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Abstract

This dissertation explores possible ways to extend the remote-sensing capa-
bilities of existing instruments.

In the theoretical part, the O3-chemistry up to the mesosphere will be
reviewed with emphasis on O3 changes due to precipitation of solar particles
into the atmosphere. The theoretical background of remote sensing in the
microwave and far infrared region will be sketched. Finally the retrieval
theory based on Optimal estimation (Rodgers, 2000) will be reviewed.

In the practical part, extensions to existing instruments will be introduced.
First a combination of a microwave spectrometer with a Fourier transform
spectrometer is theoretically investigated and applied to artificially created
O3 and H2O spectra. O3-profiles can be retrieved from ground level to the
mesosphere using the combination of the two sensors. In the region from
15 km to 35 km, where both instruments are able to ‘see’ O3, the results
are improved compared to the results obtained by either instrument alone.
H2O-spectra are also combined and retrieved. While it is shown to be pos-
sible to retrieve combined spectra, there is a pronounced information gap
between the tropopause and the middle stratosphere which makes it difficult
to retrieve information of the H2O-content in the tropopause region.

In a second part, an add-on-spectrometer to the existing microwave ra-
diometers, OZORAM and H2ORAM, in Ny Ålesund, Spitsbergen (79◦N),
is devised and explored. The new spectrometer enables a resolution as fine
as 100 kHz which makes it possible to retrieve O3, from the 142 GHz-line,
and H2O-profiles, from the 22.2 GHz-line, up to 75 km. Investigations have
been undertaken in order to define the properties of an instrument which is
able to refine the H2O-spectra at 22.2 GHz even further. Due to the weak
emission this is more difficult than for the prominent O3-line at 142 GHz.

The spectra taken during the October/November 2003 Solar-Proton-
Event (SPE) by the OZORAM at Ny Ålesund have been reanalysed using
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an optimised retrieval set-up based on Qpack/arts to investigate the SPE and
to compare the measured O3-VMR (volume mixing ratio) to the evolution
of the O3-VMR predicted by a 2-dimensional model.

Additionally, a method of comparing profiles obtained from different re-
mote sensors is reviewed and demonstrated. The results are used to back up
the results based on the existing spectra for the SPE 2003.



Introduction

The atmosphere is in many respects crucial for the earth as we know it,
particularly for life. It not only serves as an important reservoir of oxygen
which is the basis of the metabolism of most fauna, including humanity; it
also provides a shield from dangerous energetic rays from the sun such as
UV-radiation. The atmosphere is important in maintaining a relatively con-
stant temperature. Compared to the moon, for example, where temperature
differences on the surface range from -150 ◦C (during the night) to 100
◦C (during the day), the climate on earth is moderate (diurnal extremes are
about 40 K in some places but usually not more than about 20 K). Not only
does the atmosphere moderate the diurnal differences in energy input from
outer space, it also keeps the temperature within a range which is suitable to
life on earth. This is achieved by a complex combination of storing energy
(greenhouse effect), transforming it (e.g. short wave radiation is absorbed
and long wave radiation is emitted) and radiating parts of it back into outer
space.

The study of the atmosphere began in the early 20th century (e.g. ozone
research by Dobson et al., 1925). The discovery of the O3-hole over the
Antarctic in 1985 (Farman et al., 1985) and its relation to the release of
CFC’s1 in the atmosphere sparked a great interest in the physics and chem-
istry of the atmosphere. It quickly became clear that O3 is a major player
in the temperature and radiation budget of the atmosphere, even though
it is only found in traces. The O3-layer2 shields the earth’s surface from
dangerous UV-radiation and is an important greenhouse gas (Brasseur and

1 Chloro-fluorocarbons - non-toxic substances which are chemically inert in the troposphere.
They are used for many applications in refrigeration, etc. The CFC’s are photo-dissociated
in the upper stratosphere and the halogens thus released may function as a catalyst in O3-
destroying reactions.

2 Most of the O3 is found in the stratosphere between 15 and 50 km altitude.
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Solomon, 1986). The research about the O3-chemistry in the atmosphere led
quickly to political action, the so-called ‘Montreal protocol’ (UNEP, 2000),
which brought about a worldwide ban of CFC’s. This was possible in part
because the destruction of the O3-layer could be traced back with certainty
to the influence of mankind.

The chemistry of the stratosphere has been well researched the last dec-
ades. Recently the focus has shifted both downwards and upwards. A part of
the thesis presented here deals with measurement techniques for the lower-
most stratosphere and the mesosphere. The influence of the sun on the chem-
istry of the earth becomes more pronounced the higher one gets. Particle
events such as the ejection of mass by the sun influence the chemistry in the
mesosphere and even, due to downward transport, in the stratosphere. Re-
cently published studies establish a disturbance of the O3-chemistry for as
long as 6 months after the occurrence of such an event (Randall et al., 2005).
Measurements are also necessary to establish the performance of chemical
models. Attempts to model the impact of an Solar-Proton-Events (SPE) have
been made by Jackman and Fleming (2000) and Sinnhuber et al. (2004),
among others, and compared to measurements by Jackman et al. (2001) and
Rohen et al. (2005b). Earlier attempts can be found in Solomon et al. (1981),
Solomon et al. (1983) and Lobsiger and Künzi (1986).

The mesosphere is a demanding area for remote-sensing techniques. The
signal is very weak because of the low concentration of gases. The meso-
sphere is also shielded by the layers below. Especially the troposphere with
its high abundance off water attenuates the signal.

Microwave radiometry offers several advantages in sensing the meso-
sphere when it comes to short-term changes as well as long-term monitor-
ing:
– The physical limit for retrieving altitude information ranges from 80-85

km for the 22.2 GHz water vapour line to about 70 km for lines at about
300 GHz (e.g. Golchert et al., 2005), the upper limit for ground-based
microwave radiometry.

– Microwave radiometry senses thermal emission from molecules. It is there-
fore not dependent on light. Due to the long wave lengths, scattering only
occurs if the particles are fairly large, as in the case of rain or snow.

– Modern microwave radiometers together with advanced calibration meth-
ods offer a very low noise figure and long-term stability.
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– Very little manual attention is required to operate a microwave radiometer.
They can even be operated automatically without any human intervention.

A second extension is the combination of an FTIR (Fourier transform infra-
red)-spectrometer and a microwave spectrometer into one virtual instru-
ment. Compared with microwave spectrometry, FTIR spectrometry offers:
– a large bandwidth, which enables altitude information obtained from the

troposphere to be retrieved,
– a whole spectral band taken at once, so that the species retrieved can be

chosen (at least to some extent) independently from the spectra taken, and
– a very good signal to noise ratio.

Combining both instruments means that the advantages of both instruments
can be had and some of the disadvantages such as the limited altitude ranges
can be eliminated.

This thesis is subdivided into the following chapters:
Chapter 1: A summary of the dynamic and chemical processes which lead

to the short-term variations in the O3 and H2O content of the stratosphere
and mesosphere is presented.

Chapter 2: The theory of radiative transfer and optimal inversion (OE) of
the measured data (Rodgers, 2000) is reviewed. The theoretical founda-
tions of the microwave radiometers (RAM) and Fourier transform spec-
trometers (FTIR) will be sketched.

Chapter 3: Stratosphere and stratomesospheric O3-profiles measured by
RAM and by the satellite-born SCIAMACHY-instrument are compared.

Chapter 4: Theoretical and experimental studies of an extension of the
RAM are described. An extension of the spectrometer will be used to
measure mesospheric O3. The retrieval parameters obtained by this study
are used in a study and model comparison of the solar-proton-event au-
tumn 2003.

This chapter also contains a study of combined retrieval methodology
for different instruments on the example of FTIR and RAM.





1 Structure, dynamics and chemistry of
the atmosphere

In this chapter general concepts and properties of the atmosphere will be in-
troduced and discussed. Dynamic transport1 in and chemistry of the meso-
sphere, stratosphere and troposphere will be discussed and compared. The
chemistry disturbed by the impact of mass ejected by a Solar-Proton-Event
leading to O3 destruction will be explored.

1.1 Vertical structure of the atmosphere
The atmosphere is commonly divided into layers, called ‘spheres’, accord-
ing to thermal characteristics (see figure 1.1). The boundaries of the spheres,
called ‘pauses’, are marked by a change of the sign of the temperature gradi-
ent. The first three spheres, troposphere, stratosphere and mesosphere, also
called the homosphere, consist mainly of 20 % O2 and 80 % N2, the major
constituents of the atmosphere. There are a number of trace gases in tiny
amounts (figure 1.2) which, however, have significant large influence on the
properties of the atmosphere and the climate. Above 100 km, the compo-
sition of the atmosphere changes because of the rapid photo-dissociation.
The abundance of atomic oxygen increases while the abundance of O2 and
N2 decreases. As opposed to the homosphere, the mean molecular weight
depends on altitude, which is why this layer is also called the heterosphere.

From about 70 km upwards, radiation from outer space has an increas-
ing influence on the chemistry of the atmosphere via ionisation processes.
This influence is particularly strong above the polar cap regions where the
magnetic shielding of the earth becomes less effective due to the vertical

1 In the following dynamic transport is often abbreviated to transport.

13



14 1 STRUCTURE, DYNAMICS AND CHEMISTRY OF THE ATMOSPHERE

Figure 1.1: The structure of the atmosphere as defined by thermal characteristics.
(from Brasseur and Solomon (1986), c©D. Reidel Publishing Company).

field lines. The region from about 70 km onwards is therefore also called
the ionosphere.

1.2 Dynamic transport in the atmosphere
The dynamics of the atmosphere are governed by three fundamental equa-
tions. The first describes the response of a fluid to external forces by New-
ton’s second axiom:

~v
dt

+
1
ρ

∇p+2~Ω×~v =~g+~F (1.1)

with ~v the velocity of an air parcel, p the pressure, ρ the mass per unit vol-
ume, ~Ω the angular rotation rate of the earth,~g the gravitational acceleration
and ~F the force due to friction. The terms in the equation 1.1 correspond to
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Figure 1.2: Volume mixing ratio and concentration of selected trace gases from
the mid-latitude-summer-scenario of the FASCOD catalogue. Both figures show the
same species using the same colours.

the force due to the pressure gradient, the Coriolis effect, gravitation, and
friction, respectively.

The second fundamental equation is the conservation of energy:

cP
dT
dt
− 1

ρ
d p
dt

= Q, (1.2)

with the temperature T , the specific heat of air cP and the net heating rate Q.
The third fundamental equation is the conservation of mass:

dρ
dt

+ρ∇ ·~v = 0. (1.3)

Equations 1.2 and 1.3 correspond to well-known physical principles that
neither energy nor matter can be destroyed or created but only transformed2.

2 The energies connected to transformations of energy into matter via the relation E = mc2
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1.2.1 Common definitions and approximation

Setting the external heating Q = 0 and using the ideal gas law p = ρRT to
relate ρ and T , equation 1.2 can be written

dT
T

=
R
cP

d p
p

. (1.4)

Integrating yields T = Apκ with A a constant and κ = R/cp(= 0.286 for dry
air). Adopting a reference pressure level of 1000 mbar, this can be written

T
Θ

=
( p

1000

)κ
. (1.5)

The quantity Θ is called the potential temperature and describes the tem-
perature an air parcel would have if it were moved adiabatically to a pressure
of 1000 mbar. In the absence of external heating or cooling, the potential
temperature Θ is a conserved quantity and is often used as a vertical coordi-
nate in dynamic models. Levels of the same potential temperature are called
isentropes. The hydrostatic approximation

1
ρ

∂p
∂z

+g = 0 (1.6)

states that the dominant forces in the vertical direction are the gravitational
force and the pressure gradient force. Using the ideal gas law to substitute
for ρ, equation 1.6 becomes

d p
p

=−mg
kT

dz, (1.7)

with m the molecular weight. The term H = mg/kT is called the scale
height. The scale height H is roughly 7 km throughout the atmosphere.

Expressing the fundamental equations using the latitude φ, the longitude
λ, the meridional wind u and the zonal wind v, the potential vorticity P
may be derived (Brasseur et al., 1999):

P = g
∂Θ
∂p

(
f − 1

r cosφ
∂(ucosφ)

∂φ
+

1
r cosφ

∂v
∂λ

)
, (1.8)

and vice versa are not found in atmospheric processes. Energy and matter are therefore con-
sidered separately.
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with the Coriolis parameter f = 2Ωsinφ and r as the radius of the earth.
The potential vorticity is a conserved quantity for adiabatic processes. It is
known that air masses with different potential vorticities do not mix very
well. The potential vorticity can therefore be used to trace air masses.

The thermal wind equations

f
∂u
∂z

= − R
H

1
r

∂T
∂φ

(1.9)

f
∂v
∂z

= − R
H

1
r cosφ

∂T
∂λ

, (1.10)

with z as the altitude, state that the vertical shear of the wind field is propor-
tional to the horizontal temperature gradient.

Diffusion, denoted by the index D for dynamic variables, is a process
which normally occurs at molecular level and levels gradients in e.g. the
concentration of species. In atmospheric science this definition is extended
to all processes which are on a spatial scale smaller than the scale under
consideration. The scale considered in dynamic models is usually in the or-
der of a few km in the vertical and in the order of 103 km in the horizontal
direction. The extended definition of diffusion makes it possible to capture
and describe mixing processes in regions smaller than the considered scale
which may, however, have a significant impact on the outcome of calcula-
tions.

1.2.2 Dynamic transport in the stratosphere and
mesosphere

The temperature in the stratosphere rises with altitude until the level of the
stratopause. This makes the stratosphere stable against vertical motion. Due
to the strong solar radiation and the absorption of UV by O3, there is strong
diabatic heating in the summertime. In winter, cooling due to CO2 is dom-
inant (figure 1.3). The temperature gradients lead to strong zonal winds (as
expected from the thermal wind equations 1.9 and 1.10). The circulation
reverses direction due to the seasonal differences in heating. In winter the
mean polar-ward flow and the Coriolis force lead to a westbound wind direc-
tion (wintertime westerlies) which reverses direction in spring (summertime
easterlies).
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Figure 1.3: The mean meridional circulation in the stratosphere and mesosphere are
based on a study from Murgatroyd and Singleton (1961). The diagram has been taken
from Brasseur and Solomon (1986).

1.2.3 The polar vortex

The polar vortex is a special dynamic condition in the lower stratosphere
during the polar night. Due to the lack of solar heating above the polar cap
regions and the Coriolis force, a circumpolar wind field (‘polar jet-stream’)
is created. This wind field leads to high values of the potential vorticity
within the area enclosed by the ‘polar jet-stream’.

The strong gradient of the potential vorticity between the polar cap region
and mid latitudes is an effective barrier against airmasses crossing. There-
fore the temperatures sink to very low levels within the polar vortex, which
is an important factor for heterogeneous reactions on ‘polar stratospheric
clouds’ (PSC) which lead to strong O3-destruction.

1.2.4 Dynamic transport in the troposphere

The circulation of air in the troposphere is dominated by the so-called
Hadley Cells. This is the main circulation of rising air in the ‘Inter-Tropical
Convergence Zone’ (ITCZ) near the equator, the corresponding sinking of
airmasses in the sub-tropics, pole-ward flow in the upper troposphere and
equator-ward flow near the surface (figure 1.4). The ITCZ provides a barrier
against the exchange of air between the hemispheres. This is reflected in the
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Figure 1.4: An idealised scheme of tropospheric circulation in the Northern Hemi-
sphere. In the mid-latitudes, baroclinic disturbances dominate the surface winds
(cold fronts: heavy lines with triangles; warm fronts: heavy lines with semicircles;
the winds are denoted by arrows). On the right hand side, a latitude height plane
is drawn with the tropopause, the polar front (PF) and the subtropical and polar jet
streams (JS and JP, respectively (illustration taken from Brasseur et al., 1999, p. 69).

long times required for inter-hemispheric transport (ca. 1 year) compared to
intra-hemispheric transport times of just days or weeks.

1.2.5 Stratosphere-troposphere exchange

Although the tropopause is a barrier against air exchange between tropo-
sphere and stratosphere (time-scale of exchange ca. 18 years), there are sev-
eral mechanisms which cause the exchange observed. In the well-known
Brewer-Dobson circulation scheme, air rises in the tropics through the trop-
ical tropopause, is transported pole-wards in the stratosphere and sinks down
to the troposphere at high latitudes (figure 1.5).

Other means of troposphere-stratosphere exchange are by adiabatic trans-
port along isentropes or due to so-called tropopause foldings. In tropopause
foldings a portion of stratospheric air is enclosed by a folded tropopause and
transported down to the troposphere. It eventually blends into the surround-
ing tropospheric air.
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Figure 1.5: Stratosphere-troposphere exchange as described by Holton et al. (1995).
The exchange is mostly controlled by the meridional flow driven by the so-called
extra-tropical pump.

1.3 Chemistry in the mesosphere and
stratosphere

This section focuses on the structure and chemistry specific to the meso-
sphere and the stratosphere. The upper mesosphere is the main area of pro-
duction for O3, due to the photo-dissociation of O2. In the upper stratosphere
and lower mesosphere ion precipitating from outer space influences the at-
mospheric chemistry.

The destruction of O3 in the ‘disturbed chemistry’ of the middle atmo-
sphere will be evaluated in more detail in an extra section. The term ‘dis-
turbed chemistry’ has been used to describe the reaction of the atmosphere
to natural irregular events like SPE or to anthropogenic influences such as
the release of CFC’s into the atmosphere.
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1.3.1 The ionosphere

The ionosphere begins in the lower mesosphere and reaches to the top of the
atmosphere. The ionosphere is divided into several layers according to the
electron density found there.3 The
D-region extends from about 60 to 85km. NO is photo ionised by Lyman α-

radiation (121.6nm). Other sources of ionisation are high-energy cosmic
rays and Solar-Proton-Events. The

E-region extends from 85 to 130 km. The production of O+
2 - and NO+-ions

is caused by x-rays and Lyman β-radiation (102.5 nm). Meteor ablation
injects metal ions into this layer. The

F-region is above 130 km. It consists mainly of O+ ions.
The theoretical maximum altitude for ground-based microwave radiometers
is the upper D-region (compare sections 2.1.1 and 4.2.3) below 85 km. The
effective maximum altitude depends on the frequency, the species and the
signal-to-noise ratio of the receiver.

1.3.2 Oxygen chemistry

Molecular oxygen is dissociated by ultraviolet radiation at wavelengths less
than 242.4 nm by:

O2 +~ν→ O+O. (1.11)

These atoms may recombine or react through any of the following three-
particle reactions (M denotes any molecule in a three-particle reaction):

O+O+M → O2 +M (1.12)

O+O2 +M → O3 +M (1.13)

or via the reaction

O+O3 → 2O2 (1.14)

O3 is also photo-dissociated to form oxygen in its ground (3P) and excited

3 Historically the ionosphere has been classified according to the properties of radio transmis-
sions.
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Figure 1.6: Characteristic chemical (solid lines) and transport (dashed lines, τD-
diffusion, τū,v̄,w̄-mean transport times in the meridional, zonal and vertical direc-
tion, respectively) lifetimes of the odd oxygen family (from Brasseur and Solomon
(1986), c©D. Reidel Publishing Company).

(1D) state :

O3 +~ν(λ≥ 310nm) → O2(3Σ−g )+O(3P) (1.15)

O3 +~ν(λ≥ 310nm) → O2(3∆−g )+O(1D). (1.16)

The reactions 1.13 to 1.16 are fast reactions (O(1D) relaxes by collision
with O2 or N2). It is therefore justified to define the Ox-family4 of odd oxy-
gen. For the lifetimes of the single species and the families and compari-
son with the transport time-scale see figure 1.6. The Ox-family consists of
O(1D), O(3P) and O3 and has a considerably different lifetime from those
of the single species.

4 In order to decrease the computational burden for chemical models, species with similar
lifetimes can be bundled in so-called ‘families’.
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1.3.3 Hydrogen chemistry

The hydrogen radicals H and OH are produced in the upper mesosphere and
the lower thermosphere by:

H2O+~ν(λ < 200nm)→ H +OH (1.17)

(1.18)

and in the stratosphere and the lower mesosphere by:

H2O+O(1D) → 2OH (1.19)

H2 +O(1D) → H +OH. (1.20)

The radicals thus produced can be destroyed by a number of reactions,

Figure 1.7: Characteristic chemical (solid lines) and transport (dashed lines, τD-
diffusion, τū,v̄,w̄-mean transport times in the meridional, zonal and vertical direc-
tion, respectively) lifetimes of the odd hydrogen family (from Brasseur and Solomon
(1986), c©D. Reidel Publishing Company).
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including reactions with odd oxygen above 40 km:

H2 +OH → H2O+H (1.21)

H +O3 → O2 +OH (1.22)

OH +O → O2 +H (1.23)

and in the middle stratosphere and the upper troposphere:

OH +O3 → O2 +HO2 (1.24)

HO2 +O3 → 2O2 +OH. (1.25)

Another way to produce OH-radicals is via the ionisation of O2:

O+
2 +O2 +M → O+

4 +M (1.26)

O+
4 +O → O+

2 +O3. (1.27)

By reaction with O+
4 an OH radical may produced via:

O+
4 +H2O → O+

2 ·H2O+O2 (1.28)

O+
2 ·H2O+H2O → H3O+ ·OH +O2 (1.29)

H3O+ ·OH +H2O → H3O+ ·H2O+OH. (1.30)

The compound H3O+ ·H2O is called a proton hydrate. The fast-reacting
radicals H, OH and HO2 are bundled in the HOx-family (see figure 1.7 for
chemical lifetimes).

1.3.4 Nitrogen chemistry

N2 is dissociated by solar radiation or energetic particles in the thermosphere
and mesosphere and occurs in its ground (N(4S)) or exited (N(2D)) state. In
the stratosphere N(4S) is produced by the photolysis of NO. Reaction with
O2 forms odd nitrogen molecules via:

N(2D)+O2 → NO+O (1.31)

N(4S)+O2 → NO+O (1.32)

N(4S)+OH → NO+H. (1.33)
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Figure 1.8: Characteristic chemical (solid lines) and transport (dashed lines, τD-
diffusion, τū,v̄,w̄-mean transport times in the meridional, zonal and vertical direc-
tion, respectively) lifetimes of the odd nitrogen family (from Brasseur and Solomon
(1986), c©D. Reidel Publishing Company).

Odd nitrogen is destroyed in the middle atmosphere via:

NO+~ν → N(4S)+O (1.34)

N(4S)+NO → N2 +O, (1.35)

or reacts with O3 in the stratosphere:

NO+O3 → NO2 +O2. (1.36)

This reaction can be the starting point of a catalytic cycle when combined
with one of the reactions:

NO2 +O→ NO+O2 (1.37)

NO2 +O3 → NO3 +O2. (1.38)
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NO3 is quickly photolysed during the daytime via the reactions:

NO3 +~ν→ NO2 +O (1.39)

NO3 +~ν→ NO+O2. (1.40)

The nitrogen species involved in quick reactions, N, NO, NO2, NO3, N2O5

and HO2NO3, constitute the NOx-family. The mean lifetimes of the species
of the NOx-family can be found in figure 1.8.

1.4 Destruction of O3 in the stratosphere and
mesosphere

Besides the reactions of the undisturbed chemistry, which function as a sink
of O3 (e.g. reactions 1.14 to 1.16), there are reactions which are only pos-
sible when there is an input of foreign species into the atmosphere (such as
CFC’s) or which become more effective as a result of irregular influences
like an SPE. These reactions and cycles are named ‘destructive’ because
they alter the natural balance towards less O3.

Several reactions exist in the stratosphere and in the lower mesosphere
which destroy O3. They can be divided into catalytic and non-catalytic re-
actions.

1.4.1 Catalytic destruction of O3

A catalytic cycle is a set of reactions involving two or more species, A and B,
say, and a special species, the chain centre C. The chain centre C undergoes
chemical modification but will be restored during the course of the cycle,
e.g:

A+C → AC (1.41)

B+AC → AB+C (1.42)

Net : A+B → AB. (1.43)

Catalytic reactions have been recognised as essential to the study of the
chemistry of the atmosphere, in particular the phenomena of the ozone-hole.
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In order to assess the effectiveness of a catalytic cycle and compare dif-
ferent cycles, two parameters may be considered, the chain length N and the
effectiveness N (Lary, 1997). The chain length N of a catalytic cycle is the
rate of the rate-limiting step ρ, i.e. the slowest reaction involved divided by
the rate of termination δ, and denotes the number of times a single atom or
molecule of the catalysing species can revolve through the catalytic cycle
before it is terminated5:

N =
ρ
δ
. (1.44)

The rate of termination is the rate of production or destruction of the chain
centre. Because the rate of a chemical reaction is also determined by the
abundance of the species involved the effectiveness N can be defined by:

N = Nρ (1.45)

which makes it possible to compare different catalytic cycles.
Lary (1997) identified two catalytic cycles which are effective in the high-

latitude-atmosphere above 50 km:
1. NO/NO2 - cycle:

NO+O3 → NO2 +O2 (1.46)

NO2 +O(3P) → NO+O2 (1.47)

Net: O(3P)+O3 → 2O2 (1.48)

2. H/OH/HO2 - cycle:

H +O2 +M → HO2 +M (1.49)

HO2 +O(3P) → OH +O2 (1.50)

OH +O(3P) → H +O2 (1.51)

Net: 2O(3P) → O2. (1.52)

These reactions depend on sunlight (Lary, 1997). The catalytic cycles are
particularly interesting in the event of solar proton events, because NO as
well as OH are produced in large quantities.

5 The term ‘terminating the catalytic centre’ means that the catalytic centre is chemically mod-
ified so as not to be able to function as a catalyst any more.
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The so-called O3-hole (Farman et al., 1985) is caused by chemical species
not normally found in the stratosphere: halogens. These are produced by
the photolysis of CFC’s in the upper stratosphere and are effective in the
catalytic destruction of O3. An example for the destruction of O3 via Cl-
radicals is the following
ClO/ClO-cycle :

ClO+ClO+M → Cl2O2 +M (1.53)

Cl2O2 +~ν → Cl +ClOO (1.54)

ClOO+M → Cl +O2 +M (1.55)

2× (Cl +O3 → ClO+O2) (1.56)

Net: 2O3 → 3O2 (1.57)

which is responsible for the heavy O3 losses during spring. These cycles
are normally terminated by reactions which put the involved radicals into
non-reactive reservoir gases (termination of the catalytic centre), e.g.:

ClO+NO2 → ClONO2. (1.58)

In the presence of polar stratospheric clouds (PSC), there are two factors
which make the cycle 1.53 to 1.57 very effective in destroying O3: a reaction
such as

ClONO2 +HCl →Cl2 +HNO3 (1.59)

is quicker on the surface of a PSC and thus puts the Cl2-radical back into
the cycle. The HNO3 is not reactive any more, the radical NO2 is removed
and the reaction 1.58 is thus stopped. Secondly, sedimentation due to PSC
removes much of the NOx from the stratosphere, which in turn prevents the
deactivation of the Cl-radicals via the reaction 1.58.

1.4.2 Non-catalytic destruction of O3

SPEs during the polar night also have a severe and lasting effect (Randall
et al., 2005). Model studies by M. Sinnhuber (not yet published) indicate
that non-catalytic reactions involving NOx and HOx are responsible for the
loss of O3. NOx in particular has a long chemical lifetime in the absence of
sunlight and is transported down to the middle stratosphere.
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Odd oxygen and in particular O3 can be destroyed in many ways in the
stratosphere and the mesosphere. The most important loss reactions are
those given by equations 1.22, 1.24, 1.25, 1.36 and 1.38. By enlarging the
quantities of HOx and NOx these loss reactions become more effective.
Some of the reactions can form a catalytic cycle, while some depend on the
availability of other species which undergo themselves rapid transformation.

The net loss or gain of odd oxygen and O3 can only be quantified if all
reactions and their effectiveness are taken into consideration. This is done
in chemical models.

1.5 O3-chemistry of the troposphere
In the troposphere, O3 and its photochemical derivative OH play a major role
as oxidants. On the surface of the earth these gases are considered harmful
because of their negative effect on the health of flora and fauna.

There are two sources of O3 in the troposphere. First, it is transported
from the stratosphere. Although the troposphere is an effective barrier
against transport of airmasses, there are mechanisms which transport air
parcels across the tropopause (section 1.2.5). The second source is photo-
chemical production via pollutants like NOx and gases produced by auto-
mobiles (Brasseur et al., 1999, chapter 13). RH denotes non-methane hy-
drocarbons (NMHC) with R as an organic compound (R′ denotes the same
compound minus one carbon atom),

RH +4O2 +~ν→ R′CHO+H2O+2O3. (1.60)

In the free troposphere, methane, CH4, and carbon monoxide, CO, are
the main precursors of O3 via the photochemical reaction:

CO+2O2 +~ν → CO2 +O3 (1.61)

CH4 +4O2 +~ν → CH2O+H2O+2O3. (1.62)

All three O3-production reactions are catalysed by NOx. The availabil-
ity of NOx is usually the rate-limiting factor for these reactions. The loss
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reactions for O3 in the troposphere are

O(1D)+H2O → 2OH (1.63)

HO2 +O3 → OH +2O2 (1.64)

where the oxygen species O, O(1D) and O3 are quickly inter-converted (and
are therefore bundled in the Ox-family).

The VMR-profile increases with altitude, indicating a downward flux in
the atmosphere. The transport via the tropopause is, however, only a small
fraction (ca. 1/6) of the overall budget of tropospheric O3 (Brasseur et al.,
1999, p. 486).

1.6 Summary of chapter 1
The dynamics and chemistry of the atmosphere were reviewed with em-
phasis on the polar caps and the chemistry following a major mass ejection
of the sun (Solar Proton Event - SPE). While the transport is not directly
affected by such events, the O3-chemistry is severely disturbed. Several de-
structive processes of O3 are started which may lead to an O3-hole in the
upper stratosphere.

The major production region of O3 is the upper tropic stratosphere and the
mesosphere. The absorption of solar radiation, especially in the UV-region,
provides a shield to the earth. Life as we know it would not be possible with-
out this shielding from energetic rays. In the lower stratosphere the chemical
lifetime of O3 increases to several months6 and transport dominates the dis-
tribution of O3 in the zonal direction. During the polar winter it may sink
and may therefore be enriched in the lower stratosphere. Exceptional condi-
tions above the polar caps, like the polar vortex and the subsequent decrease
in temperature, lead to heterogeneous reactions preventing halogen radicals
from being put into reservoir gases, or accelerating the release of radicals
from the reservoirs. These special conditions cause severe O3-destruction
resulting in what is known as the O3-hole.

By isentropic transport and tropopause foldings, O3 is transported down

6 The partioning within the Ox-family leads to a quick exchange between O3 and other odd
oxygen species, but there is no net change in the amount of O3
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into the troposphere and functions as a radical itself. It may also be chem-
ically produced from anthropogenically released gases as precursors. The
role in the troposphere and especially on the surface of the earth is reversed
and O3 is regarded a pollutant because of its harmful effect on flora and
fauna.





2 Theoretical background of microwave-
and infrared-spectroscopy

In this chapter the theoretical background of the measurement techniques
used in this dissertation will be presented. In order to enable the reader to
follow easily the derivations are only sketched, except where detailed under-
standing is necessary for the following chapters. Details of the mathematics
are summarised in the appendix A.

Elsewhere, much work has been invested in the development and testing
of software for radiative transfer (e.g. Bühler et al., 2005) and OE-inversion
(e.g. Eriksson et al., 2005) of the data taken. Therefore, whenever possible, it
has been resorted to using well-known and established software. The radia-
tive transfer in the microwave region is calculated using the ‘arts’ software
(Bühler et al., 2005). The programme ‘SFIT2’, which is often used for FTIR
retrievals, is used for radiative transfer in the infrared region (e.g. Notholt,
1999). The programme package ‘Qpack’ (Eriksson et al., 2005) has been
used for the retrievals of the RAM-spectra.

In the following the terms ‘microwave region’ and ‘infrared region’ will
be used to denote the frequencies ν, ν≤ 1THz and 1THz≤ ν≤ 30THz re-
spectively. This corresponds approximately to typical frequencies in which
the microwave radiometers and FTIR-spectrometers operate. The distinction
between microwave and infrared is however artificial and arbitrary.1

1 A balloon-borne instrument has been recently designed which operates at frequencies up to
1.83 THz (Mair and et al, 2001).

33
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2.1 The radiative transfer
The radiative transfer connects an atmospheric state to a spectrum received
either on the ground, in the atmosphere (balloon or aeroplane) or in space.
While the theory is fairly simple in principle, much work has been put
into the practical work needed to solve for a particular case and to include
instrument-specific features.

Let e denote the emission and α the absorption. The change in the inten-
sity I, depending on frequency ν and altitude z, is given by the differential
form of the radiative transfer equation:

∂I(ν,z)
∂z

= e(ν,z)− I(ν,z)α(ν,z). (2.1)

The terms α and e may include scattering. Scattering can be neglected in the
microwave region if there is no rain or snow (Janssen, 1993) and in the
infrared region if there is no cloud in the observation path.
Ground based microwave radiometry is only possible for frequencies up
to 300 GHz because the troposphere is opaque for frequencies above this
level.2

Using c for the speed of light, KB for Boltzmann’s constant, T for the
physical temperature and ~ for Heisenberg’s uncertainty constant, and as-
suming local thermal equilibrium, the relationship between emission and
absorption is given by Kirchhoff’s law:

e(ν,z)
α(ν,z)

= B(ν,T (z)) =
2~ν3

c2
1

exp
(

~ν
KBT (z)

)
−1

. (2.2)

Integrating equation 2.1 using equation 2.2 and defining the opacity

τ(z0,z1) =
Z z1

z0

α(ν,z)dz (2.3)

yields the integrational form of the radiative transfer equation:

I(ν) = I∞e−τ(z0,∞) +
Z ∞

z0

B(ν,T (z))α(ν,z)e−τ(z0,z)dz. (2.4)

The calculation of the absorption coefficient α(ν,z) will be summarised
in the section 2.1.1.

2 For instruments on sea level. Higher frequencies can be used if the instruments are on high
altitudes.
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2.1.1 The absorption coefficient

If the wave length is large compared to the molecular dimensions, the ab-
sorption coefficient can be calculated (Janssen, 1993, section 2.2.5) using:

α(ν) = n∑
i, j

Si j(T )F(ν,νi), (2.5)

where number density n is the number of molecules in a unit volume. The
Line strength Si j(T ) is the intensity of the transition from molecule level i
to j. F is called the form factor. Those quantities will be described in the
following.

The line strength

Given a transition from a molecular state i with energy Ei to a molecular
state j with energy E j, the line intensity is calculated by (Janssen, 1993):

Si j =
8π3νi j(µi j)2gi

3~cQ(T )

(
exp

(−Ei

kT

)
− exp

(−E j

kT

))
, (2.6)

where νi j denotes the frequency of this transition, given by

νi j =
Ei−E j

h
, (2.7)

gi denotes the statistical weight for level i and µi j the matrix element for the
transition from state i to state j. ~ denotes Planck’s constant, c the speed of
light and Q(T ) the internal partition function. The internal partition function
can be separated as

Q(T ) = Qrot(T )Qvib(T )Qelec(T ) (2.8)

for rotational, vibrational and electronic transitions, respectively. For rota-
tional transitions the partition function can be aproximated by

Qrot(T )
Qrot(T0)

=
(

T
T0

)p

(2.9)

where p = 3/2 for non-linear (e.g. O3, H2O, NH3) and p = 1 for linear
(e.g. O2, N2O, ClO) molecules. Given the vibrational modes3 v with the

3 A diatomic molecule has only one mode.
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fundamental frequencies ωv, the vibrational transition may be written as

Qvib(T ) = Πv

[
1− exp

(−~ωv

kT

)]−dv

. (2.10)

The term dv is usually 1 or 2 (for a degenerate mode). The electronic transi-
tion is usually 1, except for ClO, for which

Qelec(T ) = 1+ exp
(
− E

kT

)
, (2.11)

with E/k = 458K. The parameters to calculate the line strength Si j are tab-
ulated (e.g. HITRAN2000, Rothmann et al., 2003).

The form factor

In the microwave and IR region the line shape is mainly determined by three
factors: the ‘natural line broadening’, the ‘Doppler line broadening’ and the
‘pressure line broadening’. The ‘natural line broadening’ is due to the finite
lifetime of the exited states of atoms and molecules even if they are undis-
turbed and can be neglected because it is very small compared to the other
factors.

Moving the source relative to a detector leads to a Doppler shift of the de-
tected frequency ν. The distribution of the velocities of the molecules in the
atmosphere is Maxwellian (e.g. Serway, 1983). Let ν0 be the transition fre-
quency and m the molecular weigth. The shape of a line due to the Doppler
effect is

FD(ν,T ) =
1

π1/2γD(T )
exp

(
−

(
ν−ν0

γD

)2
)

(2.12)

with the Doppler broadening factor γD,i defined by

γD(T ) =
ν0

c

√
2kBT ln2

m
. (2.13)

Pressure broadening is caused by a decrease in the lifetime of the ex-
cited state of the molecule due to collisions. According to Heisenberg’s un-
certainty principle ∆E∆t ≥ ~, the line frequency cannot be exact at ν0 if
the lifetime t of the molecular state is not infinity. The line shape due to



2.1 THE RADIATIVE TRANSFER 37

the pressure broadening can be described by the van Vleck-Weisskopf line
shape (van Vleck and Weisskopf, 1945):

FP(ν,ν0) =
1
π

(
ν
ν0

)2 (
γP

(ν−ν0)2 + γ2
P

+
γP

(ν+ν0)2 + γ2
P

)
(2.14)

with the pressure broadening parameter γP, using the empirically determined
parameters x0, ω0 and

γp = ω0 p
(

T0

T

)x0

. (2.15)

The parameters ω0 and x0 are tabulated (e.g. Janssen, 1993, pp. 82-90).
The term γP

(ν+ν0)2+γ2
P

in equation 2.14 accounts for negative resonance fre-
quencies if the line strength Si j (equation 2.6) is evaluated only for positive
resonance frequencies.

The combined line shape is obtained by the convolution FD ? FP. This
convolution, the Voigt line shape FV , is given by the Taylor series

FV (ν,ν0) =
1√
πγv

ℜ

(
∑6

j=0 a jξ j

∑7
j=0 b jξ j

)
(2.16)

ξ = γp/γD + i(ν−νi)/γD. (2.17)

The parameters a and b are tabulated (e.g. Janssen, 1993, p. 67). The ‘Voigt
line broadening’ γV is given approximately by:

γV = 0.5346γP +
√

0.2166γ2
P +0.6931γ2

D. (2.18)

The Voigt line shape can only be treated numerically (e.g Hui et al., 1978).
Examples of the broadening parameters of the Doppler and the pressure

broadening and the resulting broadening in the Voigt function, are shown
in figure 2.1. The relation of pressure broadening to Doppler broadening
marks the theoretical maximum altitude for profile retrieval.4 This altitude
is reached when the Doppler broading dominates the line-form opposed to
the pressure broadening. As a rule of thumb can be said, that the higher the
observed frequency is the lower this maximum altitude becomes (see figure
2.2).

4 The temperature dependency of the line shape is compared to the pressure dependency not
suitable as an independent variable. This is because

– temperature vs. altitude is not a monotonic function (see figure 1.1) and
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Figure 2.1: An example for the Doppler broadening, the pressure broadening and the
broadening of the Voigt line shape for the 142 GHz O3-emission.
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Figure 2.2: The altitude for which γP = γD for a rotational transition versus the fre-
quency, when all other parameters are kept constant.
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Note: in the strict pressure broadening regime the vmr is proportional
to the absorption in the line center, i.e. the height of the spectral line is
proportional to the vmr

a(ν0) = n∑
i j

Si j(T )
1
π

2
γp

=
Pk

KT ∑
i j

Si j(T )
[

2
ω0 p

(
T0

T

)x0
]

∼ pk

p
=

Vk

V
= the VMR

where pk denotes the partial pressure. For the latter expression, the ideal gas
law has been used.

2.2 The microwave spectrometer (RAM)
Microwave spectrometry is used to sense thermal radiation. The sensors are
usually built as heterodyne radiometers (section 2.2.1). Because the detected
radiation is very weak, special calibration methods are required for the mi-
crowave radiometers (e.g. total power calibration, section 2.2.2). The mi-
crowave radiometers are independent of sunlight and weather (apart from
snow or rain). The frequency measured is low; profile information can there-
fore be obtained from altitudes almost to the mesopause (80-90 km see fig-
ure 2.2). Every microwave sensor is designed for and tuned to a special fre-
quency range. Retuning the sensor requires the replacement of large parts of
the radiometer itself.

2.2.1 Overview

The microwave radiometry group at the Universität Bremen currently oper-
ates three radiometers, the RAM-spectrometers5, at Ny Ålesund, Spitsber-

– the temperature range is small compared with the pressure range.

5 The OZORAM (Klein, 1993), the ClORAM (Raffalski, 1997) and the H2ORAM (Lindner,
2001) measure an O3-line at 142 GHz, a ClO-line at 204 GHz and a H2O-line at 22.2 GHz,
respectively.
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gen, Norway. The RAM-spectrometers are heterodyne microwave receivers
operated in total power mode. The principle of a heterodyne receiver is
shown in figure 2.4. The radiation enters the instrument via the antenna.
The detected signal νS is at frequencies of up to a few 100 GHz. In order
to handle this signal it is mixed with the so-called LO-frequency νLO. This
mixing process takes place on a non-linear element such as a diode. The
resulting intermediate radiation has the frequencies:

ν = |νS±νLO|, (2.19)

for a graphical explanation see figure 2.3. Note that the upper (νS > νLO)
and the lower sideband (νS < νLO) become indistinguishable in the result-
ing intermediate frequency. In order to focus the beam and to suppress the
mirror side band, a complex quasi-optical system6 is used (Klein, 1993). The
intermediate signal is further amplified and analysed by an acusto-optical-
spectrometer (AOS, Vowinkel, 1988).

8 GHz

8 GHz

Signal band Mirror band
LO frequency

Figure 2.3: The heterodyne principle. The signal band and the mirror side band are
down-converted to an intermediate frequency. If the mirror side band is suppressed
the receiver is called a Single-Side-Band (SSB) otherwise a Double-Sideband-Band
(DSB) receiver.

6 The wavelength of the detected radiation is of the same order as the size of the optic. The
geometrical optic cannot be used in this case but has to be replaced by a Gaussian optic.
Because it nevertheless ‘looks’ like a normal optic and has the similar elements, it is called
‘quasi optics’.
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Figure 2.4: A principle plan of a RAM-spectrometer.

2.2.2 Calibration of the measured spectra

All microwave spectra dealt with in this dissertation are obtained using the
total power calibration method. Let G denote the gain of the instrument and
PNT the noise generated by the instrument. The brigthness temperature T P

B
(Janssen, 1993) is related to the physical temperature by the Planck-function
(kB denotes the Boltzmann constant):

T P
B =

~ν
kB

1

exp
(
~ν

kBT

)
−1

. (2.20)

In the microwave region up to 300 GHz, this can be approximated by the
Raleigh-Jeans equivalent brightness temperature TB:

TB =
λ2

2k
T. (2.21)

This assumption has the advantage that radiation captured by the antenna P
and the brightness temperature are proportional: TB = P/k.

Assuming that the instrument is linear in power for each frequency chan-
nel and the measurement V , the measured brightness temperature TB,IN of
the incoming radiation is:

TB,IN = GVIN +GVNT. (2.22)

This is an equation with two unknown variables because both the gain G
and the system noise VNT cannot be obtained with the accuracy necessary
(due to instabilities) for detection of the weak atmospheric signal. Solving
equation 2.22 therefore requires two more equations measuring the power
VHOT and VCOLD of two loads of known brightness temperatures, TB,COLD

and TB,HOT
7, respectively. Solving this system of equations results in the

7 In the OZORAM and the H2ORAM, the hot load consists of a (practically) black body at
room temperature and the cold load of a (practically) black body submerged in liquid N2.
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total power formula for the brightness temperature of the received radiation:

V
C

V
H

V
NT

T
NT

T
COLD

T
HOT

Figure 2.5: Graphical interpretation of the total power calibration.

TIN =
THOT−TCOLD

VHOT−VCOLD
(VIN−VCOLD)+TCOLD. (2.23)

Comparing equation 2.23 with equation 2.22 yields expressions for the gain
G and the system noise VNT

G =
PHOT−VCOLD

TB,HOT−TB,COLD
(2.24)

VNT =
VHOT− TB,HOT

TB,COLD
VCOLD

1− TB,HOT
TB,COLD

. (2.25)

The noise generated by the instrument can also be given as the ‘System-
Noise-Temperature’ TB,NT which is obtained by setting the input power to
zero (see also figure 2.5 for a graphical interpretation of the total power
calibration):

TB,NT =
TB,HOT− VHOT

VCOLD
TB,COLD

1− VHOT
VCOLD

. (2.26)

In the literature, the system-noise-temperature TB,NT is a common measure
for the quality of an instrument.
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In order to fulfil the assumption that the gain G is constant, a special
method is used to define an optimal integration time. This integration time
defined by the Allan variance (Allan, 1966) is a trade-off between noise
reduction due to integration and noise increase due to drift of the instrument.
In the case of the RAM-instrument, a typical measuring time is in the order
of 30 s. All measurements needed for the total power calibration have to be
recorded within this time span.

2.2.3 The radiometer equation and the sensitivity of the
RAM

The noise on the spectrum obtained by a total power receiver and the resolu-
tion power of the spectrometer is given by the radiometer formula (Janssen,
1993). Let TB,NT denote the system noise temperature (see 2.2.2), ∆ν the
bandwidth of the receiver (or a channel thereof) and τ the integration time
of the measurement. The standard deviation of the measured brightness tem-
perature TB for a total power receiver is given by:

∆TB =
TB,NT√

∆ντ
. (2.27)

This equation states that, in order to increase the sensitivity, to lower the
system-noise-temperature is much more efficient than to increase the inte-
gration time.

2.3 The Fourier transform spectrometer (FTIR)
Fourier transform spectroscopy is a method to record spectra at infrared
and far infrared frequencies (section 2.3.1). It is, in principle, possible to
use FTIR spectrometers at microwave frequencies. FTIR instruments usu-
ally detect partially absorbed radiation emitted by the sun or reflected by
the moon. This leads to a considerably faster radiative transfer calculation
because atmospheric emission can be neglected.
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2.3.1 Description of the instrument

In the following the principle of Fourier transform spectrometers (FTIR)
will be described. A number of textbooks (e.g. Kauppinen and Partanen,
2001) may be consulted for details. The forward model has been taken from
the widely applied software SFIT2 (e.g. Notholt, 1999). Details which have
to be taken into account in practice will not be considered here.
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Figure 2.6: Schema of a Michelson interferometer. The path-length difference d is
given by d = |d1−d2|.

The key element of a FTIR-spectrometer is a Michelson-Interferometer
(figure 2.6). Assuming that the interfering rays have equal intensity of I1 =
I2 = I0, the output intensity I of the interferometer with a path-length differ-
ence d at frequency ν is given by

I = 2I0(1+ cos(4πνd)). (2.28)

Integrating this equation over all frequencies ν leads to

F(d) = 2
Z ∞

0
E(x)[1+ cos(4πνd)]dν, (2.29)

known as an interference record. Defining E(−nu) = E(nu) and substracting
the constant term 2

R ∞
0 E(ν)dν yields the interferogram I(d)

I(d) =
Z ∞

−∞
exp(i2πνd)dν (2.30)
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which is the Fourier transform of E(ν). Hence E(ν) may be obtained by
taking the inverse Fourier transform of I(d).

In atmospheric science, FTIR-instruments are usually applied in the in-
frared region from wave number 700 cm−1 to 9000 cm−1. The instruments
measure solar radiation which is partially absorbed by the constituents of the
atmosphere. The pattern of absorption versus frequency is used to obtain in-
formation about the altitude distribution of a certain trace gas. Due to the
high frequencies, the mesosphere is not accessible with FTIR spectroscopy.
FTIR spectroscopy is also dependent on sunlight, because it measures the
absorption thereof, and clear skies due to scattering in clouds. The advan-
tages of FTIR spectroscopy are the wide bandwidth of the spectra and the
flexibility in choosing the region of the spectrum which is considered for
further analysis.

2.3.2 The radiative transfer specialised to
FTIR-spectroscopy

In solar absorption FTIR spectroscopy, the atmospheric emission can be ne-
glected. The RT equation simplifies to

I(ν,z) = ISUN(ν)exp
(Z ∞

z0

α(ν,z)
)

dz. (2.31)

The forward model used in this dissertation is the same as in SFIT2 (Notholt
et al., 1997).

2.4 The inversion
2.4.1 Statement of the problem

The forward model F (see section 2.1) is a map from the atmospheric state
x to a measured spectrum y. Let ε be the noise on the measured spectrum.
The noise ε is assumed to be Gaussian with covariance matrix Sε.

y = F(x)+ ε. (2.32)

In order to obtain information about the atmospheric state from the spectrum
measured, the forward model F has to be inverted. This problem is usu-
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ally ill-conditioned. The forward model is not unique or only unique if the
measurement noise is zero. The latter is never the case in physical applica-
tions. Several methods are known to perform this task, e.g. optimal estima-
tion (Rodgers, 2000), or Tikhonov regularisation, which in some aspects are
equivalent (Eriksson, 2000). In the following the optimal estimation method
(OE) is used.

Assuming F(x) to be linear, one can write:

y = F(x)+ ε = F(x0)+
∂F
∂x

(x− x0)+ ε. (2.33)

The Jacobian ∂F
∂x is often denoted by K and is called the weighting function

matrix. It can be interpreted as a function which maps the change of each
component of the atmospheric state x to the change of the components of
the spectrum y. Redefining the variables y→ y−y0 and x→ x−x0, equation
2.32 can be written as

y = Kx+ ε. (2.34)

This is a linear relationship and can be considered valid for any region
around the state x which is sufficiently small.

2.4.2 Characterisation of the forward model

In order to explore the forward model in greater depth, the weighting func-
tion matrix can be analysed using the singular value decomposition (see
A.1.1)

K = USV T . (2.35)

The columns ui and vi of the matrices U and V contain the singular vectors of
the spectrum y and the atmospheric state x, respectively. The right singular
vectors vi constitute an orthonormal basis for the state space and the left
singular vectors form an orthonormal basis for the measurement space. Each
pair of base vectors ui and vi are related by the singular values σi. By writing
the inverse x̂ using equations 2.34, 2.35 and A.7, the effect of the noise
becomes clear:

x̂i = xi +
uT

i ε
σi

. (2.36)
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Hence the noise becomes amplified with the inverse of the singular values
σi. As an approximation, every element xi of the state x contains |ε|/σi parts
of noise. This information can be used in order to estimate the null space
contribution to a retrieved state (see section 2.4.6).

2.4.3 Optimal estimation (OE)

The forward model (equation 2.32) can be written as a conditional probalil-
ity density P(y|x)8: Bayes’ theorem states that

P(x|y) = CP(y|x)P(x) (2.37)

where C is a normalising constant. P(x|y) is the a posteriori, P(y|x) the
likelihood and P(x) the a priori probability density. The impact of Bayes’
theorem lies in the fact that it is a recipe of how to draw conclusions about
the state x with only the forward model given.

Assuming that both, measurement noise Sε and a priori, are governed by
Gaussian statistics, the following formula for the estimator x̂ of the true state
x can be found (for details see Rodgers, 2000):

x̂ = xa +
(
S−1

a +KT S−1
ε K)

)−1
KT S−1

ε y (2.38)

and a pseudo inverse9 D of K is defined as

D =
(
S−1

a +KT S−1
ε K)

)−1
KT S−1

ε . (2.39)

In the literature, the matrix D is often called the contribution function matrix.
If the forward model (equation 2.32) is not linear, the following iterative
equation may be used (see Rodgers, 2000, for a derivation):

x̂i+1 = xa +
(
S−1

a +KT
i S−1

ε Ki
)−1

KT
i S−1

ε [y−F(x̂i)+Ki(x̂i−xa)], (2.40)

where the Ki are calculated for every xi.10

8 This notation describes the probability density function of y if x is known with certainty.
9 The term pseudo inverse has been chosen because D is only the inverse of K in a special

sense, because DK 6= I and DK 6= KD.
10 Rodgers (2000) states more variants of these equations, which are useful for different di-

mensions of the measurement and the state space. The other variants are not used in this
dissertation and are therefore omitted.
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2.4.4 Interpretation of the a priori

The equation 2.37 can be interpreted as follows: The a priori P(x) is the
knowledge of the atmospheric state before measuring. This knowledge is
updated by the likelihood P(y|x). The likelihood suppresses states x with a
high a priori probability but a low likelihood.

Depending on the likelihood P(y|x), a different interpretation of the func-
tion of the a priori xa can be found. If the likelihood is not unique, i.e. there
is more than one state x yielding the same likelihood P(y|x), the a priori can
be used to suppress ‘unwanted’ states.

The two interpretions are equivalent in the sense that for both knowledge
of the state x prior to the measurement is required. The conclusions to be
drawn are always a point of dispute. The extreme poles can be summarised
thus:

1. The a priori should be as restrictive as possible. It should model all the
information one can get as closely as possible. For the OZORAM of O3

measurements in Ny Ålesund, the sonde profiles of several years have
been used (Wohltmann, 2002) in order to get the a priori, and Rodgers
(2000) suggests updating the a priori with every measurement taken.

2. The a priori should be as open as possible. Only states which the likeli-
hood cannot itself exclude and which are regarded unlikely by some kind
of prior knowledge (e.g. negative vmr’s are not possible) should be ex-
cluded by the a priori. An example of this way of thinking is to use the
logarithm of the profile which excludes negative values of x.

In practice, the choice of the a priori is based on experiments and theoretical
reasoning. The exact properties of the a priori depend on the forward model
F and the instrument being used.

2.4.5 Quantities characterising the inversion process

Averaging kernels

Let xT be the true atmospheric state (e.g. the vmr-profile of a trace gas). The
averaging kernels f AVK, defined as

f AVK
i =

∂x̂i

∂xT
, (2.41)
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provide a wealth of information on the performance of the retrieval (see
figure 2.7 for examples) .

The AVK’s can be collected in the rows of a matrix called the averaging
kernel matrix A. Comparing equation 2.41 with 2.38 and 2.39, the avarag-
ing kernel can be written as A = DK and the system instrument/retrieval is
modelled by

x̂ = xa +A(xT − xA). (2.42)

Hence the averaging kernels provide essential information about mapping
of the true atmospheric state xTrue to the retrieved state x̂.
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Figure 2.7: Examples of averaging kernel functions (the rows of the AVK-matrix).
The altitude for which the AVK-function is plotted is written beside the peak of each
function. The red line is the sum of the AVK’s divided by 10.

Excursus I: Diagnostics derived from the AVK’s

Assessing the performance of a retrieval using the full AVK-functions is
difficult, in particular, if there are many levels. Therefore one can define
short diagnostics in order to assess parts of the retrieval.

Using the AVK’s, the following diagnostics are used in this thesis:
The altitude resolution: The altitude resolution w(z) is a measure of how
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Figure 2.8: Two diagnostics derived from the AVK-matrix (as plotted in figure 2.7).
The green line is the unity function y = x.

fine the structures can be, before they can no longer be resolved in the re-
trieved state x (Rodgers, 2000, chapter 3.3). In this dissertation, the con-
cept of data density has been chosen. The resolution of the i-th kernel at
altitude z is defined as

w(z(i)) =
z(i−1)+ z(i+1)

2A(i, i)
. (2.43)

The centre of the AVK-function: The centre c(i) of the i-th AVK-function
at altitude z(i) is defined as

c(z(i)) =
∑ j z( j)(A(i, j))2

∑ j (A(i, j))2 . (2.44)

The centre c(i) is a measure of the levels the bulk of the information
comes from. This knowledge has to be taken into account when interpret-
ing the retrieved atmospheric state (see section 4.2.4).

The information content of the measurement: The equation 2.42 states that
the retrieved state is fully determined by the measurement if A = I . This
is almost never the case. The retrieved state can, however, be regarded as
being dominated by the measurement if ∑ j A(i, j) = 1.
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These three diagnostics allow the retrieval performance to be estimated. A
conclusion about the accuracy and the completeness of the forward model
F cannot be obtained by analysing the AVK-function. For a conclusive di-
agnosis of the retrieval/instrument system, intercomparison of different in-
struments and/or retrievals, using different forward models, is crucial.

The analysis of the AVK-functions may be refined by renormalisation of
the AVK-functions to the retrieved state or to the a priori. The following
example may help to explain the problems which can arise in certain cases
when the AVK-functions are used naively and how to solve these problems
by renormalisation.

−0.5 0 0.5 1
0

20

40

60

A
lti

tu
de

 [k
m

]

Concentration

−0.5 0 0.5 1
0

20

40

60

A
lti

tu
de

 [k
m

]

VMR

A priori * 103

AVK
AVK norm to a priori

Figure 2.9: AVK-functions with respect to the H2O-VMR and H2O-concentration
profile for the layer 3 (17-70 km, see table 2.1) of an H2O-retrieval from FTIR
spectra. The blue line denotes the H2O vmr-profile used for this experiment. The
profile has been taken from the standard climatology used for the SFIT2-retrievals.

The kernels shown in figure 2.9 have been created from an FTIR mea-
surement with the parameters shown in table 2.1 and averaged to get a mean
vmr (the diagram on the left in figure 2.9) and a partial column (the diagram
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on the right in figure 2.9) from 17 to 70 km. The kernel for a retrieval of a
state vector in units of vmr (black line in figure 2.9) states that the bulk of
VMR information comes from altitudes between 10 and 30 km. The con-
centration is summed up from about 15 km upwards. However, experiments
using different artificial profiles show that this is not the case. The reso-
lution of this contradiction lies in the interpretation of the AVK-function.
Although the averaging kernel provides only little information from alti-
tudes below 10 km, the abundance of the water content is about 3 orders
of magnitude larger than above 10 km. Hence a small change (in fractions
of the retrieved state) below 10 km drowns all information obtained from
above. Although the retrieval is sensitive to the region around 20 km, it is
also sensitive to the region from 0 to 10 km. It cannot be distinguished if the
observed change in the profile stems from 20 km or from the troposphere.
The normalised AVK-functions (red line in figure 2.9) reflect this because
these AVK-functions incorporate already the shape of the profile.

This view also holds in the case of the concentration profile. Changes
in the profile are reproduced alike in the VMR and in the concentration
retrieval. This is of course to be expected because the relationship between
VMR and concentration is linear (see equation 3.7).

Altitude range 0-70km
Number of layers 29
Averaged layer 1 0-7 km
Averaged layer 2 7-17 km
Averaged layer 3 17-70 km
SNR-ration 500:1

Table 2.1: Parameters used for the calculation of the AVK shown in figure (2.9)

Excursus II: The weighting function matrices and the averaging kernel
matrix for different retrieval methods.

In different softwares, different ‘state vectors’ are retrieved. The following
three variants are common:

1. Retrieving a vmr profile x,
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2. retrieving the normalised (to the a priori) profile xr = x/xa,
3. retrieving the logarithmic profile xl = log(x).

The retrieval of a normalised or a logarithmic profile is advantageous if the
profile of the trace gas to be retrieved differs by several orders of magnitude
within the sensitive range as in the case of H2O (Eriksson, 2000). Retrieving
the vmr or concentration makes it possible, for example, to choose a null a
priori. Assuming that a forward model F and the weighting function matrix
K, which calculates the radiative transfer from a vmr profile, is available the
weighting function matrices for other state vectors can be computed. Let xg

be a vector calculated from a vmr profile x by:

xg = g(x). (2.45)

Generally the forward model and the weighting function matrix Kg may be
written as

y = Fg(xg) = F(g−1(xg)) (2.46)

Kg =
∂F
∂x

=
∂F

∂g−1
∂g−1

∂x
= K

∂g−1

∂x
. (2.47)

Writing

Xaii = xai (2.48)

Xii = xi (2.49)

and using the general rule 2.47, the weighting function matrices for the re-
trieval of xr and xl become

Ka = K(Xa)−1and (2.50)

Kl = KX . (2.51)

If g is linear in x, i.e. xG = Gx, the a priori covariance matrix SG
a can be

calculated from the covariance matrix Sa by

SG
a = < (Gx−< Gx >)(Gx−< Gx >)T > (2.52)

= G < (x−< x >)(x− x < x >)T GT (2.53)

= GSaGT . (2.54)
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The contribution function Dg becomes

DG =
(
(GSaGT )−1 +(KG−1)T S−1

ε KG−1)−1
(KG−1)T S−1

ε

=
(

GT−1
S−1

a G−1 +(G−1)T KT S−1
ε KG−1

)−1
(G−1)T KT S−1

ε

= GD (2.55)

and the averaging kernel matrices are related by

AG = DGKG = GDKG−1 = GAG−1. (2.56)

Such relations will be used in order to compare measurements obtained from
different sensors or/and different units (chapter 3).

2.4.6 Error analysis

A detailed and general error analysis has been done in Rodgers (2000).
The main results will be stated in the following and certain aspects will
be analysed in greater depth. The error in the retrieval can be written as

x̂− xTrue = (A− I)(xTrue− xa)

+ GKb(b− b̂)

+ G∆F(x,b,b′)

+ Gε

smoothing error (2.57)

parameter error (2.58)

forward model error (2.59)

retrieval noise, (2.60)

where b are the forward model parameters, b̂ the estimated forward model
parameters, and b′ the forward model parameters ignored by the forward
model.

Retrieval noise

The retrieval error

εx = Dε, covariance Sx = DSεDT (2.61)

denotes the uncertainty in the retrieved state due to noise in the measurement
y. The diagonal elements of the matrix Sx represent the variances of each
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element in the retrieved state x. In general the covariance matrix has off-
diagonal elements, too. The off-diagonals represent correlations between the
elements in the state vector. Correlation between elements leads to a smaller
overall error in the retrieved profile, although some elements may vary more
(or less) than expected when only the variance itself is used (for a detailed
discussion see A.2 and Rodgers, 2000, section 3.2.6).

A linear operator only changes the statistical properties of a random vari-
able linearly. In particular, the form of the probablility density governing
the random variable remains unchanged. Therefore a Gaussian measurement
noise leads to a Gaussian retrieval noise.

Estimating the contribution from null space

Given a matrix and its singular value composition K =USV T , the null space
denotes the elements vi in V whose corresponding singular value σi are
zero. These elements can assume arbitrary values without affecting the re-
sult. In real-world applications, the singular values might be non-zero, but
very small. The corresponding right singular vectors are dominated by noise
form the effective null space. This can be seen as follows (compare to equa-
tion 2.36): Each left singular vector ui can be varied within a certain range
given by the measurement noise without being considered changed.

Defining an ad hoc criterion in order to distinguish contributing and non-
contributing right singular vectors vi makes it easier to estimate the part in a
retrieved state x which is no longer covered by the forward model.

A simple definition is that those right-singular vectors vi contribute whose
singular value σi > ε. All others belong to the effective null space.

2.5 Summary of chapter 2
In this chapter the theoretical foundations of this dissertation are reviewed. I
have chosen, only to sketch most of the derivations because they have been
provided elsewhere in great detail.

A more complete review has been made of the retrieval method OE (Op-
timal estimation); in particular the AVK-functions have been discussed as
a valuable tool to judge the performance of a particular instrument/retrieval
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combination. Formulas to recalculate the AVK’s for different state vectors
have been derived. It has been demonstrated that disregarding of the actual
state vector used in the retrieval may lead to misjudgements of the retrieval
performance and even erroneous conclusions about the results.

This analysis of the performance of the instrument/retrieval will be used
extensively in the following chapters to compare different instruments and
investigate extensions to the existing instruments FTIR and RAM.



3 Intercomparison of profiles obtained
from remote sensors1

Remote-sounding instruments are used to monitor various atmospheric
properties such as trace gases from ground or satellite. In the upper strato-
sphere and above very few, if any, in-situ measurements are available. As op-
posed to in situ measurments taken from balloons, planes or rockets, remote
measurements or even assumptions about the atmosphere have to be used.
All remote sounders are indirect instruments in the sense that they mea-
sure a more or less complicated function of the quantity of interest (Rodgers
and Connor, 2003). The different measurement methods used have both ad-
vantages and disadvantages (table 3.1), which means that it is necessary to
combine the results obtained by them to get the whole picture. In order to

Instrument Alt. Range Alt. Res. Dependent on
in km in km sunlight met. cond.

RAM, ground 15 - 70 > 10 NO NO
ASUR, airplane 20-55 > 7 NO NO
FTIR, ground 0 - 30 > 10 YES2 YES
LIDAR, ground 0 - 100 > 0.5 NO3 YES
SCIAMACHY, space 15 - 60 > 2 YES NO

Table 3.1: Some properties of different instruments. This is only a rough overview.
The values differ for the different species and the particular set-up of the instrument.

understand and interpret the data obtained it is necessary to understand the
relationship between the true atmospheric state and the state measured. It
is also necessary to validate and compare remote sounders on a continually

1 The results presented in this chapter have been partially published in Palm et al. (2005).
3 For some applications sun light reflected by the moon can be used (Notholt, 1999).
3 But sunlight may prevent measurements or decrease the quality.

57
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in order to enhance the quality of the measurements and to assess the va-
lidity and the stability of the combination instrument/retrieval (Rodgers and
Connor, 2003).

The problem of comparing different instruments can be split into two
components:

Finding comparable air masses. This is not a trivial problem because the
measurement geometries may be very different. It may also happen that
only very few measurements of each instrument are available which are
taken at exactly the same time and the same place (section 3.3). This may
or may not be a problem, depending on the chemical lifetime, the diurnal
variation and other properties of the species to be compared.

How results are compared. Remote instruments yield a more or less com-
plicated function of the true atmospheric state (given by equation 2.42).
This function has to be taken into account if results of different instru-
ments and possibly different retrieval methods are to be compared. A
valuable tool is the AVK-matrix, which has been introduced as a result
of OE (section 2.4.5), but is available for all retrieval methods if defined
as in equation 2.41.

3.1 Intercomparison of indirect measurements
In the following it will be assumed that two different profiles x̂1 and x̂2

retrieved from different measurements and obtained by different retrievals
are available and are to be compared. The true atmospheric state is denoted
xT . The instrument/retrieval models are given using the a priori profiles xa1,2

and the averaging kernel matrices A1,2:

x̂1,2 = xa1,2 +A1,2(xT − xa1,2). (3.1)
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3.1.1 Direct comparison

The direct difference δx of two profiles x̂1 and x̂2 is

δx = x̂1− x̂2 = xa1 +A1(xT − xa1) (3.2)

− (xa2 +A2(xT − xa2))+ ε1− ε2

= (A1−A2)(xT − xa2)

− (A1−I)(xa1 − xa2)+ ε1− ε2

a random variable with zero mean. The term (I−A1)(xa1−xa2) contains the
difference of the a priori profiles of the retrievals. Let Sx1 and Sx2 be the
error covariances of retrieval 1 and retrieval 2, respectively. The expected
error covariance Sδ of the difference δx of the profiles (equation 3.2) is

Sδ = (A1−A2)Sa2(A1−A2)T (3.3)

+ (I−A1)Sa1(I−A1)T +Sx1

+(I−A2)Sa2(I−A2)T +Sx2 .

The expected variance of the profile difference may be quite large (figures
3.3, 3.5 and 3.6). Following Rodgers and Connor (2003), another compari-
son method, retrieval simulation, leads to much smaller expected variances
in the profile differences.

3.1.2 Simulating one retrieval with another

The retrieval 1 is simulated using retrieval 2 by:

x̂12 = xa1 +A1(x̂2− xa1) (3.4)

= xa1 +A1(xa2 +A2(x− xa2)+ ε2− xa1).

The difference of the profiles is

δ12 = x1− x12 = xa1 +A1(xT − xa1)+ ε1 (3.5)

− (xa1 +A1xa2 +A1A2(xT − xa2)+A1ε2−A1xa1)

= (A1−A1A2)(xT − xa2)+ ε1−A1ε2

a random variable with zero mean. The covariance of the difference is found
by

S12 = (A1−A1A2)Sa2(A1−A1A2)T +S1 +A1S2AT
1 . (3.6)
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The expected variances of the ground-based retrievals simulated by the
SCIAMACHY retrieval are shown in figures 3.3, 3.5 and 3.6. For the in-
tercomparison using simulated retrievals, the expected standard deviation is
smaller than for direct intercomparison. In fact it is only a little larger than
the expected standard deviation for the RAM profiles. The reason for this
effect is the superior altitude resolution of the SCIAMACHY instrument.
This means that the gradients and hence the variations in the SCIAMACHY-
profile can be larger than those in the BreRAM- and RAM-profiles without
changing the ‘mean’-profile. The expected error of the direct comparison
(equation 3.3) has to take this into account.

Simulating the high-resolution measurement, the SCIAMACHY-meas-
urement in the case discussed here, would be disadvantageous in terms of
the noise in the comparison. The reason for this is the same as discussed
above, the simulated profile cannot reproduce variations as is possible in the
SCIAMACHY profile because of the low-resolution RAM-profiles.

The issue of different a priori profiles is also taken care of automatically.

3.2 The SCIAMACHY instrument on ENVISAT
SCIAMACHY, the ‘Scanning imaging absorption spectrometer for atmo-
spheric Cartography’ (Bovensmann et al., 1999) is a novel satellite-borne
scientific instrument capable of performing spectroscopic measurements of
the chemical composition of the Earth’s atmosphere in three different obser-
vation geometries: nadir, solar/lunar occultation and limb-scattering. SCIA-
MACHY covers the spectral range from 220 nm to 2380 nm with a spec-
tral resolution varying from 0.2 nm to 1.5 nm depending on wavelength.
In limb-scattering geometry, the instrument line of sight follows a slant
path tangentially through the atmosphere. Solar photons that are both (a)
scattered along the line of sight into the instrument’s field of view, and
(b) transmitted from the scattering point to the instrument, are detected.
The geometrical field of view of SCIAMACHY in limb-scattering mode is
about 2.8 km vertically and 110 km horizontally. The Earth’s limb is viewed
in flight direction and scanned from tangent heights of about 0 km up to
100 km in 3.3 km steps. Furthermore, at every tangent height step an az-
imuthal (horizontal) scan is performed covering about 960 km at the tangent
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point. Therefore the limb measurement mode amounts to an averaging over
about 1000 km perpendicular to the orbit track. Along the flight track the
averaging occurs over a distance of about 400 km.

The stratospheric O3 profiles used here are derived from SCIAMACHY
limb-scattering measurements in the Chappuis-bands of O3. The retrieval
algorithm employed is similar to the one described in Flittner et al. (2000),
and McPeters et al. (2000), and has also been used for operational data pro-
cessing of limb scattering observations performed with the ‘Optical Spectro-
graph and Infrared Imager System’ (OSIRIS) (von Savigny et al., 2003) on
the Swedish-led Odin satellite. The retrieval exploits the differential struc-
ture of the O3 cross-section between the center (600 nm) and the wings
(525 nm and 675 nm) of the Chappuis absorption bands of O3. A linearised
version of optimal estimation (OE) is used together with the radiative trans-
fer model SCIARAYS (Kaiser et al., 2003) to iteratively retrieve strato-
spheric O3 concentration profiles. The altitude range from about 15 km up
to 40 km can be covered with this technique.

3.3 Collocation of OZORAM and SCIAMACHY
O3-profiles

In order to find collocations of measurements of the RAM and the SCIA-
MACHY instrument, several restrictions have been applied to the measure-
ments:

Spatial distance: The centre of the SCIAMACHY-pixel must be less than
500 km away from the location of the RAM-pixel, because the O3-vmr
is homogenous over a few thousand km in the absence of conditions like
the arctic vortex which would render the air masses incomparable.

Temporal distance: The measurements must be within a short period of
time. This restriction is important if O3 vmrs from altitudes higher than
40 km are taken into account, because O3 starts to exhibit a diurnal vari-
ance which correlates with sunset and sunrise (Connor et al., 1994). For
a quantitive estimation see the model runs in figure 4.16 (red line). Be-
cause of the altitude resolution of the RAM-spectrometers it is necessary
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to keep away from the day-night-terminator. A restrictive time criterion
of 1 hour has been chosen because of those considerations.

3.4 Comparison of OZORAM-profiles with
SCIAMACHY-profiles

Apart from ensuring that only these airmasses are compared which are suit-
able for comparison, the profiles, the error matrices and the AVK-matrices
must be given in the same units. The OZORAM-profiles xRAM are given in
the unit vmr and the SCIAMACHY profiles xSCIAin concentration in the unit
[molecules]/m3. With the presure p and the temperature T and Boltzmann’s
constant kB = 1.380662 ∗ 10−23J/K, the relation between a concentration-
profile xCONC and a vmr-profile xV MR is given by

xV MR = xCONC
kBT

p
. (3.7)

The relation is linear, hence the AVK-matrices can be converted by equa-
tion 2.56. Examples of SCIAMACHY averaging kernels for the mesospheric
concentration (1/m3) and the mesospheric vmr profiles (ppm) are given in
figure 3.1. Note: The original profiles retrieved from measurements recorded
by the SCIAMACHY-instrument are always concentration profiles. Here
and in the following ‘SCIAMACHY profiles’ are vmr-profiles calculated
from the concentration profiles according to equation 3.7. For pressure and
temperature the values are the same as used by the SCIAMACHY retrieval.

3.4.1 Properties of the RAM-profiles used in the
comparison

The Qpack software has two different options for the state vector retrieved:
– Let x be a vector with the vmr as entries. The state vector is a fraction of

the a priori. The state vector xr (equation 2.45) is calculated by:

xr = G−1x with Gii = xai , (3.8)

– the state vector xv is the vmr with the matrix G = I .
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Figure 3.1: Averaging kernels for SCIAMACHY mesospheric profiles for the con-
centration profiles (in 1/m3) and the vmr-profiles (in ppm). See section 3.4 for
details.

As seen from figure 3.2, the two retrievals return the same results within
a margin of 6 % (95% of the retrieved profiles lie within these margins).
This is smaller than the expected deviation as calculated by formula 3.3 for
altitudes from 20 - 50 km, which is the sensitive range. The largest deviation
is in the altitude range from 45 km onwarts. The retrieval using xr as a state
vector has numerical difficulties in this region because the Sa-matrix has
large entries.

3.4.2 Comparison with SCIAMACHY stratosphere profiles

The profiles in the stratosphere obtained from SCIAMACHY measurements
are compared to retrievals from RAM measurements using the Qpack soft-
ware (Eriksson et al., 2005). The spectra are taken every hour with an in-
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Figure 3.2: Differences of the retrieved profiles using the same measurements and
the state vectors xr and xv in the retrieval (xr is the state vector normalised to the a
priori; see section 3.4.1). The retrieval parameters, i.e. Sε and Sa are the same for both
retrievals. The solid line is the mean of the differences and the shaded area marks the
doubled standard deviation of the profiles (95% of the profiles are found within the
shaded area). The dashed line is the expected standard deviation of the comparison
(equation 3.3). Although the retrievals are formaly the same, the differences are due
to the difference in the influence of the noise on the measurement.



3.4 COMPARISON OF OZORAM-PROFILES WITH SCIAMACHY-PROFILES 65

0 20 40 60
0 

20

40

60

80

Per cent of mean vmr

A
lti

tu
de

 [k
m

]
Std dev. of the sim. intercomparison
Std dev. of the dir. intercomparison
Std dev. of RAM−instrument
Std dev. of SCIA−instrument

Figure 3.3: Example of expected standard deviations for the RAM-profile, the SCIA-
MACHY stratospheric profile, the simulated profile, the comparison of the RAM-
profile with the SCIA-simulated RAM-profile and a direct intercomparision of the
RAM and the SCIAMACHY profiles. The RAM-profile was retrieved using the
a priori-normalised state vector and the SCIAMACHY profile is a stratospheric
profile.

Altitude resolution < 5 km
Altitude range 20 - 40 km
Size of pixel 400 x 1000 km

Table 3.2: Properties of the SCIAMACHY O3-profiles.

tegration time of about 10 min. The SCIAMACHY measurements depend
on sunlight, which, together with the strict time constraint, ensures that only
spectra which are far enough from the night terminator are compared.

The expected standard deviation of the comparison is shown in figure 3.3.
As predicted in section 3.1.2, the comparison using the simulated retrieval
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Figure 3.4: Differences between the retrieved vmr’s (δ12 see formula 3.5) from mea-
surements not further than 500 km apart. The RAM-profiles were retrieved using the
vmr normalised to the a priori as a state vector. The SCIAMACHY concentration
profiles were converted according to equation 3.7. The dates are the dates on which
the RAM-measurements were recorded (see also text for further explanation).
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has several advantages over the direct comparison. The results are shown in
figure 3.4. Because of the large pixel of one SCIAMACHY measurement,
there may be more than one measurement of the same location above Ny
Ålesund. This is the case on August 24, 2003, where 4 collocating SCIA-
MACHY measurements were found.

The varying error bars are due to the highly variable background. This
background corresponds to the amount of H2O in the troposphere. Because
a high background leads to absorption of the stratospheric O3-signal, the
broad O3-signal from the lower stratosphere becomes indistinguishable from
this tropospheric background in case of the RAM-spectra.

The results are best at the altitudes of 30 km. It has to be mentioned that
the SCIAMACHY-profile used here suffers from a pointing error (i.e. the
profile may be shifted up or down by 1.5 km). This may be the reason for
the disagreement in about half of the compared profiles. The SCIAMACHY-
profile is overestimating the O3-vmr compared to the RAM-profile at several
altitudes but not randomly wrong. The intercomparison therefore has to be
repeated with the SCIAMACHY-measurements using a corrected pointing.

3.4.3 Comparison with SCIAMACHY mesosphere profiles

The mesospheric profiles obtained by SCIAMACHY measurements are
compared to retrievals from RAM-measurements using the software Qpack
(Eriksson et al., 2005). The spectra were inverted using the absolute vmr
(figure 3.7) and the fraction of the a priori as the state vector (figure 3.8). The
spectra have been integrated every day from 0800 to 1200 hrs and from 1200
to 1600 hrs local time Ny Ålesund.4 The difference in the expected standard

Altitude resolution < 7 km
Altitude range 40 - 65 km
Size of pixel 400 x 1000 km

Table 3.3: Properties of the SCIAMACHY O3-profiles.

deviation in figures 3.5 and 3.6 reflects the information content in the RAM

4 Because of the set up of the instruments in Ny Ålesund, this corresponds to a total integration
time of about 40 min per measurement.
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Figure 3.5: Example of expected standard deviations for the RAM-profile, the
SCIAMACHY-profile, the simulated profile, the comparison of the RAM-profile
with the SCIA-simulated RAM-profile and a direct intercomparision of the RAM
and the SCIAMACHY profiles. The RAM-profile was retrieved using the a priori-
normalised state vector and the SCIAMACHY profile is a mesospheric profile.

measurement. The altitude resolution limit for the RAM-profiles is at about
55 km. While it is possible to retrieve information above this limit using a
long integration time and therefore a good signal-to-noise ratio, there is in-
creasing noise on the profile in altitudes above 55 km. The results compared
with the SCIAMACHY-profile are less than 20 % different, a figure which
is within the expected error for the SCIAMACHY mesosphere O3-profile
(Rohen et al., 2005a). The only exception is the last profile on February
28, 2004. This is possibly due to the SCIAMACHY-profile, which is not
very reliable for low zenit angles. The RAM retrieval for March 6, 2003
did not converge for the retrieval using the absolute VMR state vector . On
March 7, 2003 two SCIAMACHY profiles are within the chosen limits for
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Figure 3.6: Example of the expected standard deviations for the RAM-profile, the
SCIAMACHY-profile, the simulated profile, the intercomparison of the RAM-profile
with the SCIA-simulated RAM-profile and a direct intercomparision of the RAM
and the SCIAMACHY profiles. The RAM-profile was retrieved using a vmr profile
as the state vector and the SCIAMACHY profile is a mesospheric profile.

the RAM-profile. They are supposed to be the same (within the error bars)
which they are in the case of the altitudes from 50 km upwards. They do,
however, reflect inhomogeneities within the O3-profile in the chosen limits.
There is no vortex boundary separating the two areas and no other obvious
explanation for the differences. The reason for the difference is not clear,
it may be retrieval noise on either the RAM-profile or the SCIAMACHY
profile.

The results in figure 3.8 for the altitude 60 km are misleadingly ‘good’.
This contradiction is resolved by an analysis of the AVK-functions. The
retrieved profile for the retrieval of the RAM-spectrum using the relative
vmr is mostly the a priori vmr and therefore expected to be close to the
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Figure 3.7: Differences between the retrieved vmr’s (δ12 see formula 3.5) from mea-
surements not further than 500 km apart. The RAM-profiles were retrieved using
the absolute vmr as a state vector. The error bars mark the standard deviation of the
comparison. See text for detailed analysis.



3.4 COMPARISON OF OZORAM-PROFILES WITH SCIAMACHY-PROFILES 71

−50

0

50
δ

12
 at 40 km Altitude 

−50

0

50
δ

12
 at 45 km Altitude 

−50

0

50
δ

12
 at 50 km Altitude 

D
iff

er
en

ce
 R

A
M

 −
 S

C
IA

 in
 p

er
 c

en
t o

f t
he

 m
ea

n 
vm

r

−20

0

20
δ

12
 at 55 km Altitude 

−5

0

5
δ

12
 at 60 km Altitude 

Mar06

2003

12:46

Mar07

2003

13:06

Mar07

2003

13:06

Mar07

2003

14:20

Mar08

2003

12:58

Mar08

2003

14:41

Feb27

2004

13:04

Feb28

2004

12:57

Figure 3.8: Differences between the retrieved vmr’s (δ12 see formula 3.5) vmr’s from
measurements not further than 500 km apart. The RAM-profiles were retrieved using
the vmr normalised to the a priori as a state vector. The error bars mark the standard
deviation of the comparison. See text for detailed analysis.
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SCIAMACHY profile which has the same altitude resolution and informa-
tion content as the RAM-profile.

3.5 Summary of chapter 3
A mathematically sound treatment of the problem of intercomparing dif-
ferent remote sensors has been reviewed. It has been demonstrated that the
simulated comparison is advantageous compared with the direct compari-
son. This method has been applied to O3-profiles taken by the microwave
radiometers above Ny Ålesund.

The stratospheric profiles retrieved from measurements recorded by the
SCIAMACHY instrument are only to ca. 2/3 equal within the expected de-
viation. The reason for this deviation may be the pointing error the SCI-
MACHY instrument is suffering from. This leads to a shift in the profile
upwards or downwards by up to 1.5 km. The tendency that the profiles are
underestimating or overestimating the RAM-profile throughout but does not
change the direction of the error backs this explanation.

The mesospheric profiles taken by the OZORAM and SCIAMACHY are
equal within the expected deviation. Due to uncertainties of about 20 % in
the SCIAMACHY mesospsheric profile, this is acceptable.



4 Extension of existing
RAM-instruments

In the field of remote sensing many different sensors are applied which
use different properties of the radiation emitted from or being transferred
through the atmosphere to retrieve certain properties from the atmosphere.
These sensors have each different advantages and disadvantages. Therefore
it is advisable to use the results of more than one of them to draw conclu-
sions about the atmosphere.

One way to use different sensors1 more effectively is to enhance them so
as to be able to go to the physical limit of the method employed (section
4.2). Another approach is to combine different instruments into one virtual
instrument in order to enhance the retrieved information in some, if not all,
aspects. This will be demonstrated by the combination of a RAM and a FTIR
instrument in order to retrieve an O3 VMR-profile and an H2O VMR-profile
from the ground to ca. 55 km (section 4.1).

Both methods are theoretically explored and the expected benefits are
evaluated.

4.1 Combining the RAM- and the
FTIR-spectrometer

Apart from the technical details (sections 2.2 and 2.3), the main difference
between the spectra of RAM and FTIR is the source of the radiation. The
RAM records an emission spectrum of the species in question. The FTIR
instruments record radiation of the sun or the moon (Notholt et al., 1997)

1 There are often several at the same place as in the case of the NDSC-stations (Web site:
http://www.ndsc.ncep.noaa.gov/abt_ndsc/inst.html).

73
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absorbed in the atmosphere. It is assumed that the noise on the spectra is
channel-wise independent and Gaussian on both instruments.

Let the indices R and F denote a quantity related to the microwave and
FTIR spectroscopy, respectively. The forward models are given by

yR = FR(x)+ εR = yR0 +KR(x− x0)+ εR (4.1)

yF = FF(x)+ εF = yF0 +KF(x− x0)+ εF . (4.2)

A combination of the models (see also Eriksson et al., 1998) is simply

y =
[

yR

yF

]
=

[
FR(x)
FF(x)

]
+

[
εR

εF

]
=

[
yR0

yF0

]
+

[
KR(x− x0)
KF(x− x0)

]
+

[
εR

εF

]
.

(4.3)

In order to retrieve combined spectra, the formalism of OE (section 2.4.3)
can be applied. Because of the non-linearity of the combined model, the
non-linear version of OE (equation 2.40) must be used.

Note: The spectra taken by microwave instruments and by FTIR-instru-
ments are usually given in different units. This does not matter for the algo-
rithm applied because the spectra are independent of each other.

4.1.1 Theoretical studies

In order to explore the combined forward model, an SVD-analysis has been
carried out (see A.1.1). Typical signal-to-noise ratios are in the range of 20:1
to 100:1 for O3-spectra recorded by microwave radiometers and better than
300:1 for O3-spectra recorded by FTIR-spectrometers.2 In order to compare
them, the difference in the signal-to-noise ratios may be carried over into
the weighting function matrix so that they exhibit the same noise figure.
Such a scaling by a factor a of the spectra does not cause a difference in the

2 The difference in the signal-to-noise ratios does not mean that the microwave instruments
are worse than FTIR-instruments. The signal-to-noise ratio is influenced by factors such as
the resolution, which is much better in case of the RAM-instrument.
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retrieved state as long as it is part of the forward model (compare with 2.39):

y′ = ay (4.4)

F ′ = aF ′ (4.5)

S′e = a∗Se (4.6)

→ K′ = a∗K (4.7)

→ D′ = D/a. (4.8)

While the theory is straightforward, the implementation of the retrieval of
the actual data proved to be rather involved and will be deferred to subse-
quent research.

4.1.2 Results

In order to explore the features, benefits and limits of a virtual instrument
consisting of an RAM and an FTIR spectrometer, artificial spectra were cre-
ated and retrieved. The artificial spectra y were created from scaled standard
profiles xart using the same forward models as in the retrievals. Gaussian
noise with the standard deviation given in the tables 4.1 and 4.2 was added
in order to simulate real spectra. Both retrievals converge (see figures 4.2
and 4.8) and yield the artificial profiles xart within a few per cent (figures
4.1 and 4.7). The spectral ranges were chosen because experiences for all
the spectral ranges exist in the RAM- and FTIR-group of the IUP3, which
proved valuable in setting up and validating the retrievals.

The retrievals were performed using a ‘normalised’ retrieval set-up (sec-
tion 2.4.5, excursus II; the variant using xr as the retrieved quantity). There-
fore, all results except the retrieved profiles are calculated and printed with
respect to this retrieval set-up.

Ozone

The retrieval for the combined spectra performs well and converges to the
artificial profile within a few per cent.

3 Prof. J. Notholt, Institut für Umweltphysik at the Universität Bremen, web site:
http://www.iup.physik.uni-bremen.de.
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Figure 4.1: An example of an O3-profile retrieved from an artificial spectrum. Both
diagrams show the same retrieval result except that the one on the left shows the
departure of the retrieved profile from the a priori. The dashed red line is the profile
from which the artificial spectrum is calculated. For comparison the microwave and
the FTIR spectra have been inverted separately (black lines).

The O3-profile retrieval combines features from both instruments (see fig-
ures 4.5 and 4.6). O3-profiles from the ground to the mesosphere could be
retrieved simultaneously using the combination of the RAM and FTIR in-
struments.4 An analysis of the singular values (in figure 4.3) confirms the
gain in the information content when combining the instruments. This is re-
flected in the enhanced altitude range which encompasses the altitude ranges
of both instruments. The altitude resolution (see figure 4.4) indicates that fix-
ing the O3-content below 20 km by the FTIR-information may even help to
enhance the information to be accessible in altitudes above 35 km. 5 This
is because that it is not possible for the RAM-instrument to distinguish be-
tween the offset added by the radiation background and the offset caused by
an O3-line broadened more than a few GHz6. The FTIR-spectra provide part

4 Using the appropriate spectral resolution for the microwave radiometers (section 4.2).
5 This is, however, not yet conclusive because of the limited features of the forward models

which did not allow refinement of the altitude grids in order to stabilise the retrievals in a
set-up where this could be evaluated even better.

6 Because spectra are noisy, a slight curvature becomes indistinguishable from a straight line.
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of this information so that a little more information in the higher altitudes
may be retrieved. The thesis that the information content in the overlap
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Figure 4.2: The modelled O3-spectrum (y) and the fitted spectrum (y f it ) spectra for
the common inversion of an RAM (left) and an FTIR spectrum (right). The units of
the frequencies have been kept as they are used in the microwave (frequency: ν) and
the FTIR (wave number: k = 1/λ = ν/c) communities. See table 4.1 for conversions.
The residua are calculated as ry = y− y f it .

FTIR RAM

Altitude range [km] 0 - 35 15 - 65
Altitude resolution [km] > 5 > 5
Frequency range [GHz] 29979 - 29982 110.445 - 111.2
Wave number range [cm−1] 1002.65-1002.75 3.6938 - 3.7191
Signal-to-noise ratio 600:1 80:1

Table 4.1: Properties of the RAM and FTIR O3 measurements.

(20-35 km) region is enhanced could not be confirmed. It might, however,
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Figure 4.3: The values of the singular values of the retrieval of O3 for the RAM
spectrum, the FTIR spectrum, and the combined spectra.
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Figure 4.4: The resolution of the O3-retrieval for the RAM spectrum, the FTIR spec-
trum, and the combined spectrum.
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Figure 4.5: The centre of the AVK-function of the O3-retrieval for the RAM spectra,
the FTIR spectrum, and the combined spectrum.
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Figure 4.6: The sum of the AVK-function of the O3-retrieval for the RAM spectrum,
the FTIR spectrum, and the combined spectrum.
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be that the information contained in different spectral regions is such that
the information content in the overlap region is larger than for the single
retrievals.

Water vapour

The retrieval converges to the spectra and to the artificial profile within a
few per cent.

Like the O3-retrieval, the combined retrieval combines properties from
both retrievals, especially there is no extra gain of information in the region
10-30 km for this set of spectral regions.

The combination of the spectra seems, however, to stabilise the retrieval
in the region between 5 and 25 km. Keeping in mind that the H2O-measure-
ment using a microwave instrument below 30 km is still problematic7, this
might be an interesting option to enhance the quality of the mid-stratosphere
H2O-measurements.

FTIR RAM

Altitude range [km] 0 - 10 25 - 80
Altitude resolution [km] 8 15 - 30
Frequency range [GHz] 58570 - 58633 21.746 - 22.722
Wave number range [cm−1] 1958.85 - 1960.98 0.7273 - 0.7599
Signal-to-noise ratio 1000:1 100:1

Table 4.2: Properties of the RAM and FTIR H2O measurements.

4.2 Sensing the mesosphere using microwave
spectroscopy

The mesosphere begins at about 50 km altitude and reaches up to ca. 90 km.
As opposed to O3 in the lower and middle stratosphere, mesospheric O3 ex-
hibits a large difference between daytime and nighttime (e.g. Ricaud et al.,

7 This is mainly due to instrument artifacts which distort the spectra in such a way that they
become indistinguishable from the H2O spectra (Lindner, 2001).
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Figure 4.7: An example of an H2O-profile retrieved from an artificial spectrum. Both
diagrams show the same retrieval result except that the one on the left shows the
departure of the retrieved profile from the a priori. The dashed red line is the profile
from which the artificial spectrum is calculated. For comparison the microwave and
the FTIR spectrum have been inverted alone (black lines).

1991) due to a quick, sun-dependent chemistry. Microwave instruments are
among the very few instruments which are able to detect differences be-
tween daytime and nighttime in the mesosphere, because they are not de-
pendent on or influenced by sun light and influenced very little by weather
conditions.8 A good resolution of the central part of the spectrum and a very
good signal-to-noise ratio is essential for sensing the mesosphere region due
to the small amount of O3 in this altitudes. In the following, an extension
to the existing OZORAM-radiometer on Ny Ålesund, Spitsbergen, will be
presented and evaluated. This extension, called the FS-spectrometer, will
enable this instrument to obtain information on O3 and H2O up to the the-
oretical detection limit, which is given by the Voigt-function (see section
2.1.1). In case of the 142 GHz O3-line, the Doppler broadening coefficient
γD is equal to the pressure broadening γP parameter at about 70 km altitude
(figure 4.11). The Doppler broadening is about 133 kHz. The AOS spec-

8 Most satellites always fly over the same point of the earth at the same local time. The in-
strument SABER on the TIMED SPACECRAFT (web site: http://saber.larc.nasa.gov) has
an orbit designed to measure spectra during the day and the night.
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Figure 4.8: The modelled H2O-spectrum (y) and the fitted (y f it ) spectra for the com-
mon inversion of an RAM (left) and an FTIR spectrum (right). The units of the
frequencies have been kept as they are used in the microwave (frequency: ν) and the
FTIR (wave number: k = 1/λ = ν/c) communities. See table 4.2 for conversions.
The residua are calculated as ry = y− y f it .

trometer has an effective resolution of about 1.6 MHz, which is why this
altitude could not yet be reached. In order to extend the detection altitude,
two approaches have been investigated. One approach is to carefully study
the forward model and the inversion procedure in order to get as much infor-
mation as possible from the spectra taken. This has been implemented and
tested for the time period from October 1, 2003 to December 31, 2003. On
the October 28, 2003 a large proton event began which led to a severe deple-
tion of the O3 vmr above 40 km altitude. Using the software developed and
used so far (Wohltmann, 2002), this altitude could not be reached, because
the chosen a priori covariance Sa was rather restrictive in the altitude above
40 km.9 In section 4.2.5 a different a priori profile xa and a priori covariance

9 In the past the main focus was on the lower stratosphere between 15 and 30 km altitude,
hence this approach was well-suited.
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the Voigt-profile for the 142.175 GHz O3-line and the 22.35 GHz H2O-line. The
width of the AOS and the 100-kHz-channels of the FS-spectrometer are also marked.

Sa will be used in order to enhance the information content of the retrieval.
The retrieval error will be estimated.

A second approach is to design a high resolution spectrometer which is
tuned at 142.17504 GHz (the line centre of the O3-line) or 22.235 GHz (the
line centre of the H2O-line) with a resolution of 100 kHz (section 4.2.2).
This resolution is sufficient to reach the sensing limit of the 142 GHz ozone
line at about 70-75 km. A theoretical investigation will be undertaken in
section 4.2.3 and the benefits and limits will be shown.

4.2.1 The set-up of the microwave radiometers in Ny
Ålesund

The radiometer set-up in Ny Ålesund consists of three radiometers which
share a common AOS as a spectrometer. The three radiometers are tuned at
different lines (table 4.3) and the measuring time is divided among them.
The radiometers are optimised to the stratosphere. This is reflected in the
high system-noise-temperature of the H2ORAM and the OZORAM (until
November 1, 2004) in the large bandwidth and the coarse resolution. In
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H2ORAM OZORAM CLORAM
Species H2O O3 ClO
Frequency in GHz 142 22.35 204.35
Bandwidth in GHz 1 1.5 1
Resolution in kHz 600 (hardware) 1500 (effective)
Noise temperature in K 260 1050(3400) 770
Measuring time in fractions

CLORAM operating 3/8 1/8 1/2
CLORAM not operating 3/4 1/4 -

Measuring time in fractions 3/8(3/4) 1/8(1/4) 1/2(-)
Operational YES YES NO

Table 4.3: The RAM instrument at Ny Ålesund. The OZORAM-mixer has been
cooled since November 2004, resulting to an improvement of the system-noise-
temperature. The CLORAM is only operated if day-night differences can be mea-
sured (Raffalski, 1997), and uses about 1/2 of the available measuring time.

order to measure emissions from the upper stratosphere and the mesosphere
the system-noise-temperature has to be as low as possible because of the
low emission strength, and the spectrometer has to be finer than the Doppler
width of the molecule in question (at least in the line centre).

4.2.2 Description of the fine spectrometer (FS)

The FS-spectrometer is run parallel to the AOS-spectrometer (for a descrip-
tion of the RAM-spectrometer, refer to section 2.2) and has a centre fre-
quency of 2.1 GHz.

The FS consists of five channels with 100 kHz resolution and 5 channels
with 200 kHz resolution centred at 35 MHz. The 100 kHz channels are ex-
actly at the line centre. The overall bandwidth is 1.5 MHz. The IF frequency
of 2.1 GHz is down converted in two stages from 2.1 GHz to 35 MHz.
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4.2.3 Theoretical studies of the perfomance of the FS at the
142 GHz O3-line

In order to estimate the information obtained by using the FS-spectrometer,
the SVD (section A.1.1) of the weighting function matrices have been cal-
culated for both (a) taking a spectrum using only the AOS and (b) taking
a spectrum using the AOS and the FS. As seen in figure 4.12, the infor-
mation is enhanced by using the fine spectrometer. It can also be seen (in
figure 4.12) that the advantages of the FS-spectrometer are greater when
there is less noise on the spectrum. By formula 2.27 it can be estimated that
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Figure 4.12: The largest 20 singular values σ of the weighting function matrix K
of the 142 GHz O3-line. As a first approximation, only singular vectors v whose
corresponding singular value σ is larger than the noise on the spectrum contribute
to the overall result. A typical noise value for the OZORAM is about 0.07 K per 15
min integration time (dashed line).

the noise on the 100 kHz channels of the FS-spectrometer is about 4 times
higher than it is on the AOS-channels (1.6 MHz effective bandwidth). In
order to accomodate for this increase in the noise due to the finer resolution,
the integration time has to be increased 16-fold. Therefore, in order to get
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0.1 K noise on the 100 kHz channels, the measuring time for one spectrum
is expected to be 30 min integration time.10

A theoretical spectrum ymod calculated by the arts model (Bühler et al.,
2005) shows that the peak within the middle of the FS-spectrometer (band-
width 500 kHz) has a height of about 3 K at night and 1 K during the day
(see figures 4.13 and 4.14).
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Figure 4.13: An artificial ozone spectrum (night) at 142 GHz (O3 data by cour-
tesy of Miriam Sinnhuber). The enlarged part shows the the ten channels of the
FS-spectrometer. The crosses mark the centre frequencies of the channels (blue: 200
kHz channels, red: 100 kHz channels.)

For the final step in setting up the retrieval, a modelled H2O and O3 course
of the SPE 2003 has been used to create a set of artificial spectra ymod .
These spectra have been corrupted with Gaussian distributed noise. Finally,
these spectra have been retrieved according to the parameters in table 4.4.
The results for 40, 50, 60 and 70km altitude are shown in figures 4.16 and
4.15 for the spectra retrieved using only the AOS-spectrometer and using
the AOS- and FS-spectrometers. The parameters for the retrieval have been
chosen in order to:

10 The H2ORAM and the OZORAM share a common back end. About 3/4 of the available
time are assigned to the H2ORAM. Therefore, a mesosperic O3 spectrum every 3 hours can
be expected.
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Figure 4.14: Spectra measured by the 10 channels of the filterbank at different times
on October 22, 2003 at Ny Ålesund, Spitsbergen (O3 data by courtesy of Miriam
Sinnhuber).

1. get as much information from the mesosphere as possible,
2. align the centre (see section 2.4.5, excursus I) of the AVK’s as best as

possible and
3. stabilise the retrieval over the wide range of the expected values.
These requirements are partially conflicting, so an optimum has been de-
cided on by trial and error.

AOS & FS AOS only

Noise AOS 0.07 K 0.07 K
Noise FS 200 kHz 0.11 K %
Noise FS 100 kHz 0.16 K %
Std. dev Sa 0.02ppm 0.02 ppm
Corr. function Gaussian Gaussian
Width of corr. function log(p/p0) = 0.3

Table 4.4: Parameters used to retrieve the artificial spectra created from the model
run and for the retrieval of the real spectra.
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Figure 4.15: The model run of the SPE (Solar-Proton-Event) 2003 as seen by an in-
strument using the SF-spectrometer and the AOS. The red lines denote the modelled
ozone vmr and the blue line (partly obscured by the measurement line) the profiles
convoluted with the RAM-instrument/retrieval function (chapter 3, equation 3.4 with
the modelled vmr as x2). The green line is the vmr obtained from the inversion of the
artificially created spectra.
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Figure 4.16: The model run of the SPE (Solar-Proton-Event) 2003 as seen by an
instrument using the AOS alone. The red lines denote the modelled ozone vmr and
the blue line (partly obscured by the measurement line) the measurements convo-
luted with the RAM-instrument/retrieval function (chapter 3, equation 3.4 with the
modelled vmr as x2). The green line is the vmr obtained from the inversion of the
artificially created spectra.
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4.2.4 Results and interpretion of the modelled runs

Examples of the performance of the retrieval are in figures 4.17 to 4.23. All
retrievals converge to the spectrum and yield sensible results.

Figures 4.15 and 4.16 show the results of the model run (red), the re-
trieved data from artificially created spectra (green) and the model run vmr
convoluted with the AVK matrix (blue line, partially obscured by the green
line) according to equation 2.42, obtained with the FS-spectrometer and the
AOS (figure 4.15) and the AOS alone (figure 4.16). In the following the re-
sults obtained with the FS-spectrometer and the AOS will be abbreviated
FS, while the results obtained using the AOS alone will be given the abbre-
viation AOS.

At an altitude of 40 km both retrievals perform equally well, capturing
the true state almost perfectly. This result is somewhat misleading because
of the absence of fine structure changes in the model run. The AVK’s in
figures 4.21 and 4.22 clearly show that any fine structures changes would be
smoothed out.

The FS run is also able to retrieve the vmr at an altitude of 50 km al-
most perfectly. The diurnal change can be seen but the day-night differences
are only slightly greater than the noise on the retrieved profiles. The AOS
run overestimates the vmr’s at this altitude. The reason becomes clear when
analysing the AVK’s in figure 4.22. A substantial part of the profile infor-
mation is obtained from altitudes between 60 and 70 km. The day-night
difference in the model becomes more pronounced as the night vmr’s get
higher. Therefor, the AOS-run overestimates the day-night change at this
altitude.

An an altitude of 60 km the FS run clearly overestimates the day-night
difference. This effect is the same as described for the AOS-run at an altitude
of 50 km. The AOS-run seems to agree very well with the model run. This,
however, is very misleading. The AVS’s in figure 4.22 and, in particular, the
position of the 60-km-AVK clearly indicate that information returned at an
altitude of 60 km is obtained from altitudes as low as 50 km. There is almost
no additional information compared to the 50 km value because the 50 km
AVK and the 60 km AVK fall off almost identically in altitudes above 60
km. This is also reflected in the horizontal line in figure 4.24, which states
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the the center of the AVK-functions is at ca. 60 km for all retrieved vmr’s
from altitudes higher than 60 km.

At an altitude of 70 km both runs mostly return information obtained
lower than 70 km. Particularly the 70 km AVK-function using the AOS
alone for the retrieval has the same shape as the 60 km AVK-function (figure
4.22). Concluding it can be said that:
1. When comparing model runs or high resolution measurements to data

obtained by the RAM, the RAM instrument model has to be applied to
the data. Because of the integrating property of the AVK functions, small-
scale variations are smoothed out.

2. The AVK-function or a set of diagnostics thereof are an integral part of
the set of data. The conclusions drawn from the artificial retrievals above
clearly show that disregarding the AVK-functions can lead to misinter-
pretation of the results.

3. The measurements of the RAM and the ‘theoretical’ measurements of
the RAM are compared with a ‘theoretical’ atmosphere provided by the
model. Matching model data and measured data provides a necessary con-
dition for the correctness of the modelled data. Due to the low resolution
of the RAM instrument/retrieval, more than one modelled atmosphere
may yield the same ‘theoretical’ dataset.
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Figure 4.17: Modelled spectrum ymod , artificial spectrum yart and residuum ry =
ymod − yart when using AOS and FS-spectrometers.
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Figure 4.18: Modelled spectrum ymod , artificial spectrum yart and residuum ry =
ymod − yart when using the AOS alone.



94 4 EXTENSION OF EXISTING RAM-INSTRUMENTS

0 0.2 0.4
0

20

40

60

80

A
lti

tu
de

 [k
m

]

VMR [ppm]

a priori vmr
retrieved vmr
modelled vmr

Figure 4.19: The a priori vmr xa , artificial vmr xart and retrieved vmr x̂ using the
AOS and the FS-spectrometer.
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Figure 4.20: The a priori vmr xa , artificial vmr xart and retrieved vmr x̂ using the
AOS alone.
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Figure 4.21: Selected averaging kernel functions fAV K when using the AOS and the
FS-spectrometer.

−0.04 0 0.04 0.08 0.12 0.16
0

20

40

60

80

10 km

20 km

30 km

40 km

50 km

60 km70 km

sum of AVKs / 10

A
lti

tu
de

 [k
m

]

w/o unit

Figure 4.22: Selected averaging kernel functions fAV K when using the AOS alone.
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Figure 4.23: Resolution and centre of AVK-functions when using the AOS and the
FS-spectrometer. The x-axis denotes the nominal altitude of the AVK-function and
the y-axis the altitude on which this AVK-function is centered.
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Figure 4.24: Resolution and centre of AVK-functions when using the AOS alone. The
x-axis denotes the nominal altitude of the AVK-function and the y-axis the altitude
on which this AVK-function is centered.
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4.2.5 The solar proton event October/November 2003

On October 28, 2003 a series of large Solar-Proton-Events began which
lasted until November 3, 2003. These SPE’s had an impact on the earth’s
middle atmosphere which could be measured by the OZORAM. These mea-
surements have been compared to a model run (Rohen et al., 2005b).

The impact of protons on the mesosphere leads to ionisation which pro-
duces large amounts of NOx (N, NO and NO2) and HOx (HO and HO2)
(section 1.3). Both species destroy O3 catalytically. HOx is short-lived and
quickly removed from the system in altitudes above 60 km. NOx is a rela-
tively long-lived species. The excess NOx propagates downwards (e.g. Ran-
dall et al., 2001) and catalytically destroys O3 via

NO+O3 → NO2 +O2 (4.9)

NO2 +O(3P) → NO+O2 (4.10)

Net: O(3P)+O3 → 2O2 (4.11)

in the altitude range between 35 and 55 km (Lary, 1997). Due to the lack of
photolysis the O3 is not resupplied. Therefore, the “O3-hole“ is transported
down and persists well after the event has finished (Randall et al., 2005).

4.2.6 RAM measurements of the SPE 2003

During the SPE 2003, the OZORAM was operated in a mode optimised to
measurements in the stratosphere. In particular, the first mixer and amplifier
were operated at ambient temperature (System noise temperature at 3200
K). The resolution was only 1.6 MHz.

Figures 4.29 to 4.28 show the diagnostics and results discussed above
from the retrieval of real spectra. The spectra were integrated in the inter-
vals [2145, 0345], [0345, 0945], [0945, 1545] and [1545, 2145]. The time
was chosen so that local time midnight and noon are in the centre of the
measurements. The spectra are retrieved using a noise of 0.07 K with a fit
of standing waves.

The model used to calculate the impact of the SPE is a chemical 2D model
(see Rohen et al., 2005b, for a description of the model). The output is
given at every 10◦, starting at 5 ◦. The measurements confirm the change of
the vmr predicted by the model in altitudes above 40 km within the limits of
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Figure 4.25: Spectrum, fit and residuum for a retrieved OZORAM spectrum.
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Figure 4.26: Example of a retrieved vmr profile above Spitsbergen on October
21, 2003. Spectra from 1200 to 1800 hrs. The overestimation below 20 km is due
to uncertainties in the offset of the baseline. This usually gets carried over in the
retrieval of the H2O-continuum.
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Figure 4.27: The averaging kernels of the OZORAM-retrieval on October 21, 2003.
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Figure 4.28: The AVK-diagnostics ‘centre of the AVK-function’ and ‘altitude reso-
lution’ (section 2.4.5, Excursus 1) for the OZORAM-retrieval on October 21, 2003.
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Figure 4.29: Retrieved OZORAM vmr autumn 2003. The integration time is about 1
hour per spectrum. The noise level is about 0.2 K. The red line is the O3 predicted by
the model, the blue line the modelled O3-vmr convoluted with the averaging kernel
functions of the OZORAM retrieval (chapter 3, equation 3.4 with the modelled vmr
as x2 and the blue line as x12) and the black line the measured O3-profile.
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the measurements discussed above in some aspects. While the measurement
confirms the O3-loss as happening in the model run at 85 ◦N the lasting
effect between the events on the November 28, 2003 and the November
3, 2003 is better predicted at 75 ◦N. After the November 6, 2003 the mod-
elrun at 85 ◦ agrees better with the measurement.

The vmr at an altitude of 40 km is somewhat larger than predicted by the
model. The offset at an altitude of 50 km is possibly caused by this discrep-
ancy because the vmr at an altitude of 50 km still contains a large part of
information coming from 40 km. The large losses which are measured be-
low 40 km following the November 1, 2005 are not captured by the model.
This is possibly due to the somewhat restricted dynamical implementation
of the model.

Figure 4.30: The SPE as seen by the RAM above Ny Ålesund (79 ◦N).
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Figure 4.31: The SPE as predicted by the model convoluted to the RAM resolution
at 75◦N.
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Figure 4.32: The SPE as predicted by the model convoluted to the RAM resolution
at 85◦N.
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4.2.7 SCIAMACHY measurements of the SPE 2003

The SPE could also be observed by the SCIAMACHY instrument on the
satellite ENVISAT (section 3.2). The SCIAMACHY measurements above
60 ◦N (magnetic latitude) and the corresponding model results were inte-
grated. The results for the Northern hemisphere are printed in figure 4.33.

The amount and the structure of the loss and recovery of O3 is captured
well. This analysis may serve as an additional intercomparison between
mesospheric O3-profiles recorded by the RAM and SCIAMACHY via the
model.

Figure 4.33: The O3-depletion caused by the Oct./Nov. 2003 SPE in the Northern
hemisphere above 60 N (magnetic latitude). (Diagram by courtesy of G. Rohen).

4.2.8 Theoretical studies of the performance of the FS at
the 22 GHz H2O-line

The performance of the FS-spectrometer on the 22.2 GHz line is similar
its performance on the 142 GHz line. Unfortunately, models predict a short
time change of the water vapour content after SPE’s at altitudes above 75
km, just below the detection limit. A study suggests that this altitude may
be reached using an even finer resolution of the line centre of 20 kHz. This,
however, requires a very low system-noise-temperature of about 50-100K in
order to get one profile per day (see figure 4.36). The existing spectrometer
consists of an uncooled radiometer with an AOS-spectrometer (resolution
ca. 600 kHz). The system-noise-temperature is about 260 K. This set-up
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Figure 4.34: The weighted square sum of the right singular vectors of the retrievals
using a 600 kHz, a 100 kHz and a 20 kHz spectral resolution of the line centre.
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Figure 4.35: The singular values of the retrievals using a 600 kHz, a 100 kHz and
a 20 kHz spectral resolution of the line centre. The dashed lines are the respective
noise figures of 0.0034 K (for the 600 kHz and 100 kHz resolution, and 0.0017 K
for the 20 kHz-resolution.
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Figure 4.36: The AVK-diagnostics for three different set-ups of a 22.2 GHz radiome-
ter. The upper diagram shows a set-up with 20 kHz resolution in the line centre, the
middle diagram 100 kHz resolution (the FS-spectrometer discussed in section 4.2.2)
and the lower diagram the existing set-up using the AOS spectrometer. For the re-
trieval parameters, refer to text.
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is able to record one or two profiles a day in order to reach the resolution
limit given by the spectral resolution. The 100 kHz-spectrometer will en-
able one profile per day to be retrieved well above 60 km. Getting profile
information higher up is not possible using the given signal-to-noise ratio in
an integration time less than a month. The upper figure (in figure 4.36) has
been calculated using a signal-to-noise ratio which would be obtained by a
100 K receiver. From figure 4.35 it is obvious that refining the spectrometer
does not translate to more independent information in the retrieval but that
the right singular vectors become larger 4.34 for the noise figures which are
realistic. This is due to the low concentration at this altitude which decreases
with increasing pressure for constant vmr. Therefor, the signal strength de-
creases rapidly with altitude.

4.2.9 Summary of chapter 4

Two possible extensions to the existing radiometers in Ny Ålesund, Spitsber-
gen have been demonstrated and evaluated. The first extension is a combi-
nation of two different instruments, the microwave radiometer and an FTIR-
spectrometer, into one virtual instrument. The forward model is a combi-
nation of the forward models ‘arts’ (Bühler et al., 2005) and SFIT2 for the
microwave region and the IR region, respectively.

First studies using artificially-created spectra show that the method of
combining two instrument into one virtual instrument works in principle.
The retrievals converge within reasonable limits to both the artificial spectra
and profiles.

Theoretical studies suggest that in case of O3 the instruments can be com-
bined to retrieve a profile from ground level to the mesosphere. In the case
of H2O, there is still no information on the altitude region between the
tropopause and about 25 - 30 km for the chosen spectral regions. The re-
trieval seems, however, to be more stabilised than the single retrievals. The
quality of the retrievals may be further enhanced by searching for spectral
regions better suited for the task.

Further research is necessary to evaluate wether the combination of the in-
struments may be used to separate the baseline of the
RAM-instrument and the H2O-spectrum.



4.2 SENSING THE MESOSPHERE USING MICROWAVE SPECTROSCOPY 107

In a second study, an add-on spectrometer (FS-spectrometer) for the
RAM-instruments has been devised. This spectrometer resolves the line cen-
ter of the observed species more finely than the existing AOS-spectrometers.
It has been shown that by using the FS-spectrometer, the limit of ozone pro-
file detection can be extended to the theoretical limit. A study using a model
run of the solar proton event 2003 (e.g Rohen et al., 2005b) has been demon-
strated. The diagnostics of the retrieval have been shown and analysed.

Existing spectra of the OZORAM have been used to for retrievals us-
ing optimised retrieval parameters. When integrating them in order to reach
about 0.07 K noise on the spectra (spectra are integrated over a period of
6 hours with 10 min per hour recording time), the modelled SPE can be
seen in the limits which have been discussed for the retrieval of the model
without the FS-spectrometer.

Using theoretical consideration, and artificial retrievals using model runs
which are thought to model the atmosphere, it has been shown that the chem-
istry of O3 following an SPE can be validated by measurements from the
ground. The impact on the H2O-content is possibly above the theoretical
sensing limit for the 22.2 GHz-line. It is, however, possible to take up the
search for an anticorrelation of H2O and O3 (Siskind et al., 2002).

In order to set up the retrieval parameters it is important to consider:
– What we want to know. In other words, which features of the retrieval are

most important for the research to be undertaken. It may or may not be
the case, that the maximum information retrieval is the best.

– The amount of noise on the retrieval which can be tolerated. This noise
creates uncertainties of the retrieval which in turn increase the noise on
the retrieved profiles.





5 Summary

The main focus in this work has been on combining and extending existing
remote-sensing instruments to meet the new requirements in atmospheric
physics, notably the shift of interest from the stratosphere downwards to
the troposphere as well as upwards to the mesosphere. The combination
of FTIR-instruments and microwave radiometers has been demonstrated in
the case of retrievals of artificially created H2O- and O3-spectra. Slight ad-
vantages in the quality of the retrieved profiles have been found. Further
research needs to find lines which complement each other better than the
existing ones. Particularly the H2O-content in the tropopause region (10 -
20 km) remains problematic problem for remote-sensing from the ground.

The extending of existing microwave radiometers in order to access pro-
file information of O3 and H2O in altitudes above 50 km is promising. Tech-
nological advancements in microwave radiometry make it possible to de-
sign instruments offering a very low noise figure and spectrometers which
are broad-band as well as high-resolution. In order to assess the expected
performance of mesosphere radiometers, retrievals of artificial spectra were
undertaken. The artificial spectra were created from model results for the
Solar-Proton-Event in autumn 2003 (model results by courtesy of Dr. M.
Sinnhuber of the IUP Bremen).

Using existing spectra from the OZORAM-radiometer at Ny Ålesund,
Spitsbergen, a new retrieval was designed to access the lower mesosphere.
Intercomparison with the model results shows good agreement in the O3-
destruction following this event. A similar study using SCIAMACHY data
(Rohen et al., 2005b) shows similar aggreement between satellite data and
the model. This result and direct intercomparison between mesosphere O3

results obtained by SCIAMACHY and the OZORAM-profile are used to
establish and validate the newly designed mesospheric retrieval.
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A Mathematical details

A.1 The Singular-Value-Decomposition (SVD)
A.1.1 The definition of the SVD

Let A be an mxn matrix. Consider the two matrices AT A and AAT . Both ma-
trices are symmetric and positive semi-definite (i.e. all eigenvalues are non-
negative). Let vi,ui be the eigenvectors and λi,µi be corresponding eigenval-
ues of AT A and AAT , respectively. vi,λi and ui,µi are sorted so that:

λ1 ≥ λ2 ≥ . . .λn ≥ 0 (A.1)

µ1 ≥ µ2 ≥ . . .µm ≥ 0. (A.2)

It can be shown that:
1. an eigenvalue of AT A is an eigenvalue of AAT ,
2. if there are r non-zero eigenvalues, σ1 = λ1 = µ1,. . . ,σr = λr = µr, and

λi = 0,µi = 0, i = r +1, ...,
3. the matrix A can be written as A = ∑r

i=1 σiuivT
i .

The orthonormal vectors vk are the right singular vectors, the vectors uk are
the left singular vectors, and the scalars σk are called the singular values.
Constructing the matrices U,V containing ui, vi in the columns and the ma-
trix S containing the singular values σi as the diagonal entries, the diagonal
values in the singular value decomposition may be written as

A = USV T . (A.3)

A.1.2 The Moore-Penrose pseudo-inverse

A way to solve an equation like x = Ky is to choose a y such that

∂
∂yi
||x−Ky||2 = 0. (A.4)
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This approach is a least-squares solution and leads to an inverse expression
by:

n

∑
j=1

(
(K·iy)T (K· jy)

)
= (K· jy)T x (A.5)

which may be written

(KT K)x = y. (A.6)

If KT K is invertible, a solution x is readily found by

x = (KT K)−1KT y (A.7)

the so-called Moore-Penrose pseudo-inverse.

A.1.3 The interpretation of the SVD

Let a matrix K be a relation between a measurement y and an image x by

y = Kx. (A.8)

The singular decomposition K = USV can be interpreted as follows: The
singular vectors u and v form orthonormal bases of the measurement and
the image space, respectively. The singular values σ relate the base vectors
according to their information content. The smaller the singular value, the
more sensitive the image to noise in the corresponding direction. This can
be seen as follows:

y = USV T x+ ε. (A.9)

This equation can be solved by a least-squares (section A.1.2) method to
yield an estimator x̂ for x:

x̂ = UT SyV. (A.10)

Substituting equation A.9 into A.10 one gets:

x̂ = x+
n

∑
k=1

uT
k ε
σk

vk. (A.11)

Hence: the estimator is a sum of the (unknown) true value x plus the noise
amplified by the inverse of the singular values sk. This equation leads to the
defintion of ad-hoc criteria for the effective rank of the matrix K. A simple
ad-hoc-criterion is to set the effective rank of K to the value
ke f f : σk >

√
Var(ε).
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A.2 Representing error covariances
Let x be a quantity of interest governed by Gaussian statistics and S be the
corresponding covariance matrix. The diagonal elements of S, sii, are the
variance of element i and the off-diagonal elements si j, i 6= j denote the
correlation between element i and element j. In general, the off-diagonal
elements si j are non-zero. While the covariance matrix S contains all infor-
mation about the error of the quantity x, it is not straightforward to visualise
this error. Often only the diagonal elements are used to give the error, but
this may lead to erroneous results as the following example shows. Consider
a three dimensional vector y = 0 with an error covariance matrix

Sy =

∣∣∣∣∣∣∣

1 0.5 0.3
0.5 1 0.5
0.3 0.5 1

∣∣∣∣∣∣∣
. (A.12)

Drawing a number of states y from this distribution shows clearly that the
variance of the elements do not lead to a correct representation of the distri-
bution of the elements.

The covariance matrix S may be transformed to a representation where the
off-diagonal elements are zero. One of these transformations can be obtained
by an eigenvector decomposition:

Sλ = λV, (A.13)

where the columns of the matrix V contain the eigenvectors of S. These
eigenvectors are independent and form a matrix of the error of x in the sense
that if ai ∼ N(0,1)1, the noise on x can be written as

ε = ∑
i

aiλivi. (A.14)

Calculating ε+ by setting ai = 1 and ε− by setting ai = −1 yields noise
profiles according to the limits of the standard deviation. Using ε+ and ε−,
new error bars can be drawn which present a more exact idea of how the
quantity x can vary.

1 This notation means that the ai are distributed like a Normal (Gaussian) distribution with
zero mean and variance 1.
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A.3 Selected properties of the mean and the
variance

Let x be a random variable having distribution density p. The mean of this
variable, < x >, is defined as2:

< x >=
Z

xp(x). (A.15)

The variance is defined as:

Var(x) =
Z

x2 p−
(Z

xp
)2

=< x2 >−< x >2, (A.16)

and the covariance of two vectors:

Cov(x1,x2) =< x1x2 >−< x1 >< x2 >, (A.17)

which vanishes if x1,x2 are independent. Let y = Gx be a new random vari-
able and G a linear operator. We may write:

< y > = < Gx >= G < x > (A.18)

Var(y) = Var(Gx) =< (Gx)2 >−< Gx >2 (A.19)

= < Gx(Gx)T >−G < x > (G < x >)T (A.20)

= G < x2 > GT −G < x >2 GT (A.21)

= GVar(x)GT . (A.22)

It also follows that, if y = x1 + x2, then

< y > = < x1 >±< x2 > (A.23)

Var(y) = < (x1 + x2)2 >−< x1 + x2 >2 (A.24)

= Var(x1)+Var(x2)±Cov(x1,x2). (A.25)

From this definition it also follows that variances of sums or differences of
vectors are always additive.

2 If the random variable can only take discrete values, p(x) may be defined as a sum of Dirac’s
δ- functions
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