in front of the coast, as well as the
orientation of the wave which does not agree with the alignment of the
main mountain ridge, hint to an excitation by a non-orographic source.
At 15:00 UTC, a wave field located directly above the mountains and
reaching up to 20 km appears in ERA5. However, the wave structure at
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Figure 7.7: Cross sections through different ERA5 temperature perturbations
along an exemplary GROGRAT ray trace originating from GLORIA measure-
ments. The left column shows vertical cross sections along the ray trace (black
line). The grey dot marks the location of the ray trace at the respective time
step of the model. The green line shows the orientation of the phase lines as
predicted by GROGRAT. The right column shows horizontal cross sections at
the altitude of the ray path at the respective model time. Figure from Krisch
et al. (2020).



124 7 The importance of non-linear processes

10 km altitude, which is exactly the location of the traced wave, differs
in steepness from the field above and below. At 20:00 UTC, the time
of the measurement flight, this slightly flatter structure has propagated
a bit further. In the horizontal cross section, the blue phase front has
an orientation more or less parallel to the main mountain ridge below
62° N. North of 62° N, the orientation changes and agrees well with
the prediction of the ray tracer. At 2:00 UTC on the following day, one
can now clearly identify different wave packets both in the horizontal
as well as in the vertical cross section. The wave packet followed by
the ray tracer is less steep than the waves above the mountains and is
now located further to the east. This comparison suggests, that a non-
orographic wave packet has travelled through a orographically excited
wave above the Scandes during the course of the late afternoon and
night of the measurement day. This again explains why the retrieval of
both flight legs simultaneously did not work. The wave field was not
sufficiently stationary.

Forward ray tracing shows, that the waves propagate slightly north-
ward and to high altitudes (Figure 7.6 b). The temperature amplitude
increases with height and reaches values between 10 K to 30 K just below
40 km. The waves need between 3 h to 12 h to propagate to these alti-
tudes. The exact propagation time strongly depends on the wavelength:
gravity waves with long vertical and short horizontal wavelengths (steep
waves) are faster than those with shorter vertical and longer horizontal
wavelengths. The horizontal wavelengths stay on the order of 200 km to
400 km. The vertical wavelengths increase to around 5 km to 15 km at
an altitude of 20 km and stay more or less constant above. This doubling
of the vertical wavelengths is caused by a doubling of the horizontal
wind from 30 m/s at 12 km up 60 m/s above 20 km altitude (Figure 7.1).

7.4 Comparison to AIRS measurements

To investigate, how accurate these forward ray-tracing calculations of
the GROGRAT model are, the propagation results are compared to Atmo-
spheric Infrared Sounder (AIRS) satellite measurements. As the waves
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Figure 7.8: Temperature perturbations of the AIRS retrieval for the descending
orbits with equator crossing time at 01:30 LT on 29 January 2016. Figure from
Krisch et al. (2020).

measured by GLORIA propagate up to altitudes of 40 km, such a com-
parison with satellite measurements appears feasible. According to the
ray-tracing results, the gravity waves take between 3 h and 12 h to prop-
agate up to 36 km. Thus, AIRS measurements of the descending or-
bit on 29 January 2016 were chosen for the comparison (Figure 7.8).
These measurements over Scandinavia were taken between 01:00 UTC
and 03:00 UTC and, thus, about 3 h to 6 h after the HALO flight. The
forward ray tracing predicts gravity wave amplitudes between 10 K and
30K above middle and northern Scandinavia (Figure 7.6 e). The ver-
tical wavelengths are predicted to be between 5 km and 15 km (Fig-
ure 7.6 d). According to the AIRS observational filter (Figure 3.5) such
gravity waves are underestimated in amplitude by more than 80 % and
overestimated in vertical wavelength by at least 30 %. Thus, these waves
should appear only weakly in the AIRS measurements and with wave-
lengths around 20 km. Sinusoidal fits of the AIRS data show high am-
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Figure 7.9: Three-dimensional sinusoidal wave fit of the AIRS measurements
in fitting cubes of 300 km× 250 km× 20 km at a centre height of 36 km. Figure
from Krisch et al. (2020).

plitudes above the southern tip of Scandinavia and the North Sea (Fig-
ure 7.9). Above middle and northern Scandinavia, as expected, very
low amplitudes are identified with vertical wavelengths on the order of
20 km. Further, the horizontal wavelengths derived from the AIRS mea-
surements comply well with the GROGRAT model results.

The influence of the AIRS observational filter on these gravity waves
is studied in more detail using ERA5 model data. Similar to the GLO-
RIA sensitivity study, the influence of the AIRS measurement concept
on a certain gravity wave structure can be investigated by multiply-
ing an AIRS averaging kernel matrix with a temperature perturbation
field. Thus, the ERA5 temperature field is first separated into small
scale gravity wave perturbations and large scale background motion
(see Chapter 4.1). Each profile of the gravity wave perturbation field
is then multiplied with an AIRS averaging kernel matrix. The results
are shown in Figure 7.10. At an altitude of 27 km the ERA5 field is
filled with different gravity waves with amplitudes on the order of 3 K
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Figure 7.10: ECMWF forecast initialized on 29 January 2016 midnight for
3:00 UTC and the influence of the AIRS observational filter. The left column
shows the original ECMWF forecast data, the right column shows what remains
if the model data is multiplied with the AIRS averaging kernel matrix. Figure
adapted from Krisch et al. (2020).
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(Figure 7.10 a). After applying the AIRS observational filter, only small
parts of the wave structure remain with strongly underestimated ampli-
tudes (Figure 7.10 b). Also the complex wave structures are replaced
by mainly monochromatic wave packets. A similar picture can be seen
at 36 km altitude (Figures 7.10 c & d). Additionally to this amplitude
underestimation, the vertical cross sections reveal the overestimation
of the vertical wavelengths (Figures 7.10 e & f), which was already pre-
dicted by the observational filter. Especially the flat waves on the top
right in Panel e with vertical wavelengths on the order of 10 km appear
with very low amplitudes and much steeper phase fronts in the AIRS sim-
ulation (Figure 7.10 f). At altitudes below 20 km, almost no information
content remains in AIRS retrieval and, thus, the temperature structure
is vertically extrapolated downwards.

A comparison of these simulated AIRS measurements (Figure 7.10 d)
with the real AIRS measurements (Figure 7.8) show an excellent agree-
ment. However, due to the observational filter, the gravity waves ob-
served by GLORIA and propagated forward by GROGRAT are only barely
visible for AIRS.

7.5 Conclusions

In this Chapter, a gravity wave field above southern Scandinavia was
examined with respect to its sources and propagation paths. Measure-
ments taken with GLORIA on the 28 January 2016 revealed a complex
wave field composed of multiple wave packets with different spatial
structure. The wave field was not time invariant, which made two sep-
arate LAT retrievals necessary. The GROGRAT ray tracer indicated two
possible source locations: the orography of the Scandes and a jet-exit
region, which was travelling from west to east over the Atlantic Ocean
and southern Scandinavia. A comparison of one ray trace with ERA5
model data, gave the impression of two crossing wave packets. A station-
ary, orographic gravity wave above the Scandes extending upwards, and
an eastward moving wave packet originating from west of Scandinavia.
During the HALO measurement flight, both wave packets were overlap-
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ping above southern Scandinavia leading to the complex wave pattern
observed by GLORIA. According to both models, these waves propagate
up to the middle stratosphere. However, due to the observational fil-
ter of AIRS, in the satellite measurements their amplitudes are strongly
underestimated and their vertical wavelengths overestimated. The re-
maining signal agrees qualitatively very well with the predictions by the
ray tracer and ERA5. For an exact quantitative comparison and, thus, an
experimental evidence on the importance of non-linear processes dur-
ing gravity wave propagation, either another satellite instrument with
different observational filter or a gravity wave with longer vertical wave-
lengths in the stratosphere would have been required. Nevertheless, this
study shows, that a relatively simple model like GROGRAT performs very
well on predicting the path of a gravity wave even in complex situations
with multiple wave packets.





8 Summary and outlook

Due to computational constraints, gravity waves are implemented in
nowadays general circulation models (GCMs) in the form of simplified
sub-models called parameterisation schemes. These parameterisation
schemes induce large uncertainties in seasonal weather predictions and
climate projections. Further, there are hints that these parameterisation
schemes cause a misrepresentation of middle atmospheric circulations in
GCMs. These erroneous circulations then lead to model artefacts like for
example the cold-pole bias in the Antarctic. Several theoretical studies
proposed different concepts to improve gravity wave parameterisation
schemes in GCMs. However, before implementation, these theories need
to be validated by observations. This thesis, provides such validations
using observations collected with GLORIA and investigated how such
measurements can enhance our current understanding of gravity wave
sources and propagation. In this respect, the urgent research questions
stated in the introduction are repeated and addressed below:

Can GLORIA be used to study mesoscale gravity waves? Are the
3-D volumes of atmospheric temperature obtained from these mea-
surements sufficient in size and spatial resolution to fully charac-
terise mesoscale gravity waves?
Two different measurement concepts of GLORIA were considered in
this thesis: full angle tomography (FAT) and limited angle tomography
(LAT). In FAT a 3-D volume is encircled by a closed flight pattern of
roughly 400 km diameter and the encircled volume is measured from
all around. This enables the reconstruction of a large, cylindrical, 3-D
volume with spatial resolution of 20 km in all horizontal directions and
200 m in the vertical. LAT, in contrast, is used for linear flight patterns
and can only reconstruct a band of 150 km around a banana-shaped
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vertical curtain parallel to the flight path. Further, the resolution of LAT
is slightly decreased compared to FAT and amounts to 30 km in flight
direction, 70 km perpendicular to the flight direction and 400 m in the
vertical. To investigate the sensitivity of both measurement strategies
to gravity waves, the concept of the observational filter, which has been
applied in previous studies to investigate, how much of the amplitude
of a gravity wave can be recovered by a certain measurement technique,
has been extended to all important wave parameters needed for a full
wave characterisation, i.e. the amplitude, the horizontal and vertical
wavelengths, and the wave orientation. These detailed observational
filters were derived in a simulation study for gravity waves with differ-
ent wavelengths and phase front orientations. The derived observational
filters show that the extent and resolution of the volumes obtained from
both measurement concepts is sufficient to properly derive all important
wave parameters of gravity waves with horizontal wavelengths above
200 km and vertical wavelengths above 2 km with high accuracy on op-
timised flight patterns. Thus, GLORIA measurements can provide a full
wave characterisation of mesoscale gravity waves. This thesis directly
confirms this theoretical result derived from simulations with the first 3-
D reconstructions of mesoscale gravity waves in the lower stratosphere
and the respective full wave characterisations.

How does the measurement set-up influence the quality of re-
trieved wave parameters?
For LAT the quality of reconstruction strongly depends on the orientation
of the wave with respect to the instrument, which is not the case for FAT.
For LAT, waves with phase fronts perpendicular to the flight path can be
reconstructed best. If the phase fronts are turned away from this perfect
orientation, the tilt of the wave becomes important for the quality of
reconstruction. For waves tilted away from the instrument, the retrieval
causes artefacts that reduce the quality of reconstruction. In general,
the better the alignment of the line of sight (LOS) of the instrument
with the phase fronts, the better can the wave structure be reproduced.
Thus, steep waves are often better reconstructed than flat waves. For
waves turned by more than 40° compared to the perfect orientation, the
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quality of reproduction decreases drastically. A similar dependence of
the reproduction quality on the wave orientation was already found in
former studies for other limb sounding concepts (Wu and Waters, 1996;
McLandress et al., 2000; Ungermann et al., 2010a). A comparison of
LAT and FAT for a real gravity wave with 250 km horizontal and 5 km
vertical wavelength above Iceland on 25 January 2016 showed a very
good agreement between both methods, because the orientation of the
LAT leg could be chosen almost perpendicular to the phase fronts.

What is the optimal flight strategy to observe mesoscale gravity
waves with GLORIA?
The observation in LAT mode can be recommended as long as the ori-
entation of the wave can be predicted before the flight and the flight
path can be chosen more or less perpendicular to the phase fronts of
the wave. Due to its slightly higher spatial resolution and accuracy FAT
is favourable for short scale waves with small amplitudes and regions
where gravity waves with multiple horizontal orientations overlap. Due
to its shorter acquisition time, LAT is favourable for non-stationary situ-
ations, like experienced for example during a measurement flight on 28
January 2016 above southern Scandinavia. Here, two consecutive LAT
retrievals could nicely show the temporal development of the gravity
wave field.

Can GLORIA measurements confirm that oblique propagation can
happen over large distances?
During a measurement flight above Iceland on 25 January 2016, a grav-
ity wave with complex wave structure excited at the Icelandic orography
was observed between 10 km and 14 km altitude. Already inside the
measurement volume the gravity wave started to propagate horizon-
tally towards the Atlantic Ocean. A propagation study using the Grav-
ity wave Regional Or Global RAy Tracer (GROGRAT) and gravity wave-
resolving reanalysis data from the European Centre for Medium-Range
Weather Forecasts showed, that the gravity wave propagates more than
2000 km away from its source to western Russia. The comparatively
simple ray-tracing model predicted for the gravity wave exactly the same
propagation path as the much more computationally demanding numer-
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ical weather prediction model. Surprising in both models: the strong
oblique propagation happened in a narrow altitude range between 15 km
and 20 km. Many theoretical studies have highlighted the importance
of oblique gravity wave propagation for the correct representation of
middle atmospheric circulations in GCMs (e.g. Song and Chun, 2008;
Sato et al., 2009; Preusse et al., 2009a; Kalisch et al., 2014). However,
no one predicted the oblique propagation to happen over such large
horizontal distances and in such a small altitude range. On its long hor-
izontal way through the atmosphere, the gravity wave is refracted by
the background wind and changes its internal horizontal propagation
direction from southward to westward. This change facilitates a final
fast upward propagation into the westerly stratospheric jet. Compar-
isons of the model result to measurements taken by the Atmospheric
Infrared Sounder (AIRS) in the mid stratosphere could neither support
nor rebut the findings. The complexity of the gravity wave field in the
stratosphere and the limited resolution of the AIRS measurements make
a direct connection between observations and model results difficult.

How large are discrepancies between reality and simplified grav-
ity wave parameterisation schemes?
Neither oblique propagation nor realistic wave orientations and thus
wave refraction are implemented in current gravity wave parameterisa-
tion schemes. A 1-D version of GROGRAT was used to imitate a simpli-
fied parametrization scheme to study the differences between oblique
and solely vertical propagation. It was shown, that such a simplified
model does not only deposit the gravity wave momentum at the wrong
horizontal location (more than 2000 km away in the studied case), but
also at a too low altitude. Thus, these findings support theoretical stud-
ies requesting the implementation of oblique gravity wave propagation
into climate models. One implementation of such a new parameterisa-
tion scheme is at the moment jointly developed by the national research
group Multiscale Dynamics of Gravity Waves (MS-GWaves). The obser-
vations presented in this thesis act as motivation and validation for new
theories and models developed within this research group.

How meaningful are the results of linear ray-tracing models? How
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well do they agree with observations?
As mentioned above, the results of the linear ray-tracing model GRO-
GRAT agree very well with the gravity wave-resolving reanalysis data.
However, due to the limited vertical resolution of AIRS and the complex-
ity of the stratospheric wave field on 26 January 2016, a direct connec-
tion of results from linear ray tracing with observations was not possible
for the Iceland case study. On 28 January 2016, a second gravity wave
case above Scandinavia was probed with GLORIA. It was predicted by
GROGRAT, that this gravity wave propagates straight upward with am-
plitudes increasing up to 10 K and vertical wavelengths up to 15 km al-
titude in the mid stratosphere. Due to the observational filter of AIRS,
gravity waves with vertical wavelengths in such a range are underesti-
mated in amplitude by at least 80 % and overestimated in vertical wave-
length by at least 30 %. This overestimation in vertical wavelength has
not been addressed by previous publications using AIRS measurements
(e.g. Hoffmann et al., 2013; Ern et al., 2017) and can lead to large er-
rors in GWMF estimates. Further, it shows again the importance of de-
tailed observational filters for all important wave parameters, like they
have been derived in this thesis for the GLORIA instrument. Due to the
amplitude underestimation, the satellite measurements show only little
gravity wave perturbations above Scandinavia. In contrast, the ERA5
model shows gravity wave perturbations similar to the ones predicted
by GROGRAT. A convolution of the ERA5 model data with the AIRS av-
eraging kernel matrix, can reproduce the AIRS measurements very well.
Thus, this case study shows qualitatively a very good agreement between
observations and linear ray tracing. However, for an exact quantitative
comparison new measurement concepts are required.

A new aircraft campaign planned for autumn 2019 has as scientific
goal to further investigate the propagation of gravity waves. During this
campaign, the aircraft will be equipped with a new lidar instrument,
the Airborne Lidar for Studying the Middle Atmosphere (ALIMA), mea-
suring the temperature profile between the aircraft and the mesopause.
Together, GLORIA and the new lidar system will have a continuous mea-
surement coverage from the tropopause up to the mesopause. As the
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whole system is mounted on an airplane, it will be feasible for the first
time, to trace a gravity wave with measurements along its oblique way
through the atmosphere. Furthermore, a new satellite concept called
ATMOSAT, has been proposed. Such a satellite, which is based on the
infrared limb imaging concept, will have a much better vertical resolu-
tion than AIRS and, thus, resolve gravity wave with much shorter ver-
tical wavelengths. Further, this new satellite would cover an altitude
range from 5 km to 100 km altitude with tomographic measurements.
Thus, the study of gravity wave propagation will be possible globally
with measurements from one single instrument.



A Error analysis of the ray
tracing calculations

In this appendix, the effects of different errors on the ray-tracing results
are discussed exemplary for the Iceland case presented in Chapter 6 (see
also Krisch et al., 2017). These errors may, in principle, be caused dur-
ing each of the three main processing steps: temperature retrieval, back-
ground removal, and sinusoidal wave fits (S3D). Retrieval errors can be
divided into precision and accuracy (see Chapter 3.2.2.3). Due to the
high number of independent data in each S3D cube, the precision error
(mainly due to noise) can be neglected, in particular since in this thesis
only gravity wave events with amplitudes above a threshold of 0.5 K are
considered. The error sources which lead to the accuracy error are sys-
tematic and slowly varying. Thus, their impact is mostly mitigated by
the background removal.

The background removal separates the data into large-scale variations
and small-scale fluctuations, the latter interpreted as gravity waves. The
main effect of an unfavourably tuned background removal would be to
eliminate real gravity waves. However, it would not introduce errors in
the fitted wave vectors. Thus, this has to be considered in a comparison
with other data but is not included in the further error discussion. The
third step, the S3D method, is based on the assumption that the fitting
volume is filled by a homogeneous wave, which is not always the case.
In Chapter 6.4 a systematic low bias of 10 % in the vertical wavelength
has been found for this case.

To investigate the effect of wrong input parameters ξ on the ray-
tracing, these input parameters are varied by a factor εξ. The variations
εξ for the vertical wavelength and the horizontal wave direction are cho-
sen to be half the difference of the wave parameters at the upper (ξz=max)
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Figure A.1: Variations of wave parameters from the lower to the upper bound-
ary of the S3D fitting volume. For all graphs GWMF weighted means are cal-
culated and depicted as black lines. Figure adapted from Krisch et al. (2017)

and lower (ξz=min) boundary of the S3D fitting volume as determined by
a ray-tracing reference run using exactly the S3D results as input (Fig-
ure A.1). The horizontal wavelength does not change much over the
height of the fitting volume (Figure A.1 b). However, Figures 6.4 and
6.5 indicate a significant variation of the horizontal wavelength over
the horizontal extent of the fitting volume. Hence, for the error estimate
ray-tracing calculations, an error value of ±15 % is chosen as estimate
for the horizontal variation of the horizontal wavelength within the S3D
fitting volume. In Table A.1 the used error estimates for the three wave
parameters are summarized.

The results of the back-tracing runs with wave parameters varied by
the error estimates in Table A.1 are shown in Figure A.2. Longer vertical
wavelengths (Figure A.2c, d) lead to more northward located sources,
while rays from shorter vertical wavelengths (Figure A.2b) end south-
ward, i.e., upstream of Iceland over the ocean. This is due to the fact
that longer vertical wavelengths are associated with higher horizontal
phase velocities and hence higher horizontal group velocities. Accord-
ingly, in the case of shorter vertical wavelengths the waves are not able to
compensate the background wind velocity and would origin from an up-
stream source. Actually, we find that the inferred bias (10 % larger val-
ues for the vertical wavelengths), when corrected, improves the match
of the ray positions with the topography (Figure A.2c).

The horizontal wave direction has similar impact: when the wave is
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Figure A.2: Backward ray tracing with varying input wave parameters. The
black dots mark the ray positions at 3 km altitude. Figure from Krisch et al.
(2017)
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Table A.1: Error estimates for the wave parameters inferred by the S3D method
based on the change of the parameters over the extent of the fitting cube.

Error estimate of the vertical wavelength ±17 %
Error estimate of the horizontal wavelength ±15 %
Error estimate of the horizontal wave direction ±5.5°

turned more into the south-easterly background flow (Figure A.2h) the
ray paths are more vertically oriented and therefore reach the ground
closer to the measurement volume. When they are turned away from
the background wind (Figure A.2g), the intrinsic group velocity and the
background wind are at an angle, the intrinsic group velocity does not
fully compensate the background wind, and the waves cover a larger
horizontal distance reaching onto the ocean upstream of Iceland.

Similar variations for the forward ray traces are shown in Figure A.3.
In all cases except for shorter vertical wavelengths, a major group of ray
traces reaches the model top at 45 km altitude (white dots); i.e., our
main findings presented in Chapter 6.4 are robust.

These calculations demonstrate that the uncertainties of the wave pa-
rameters derived from GLORIA measurements are well below the uncer-
tainties stated in Table A.1 and that a correct identification of the gravity
wave source is only feasible for highly accurate wave characterisations,
such as achieved here thanks to the high spatial resolution and accuracy
of GLORIA 3-D temperature measurements.
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Figure A.3: Forward ray tracing with varying input wave parameters. The dots
mark the dissipation point of the ray and the colour indicates the dissipation
height. White dots mark waves which reach the model top at 45 km altitude.
Figure from Krisch et al. (2017)





B Impact of black-body
inhomogeneity on the
retrieval results of GLORIA

The quality of GLORIA measurements strongly depends on a correct cali-
bration. For the calibration of the GLORIA measurements, two on-board
black bodies are used to estimate an additive and a multiplicative cali-
bration factor for each detector pixel. Uncertainties in the temperature
and thus radiation of these black bodies directly lead to uncertainties
in the calibration of the measured infrared spectra. The present chap-
ter will investigate, how these black-body uncertainties influence the
retrieval results of different geophysical quantities. It is structured as
follows: The radiometric calibration approach of GLORIA is described
in Section B.1 and the influence of black-body uncertainty on the cali-
brated radiances in Section B.2. Section B.3 introduces the concept of
how the propagation of this uncertainty through the retrieval is inves-
tigated. Section B.4 presents the results and a short discussion. For a
more detailed discussion see Kleinert et al. (2018).

B.1 Radiometric calibration

The GLORIA measurements in arbitrary intensity units have to be radio-
metrically calibrated to absolute radiances. Two on-board calibration
sources are used to estimate a unique gain and offset for each detector
pixel. The two-point calibration approach requires a linear detector re-
sponse or a correction of any non-linear behaviour of the detector system
prior to radiometric calibration.
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The radiometric in-flight calibration uses two blackbodies at differ-
ent temperatures (Olschewski et al., 2013). They are mounted outside
of the spectrometer, such that the whole optical path including the en-
trance window is calibrated. In order to cover the field of view (FOV) of
the whole detector array, they have a rather large optical surface area of
126 mm× 126 mm. Since a revision of the black-body design in 2015,
the emitting back-surface of the black body consists of 25 by 25 pyra-
mids of 8 mm height. The backplane is wire eroded of one solid piece
of aluminium for a good thermal conductivity. It features light traps at
the bases of the pyramids to effectively avoid direct reflection of any
incoming radiation and to increase the emissivity. Four thermoelectric
coolers (TECs), which provide the options of cooling and heating, are
used to stabilize the temperature of each black body. The baseplate of
the pyramid array is equipped with 10 platinum resistance thermome-
ters (PRTs) calibrated with a temperature uncertainty of 10 mK. The
electronics measuring the resistance have an uncertainty of about 15 mΩ
to 20 mΩ, corresponding to a temperature uncertainty of about 50 mK.
Four of these sensors are placed directly under the TECs and are used
to control the heating or cooling rate. The other six sensors are used
for monitoring. The temperature of the cold black body is stabilized at
or slightly below the ambient temperature (typically around 230 K to
230 K), the hot black body is heated to 30 K to 40 K above the cold one.
In order to avoid ice contamination and to suppress stray light, a baffle
is mounted in front of the casing of each black body. The baffle is cooled
with two TECs to 2 K below the temperature of the pyramid array. The
blackbodies are insulated with polystyrene foam sheets and the baffle
system is thermally decoupled from the pyramid section with a layer of
glass-fiber reinforced plastic.

The gain and offset of an instrument are defined as the multiplicative
(gain, g) and additive (offset, L0) factors, which must be applied to the
true radiation L, in order to get the signal measured by the instrument
S (Revercomb et al., 1988, see, e.g.):

S = g(L + L0) (B.1)
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These factors differ for each pixel and wavelength. Gain and offset
can be determined from measurements of two black-body sources with
known temperature. Assuming an emissivity of 1, the gain is calculated
as

g =
Sbb2 − Sbb1

�(Tbb2)−�(Tbb1)
(B.2)

and the offset as

L0 =
Sbb1

g
−�(Tbb1), (B.3)

with �(T ) being the Planck function of the given temperature. More
details on the calibration concept of GLORIA are given by Kleinert et al.
(2014) and Olschewski et al. (2013).

The calibrated spectral radiation L can be calculated from the mea-
surements by dividing the measured radiation S by the gain g and sub-
tracting the offset L0:

L =
S
g
− L0. (B.4)

B.2 Impact of black-body temperature
uncertainty on radiances

The surface area of the backplane of the GLORIA blackbodies with a size
of 126 mm× 126 mm is rather large. It is a technically challenging task
to get a completely uniform temperature distribution over this big area.
In reality, the temperature varies across the black body due to thermal
gradients inside the backplane, the air flow around the pyramids, and
an imperfect temperature regulation. If the true black-body temperature
T t

bb = Tbb −ΔTbb deviates from Tbb, which is used for calculating g and
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L0, the true gain gt and true offset Lt
0 differ from g and L0 as follows:

g t =
Sbb2 − Sbb1

�(T t
bb2)−�(T t

bb1)
= gα, (B.5)

with

α=
�(Tbb2)−�(Tbb1)
�(T t

bb2)−�(T t
bb1)

(B.6)

and

Lt
0 =

Sbb1

g t
−�(T t

bb1). (B.7)

This leads to a deviation ΔL of the originally calculated calibrated radi-
ation L from the true calibrated radiation Lt . The calibrated spectra can
be expressed in terms of the “true” calibrated spectra Lt = S/g t − Lt

0:

L =
S
g
− L0 =

S − Sbb1

g t
α+�(Tbb1) =

�
S − Sbb1

g t
+�(T t

bb1)
�
α+�(Tbb1)

(B.8)

=
�
Lt −�(T t

bb1)
�
α+�(Tbb1). (B.9)

Thus the deviation ΔL is

ΔL = L − Lt = Lt(α− 1)−�(Tbb1). (B.10)

This deviation is a combination of a scaling compared to the true cali-
brated measurements and an additive offset.

If one black-body measurement is replaced by a deep space measure-
ment, the deviation simplifies to a simple scaling of the true calibrated
measurements:

ΔLbb,ds = Lt

��(Tbb)
�(T t

bb)
− 1

�
(B.11)
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as the emission of deep space can be assumed to be effectively zero.

B.3 Concept of the used Monte Carlo
approach

A Monte Carlo approach (e.g Metropolis and Ulam, 1949; Press, 1968)
is used to study the impact of black-body uncertainties on the GLORIA
retrieval results. Therefore, many random temperature fluctuations of
the blackbodies are generated and the effects of these fluctuations on
the retrieved climate variables are calculated. Afterwards, statistical in-
formation on the perturbed retrieval results is derived. Only vertical
temperature variations are taken into account, as the row averaged ra-
diation is used for the standard GLORIA retrievals. Consequently, a ran-
dom temperature deviation is created for each vertical pixel around the
measured mean black-body temperature T bb. These deviations ΔT bb

are defined over the detector through the covariance matrix COV with
standard deviation σ and correlation length c:

COV(i, j) = σ2 · e− 1
2 ·( i− j

c )
2

, (B.12)

with i and j denoting the 128 averaged rows of the detector. Examples
for these temperature deviations ΔT bb are shown in Figure B.1 for differ-
ent correlation lengths. A correlation length of 0 means completely un-
correlated deviations and infinity completely correlated (i.e., constant)
ones. Due to the optical set-up and the thermal conductivity of the black-
body surface, typical correlation lengths of the GLORIA blackbodies are
expected to be in the range of 10 to 100 pixels. Temperature varia-
tions across the emitting surface have to be rather smooth because of
the thermal conductivity of the material. Furthermore, the instrument
is focused to infinity and the picture of the black-body backplane on the
detector is not sharp. Therefore correlation lengths below 10 pixels are
not expected.

For each pair of standard deviation and correlation length, 256 ran-
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Figure B.1: Random temperature deviations for the 128 vertical detector pixels
with different correlation lengths c. The temperature deviations in panel (a)
have a correlation length of one vertical pixel, meaning that they are nearly
uncorrelated. In contrast the temperature deviations in panel (c) are nearly
fully correlated over the whole detector (correlation length of 128 pixels). In
panel (b) a correlation length of 20 pixels is depicted. All variations have a
standard deviation of σ = 0.2. The gray shade marks the 3σ area. Figure from
Kleinert et al. (2018)

dom temperature distributions are generated. These black-body tem-
perature deviations transform into radiation deviation distributions ΔL
according to Equation B.11. This study uses atmospheric profiles from a
climatology (Remedios et al., 2007) in the mid-latitudes to simulate in-
frared spectra as they would be measured by GLORIA at 15 km flight alti-
tude. The GLORIA Measurement Simulator uses vertical profiles of rele-
vant trace species and of pressure and temperature from the climatology
and combines them in a forward model with the GLORIA measurement
geometry. This results in one infrared spectrum for each of the 128 ver-
tical pixels. Typical noise values of the GLORIA instrument are added to
these spectra. These synthetic measurements are transferred back into
the geophysical quantities of temperature and trace gas volume mixing
ratios according to the retrieval set-up described in Ungermann et al.
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(2015) for the GLORIA dynamics mode. A gain matrix G is calculated
in this retrieval process, which correlates measurement deviations (ΔL)
with retrieval result uncertainties (Δx ). As the radiation errors caused
by the black-body inhomogeneities are small compared to the simulated
radiations, the retrieval can be linearised and the retrieval gain matrix
G can be assumed to be constant for the small deviations ΔL around
the original radiation (Rodgers, 2000). Therefore, the influence of the
black-body temperature deviations on the retrieval result of atmospheric
trace gases and temperature can be calculated as follows:

G ·ΔL =Δx . (B.13)

The retrieval uncertainty distribution is estimated through a fit of a
Gaussian shaped probability distribution to the 256 Δx vectors of each
pair of correlation length and standard deviation of the original ΔT bb

distribution. This allows us to estimate a standard deviation and a cor-
relation length of the retrieval uncertainty probability distribution.

B.4 Study results and discussion

The measurement uncertainty of GLORIA should ideally be small com-
pared to the decadal trends. We therefore choose a target and a thresh-
old value for the accuracy of 20 % and 40 % of the decadal trends, re-
spectively. Table B.1 shows the decadal trends in temperature, ozone,
and water vapour together with the resulting target and threshold values
for these entities.

Table B.1: Long term trends in temperature, ozone, and water vapour in the
UTLS region and the derived target and threshold values for GLORIA retrievals.

temperature ozone water vapor
10 year trend 1K 5% 0.5 ppmv
reference Schmidt et al. (2010) WMO (2014) Solomon et al. (2010)
target 0.08% 1% 2.5%

(threshold) (0.16%) (2%) (5%)
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FigureB.2:ResultsoftheMonteCarloapproach.Plottedarethestandarddevi-

ations(leftpanels)andcorrelationslengths(rightpanels)oftheretrievalerror

distributions.Thex-axisshowsthestandarddeviationoftheoriginalrandom

variationoftheblack-bodytemperature,they-axistheaccordingcorrelation

length.Thetoprowrepresentsthetemperatureretrieval,inthemiddleozone

isshown,andthebottomdepictswatervapour.Theblacksolid(dashed)line

intheleftplotsindicatestheerrortarget(threshold)duetothelongtermtrend

oftherespectiveatmosphericspecies.FigurefromKleinertetal.(2018)
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As described before, a Monte Carlo approach is used to estimate the
propagation of temperature non-uniformities of the black-body surface
through the retrieval. Figure B.1 shows the results of this study. The
standard deviations and correlation lengths of the retrieval errors are
displayed for different standard deviations and correlation lengths of
the random deviations of the black-body temperature. These retrieval
errors are averaged over the altitude range 7− 14 km. As expected, the
correlation length of the retrieval error increases with the correlation
length of the input for all species (see right panels in Figure B.2). For all
species shown, the correlation lengths of the retrieval errors are around
1 km to 1.5 km for black-body non-uniformities correlated over less than
50 pixels. For temperature deviations over larger areas, the correlation
lengths in the retrieval errors grow accordingly. These more extended
errors introduce a bias in the measurements but do not influence the
general structures of the measured species. For some scientific uses,
such as gravity wave research, this is more acceptable than errors with
short correlation lengths.

The standard deviations of the results depend strongly on the retrieved
species. For typical correlation lengths of the GLORIA black-body tem-
perature deviations (10 to 100 pixels) the accepted threshold of 2 % er-
ror for the ozone retrieval is reached for standard deviations of 0.2 K to
2 K. Therefore, a required threshold of 200 mK and a target of 100 mK
for the temperature standard deviation of the black body are defined
through the ozone retrieval. These values can be relaxed for tempera-
ture deviations with longer correlation lengths, as can be seen in the plot
in Fig. 5c. For the temperature retrieval the threshold of 0.16 % uncer-
tainty is reached for all correlation lengths above two pixels at around
400 mK. The target uncertainty is reached already at 200 mK. For wa-
ter vapour retrievals the threshold and target values are located at a
standard deviation of 500 mK and 250 mK for correlation lengths of one
pixel but can be relaxed for more correlated non-uniformities.

Thus, for the GLORIA instrument and the applied retrieval set-up, the
ozone retrieval sets the threshold requirement of the standard devia-
tion of the black-body uncertainties to 200 mK and the desired target to
100 mK.
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