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Abstract

As the human emission of greenhouse gases continue to increase, the atmosphere
is changing. The mesosphere region is particularly interesting as the magnitude of
temperature change in this region is expected to be larger, than in the lower layers
of the atmosphere. However, there is still much uncertainty related to the long-term
effects of these changes. It is therefore important to have instruments that can provide
long-term monitoring of the dynamics and chemistry of the middle atmosphere.

Species with long photochemical lifetime can be used to study the dynamics of
the mesosphere. At the Onsala Space Observatory two such species, CO and H,O,
have been measured over a number of years with microwave spectrometers. These
instruments can provide us with continuous measurements of the mesosphere over long
time periods. This thesis concerns characterising and improving the measurements
and retrievals from the two microwave spectrometers.

This thesis puts forth a possible improvement in the inversion algorithm used
for retrieving time-series from ground-based microwave spectrometers. By using a
two dimensional retrieval method, the inversions can take into account the temporal
correlation of the atmospheric state. The new method was tested on the 22 GHz spec-
trometer measuring mesospheric water vapour at OSO. The result is a more flexible
retrieval that removes the problem of ad-hoc selecting data averaging times before
performing an inversion. An additional improvement offered by the new method is
the ability to consistently interpolate the retrieved data in order to close measurement
gaps or re-grid the data.

The thesis also compares a six year long time series of mesospheric CO from the 115
GHz spectrometer at OSO to measurements from contemporary satellite instruments.
The systematic errors of the instrument are estimated to £40 % from 2002-2004 and
+20 % from 2004-2008. Compared to the satellite measurements, the measurements
from the OSO radiometer have a mean difference of less than or equal to 25 %. This is
consistent with the combined systematic errors of both the ground-based and satellite
instruments.

The thorough error characterisation, and the improved retrieval method, pre-
sented in this thesis ensure that the data produced by the microwave spectrometers
at OSO remain relevant and important for the future study of the middle atmosphere.

Keywords: remote sensing, mesosphere, retrieval, microwave spectrometry, carbon
monoxide, water vapour
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CHAPTER 1

Introduction

The study of the atmosphere dates back to the ancient civilisations. The Greeks
wrote theses on empirical weather prediction and introduced such popular rules as
Red sky at night, sailor’s delight. During the middle ages the Muslim astronomer
Ibn Al-Haitham estimated the height of the atmosphere to 79 km from his studies of
scattered light at twilight, an impressive feat considering the limited instrumentation
available [Frisinger, 1973].

Today we have a myriad of observation methods reaching from worldwide coor-
dinated weather balloons launches, research instruments on balloons and rockets, to
satellites orbiting the earth. Data from these instruments are processed using power-
ful computers, used in advanced weather prediction models, and compared to climate
models. Despite of this the atmosphere still offers unanswered scientific questions,
and as the evidence of human influence on climate becomes ever clearer, our need for
understanding the atmosphere has never been greater.

1.1 Observing the earth

We all have the ability to make observations of the atmosphere, and we do so every day
by staring at clouds or enjoying a beautiful sunset. For detailed atmospheric science,
however, a range of sensors and platforms have been developed. In earth observations
we differentiate between two types of measurement techniques. In-situ measurements
samples the atmosphere directly at the desired position, whereas in remote sensing
electromagnetic (EM) radiation is used to gather information about the atmosphere,
possibly far away from the position of the instrument. An overview of some of different
remote sensing instrument platforms is shown in figure 1.1. Each instrument platform
has its advantages and disadvantages, and depending on the phenomenon studied, one
particular system, or combination of systems, is advantageous. This thesis will focus
on the middle atmosphere, which is the atmosphere between roughly 10 to 100 km, and
instruments designed for studying this part of the atmosphere are thus of particular
interest.
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Figure 1.1: Overview of instrument platforms used for studying the atmosphere. The
altitudes for the different platforms are approximate.

Ground-based instruments used to study the middle atmosphere include UV-, IR~,
and microwave spectrometers, lidars and radars. These are located on the ground and
look upwards into the atmosphere. These instruments are usually cheaper and easier
to maintain than similar instruments on other platforms. This means that they have
the possibility to continuously measure and monitor the atmosphere above a specific
location over long time periods. Their main limitation is that the instruments cover
a limited geographic area, compared to air-borne or satellite-borne instruments.

On the opposite side of the scale are instruments orbiting the planet on space-
stations or satellites. These provide the ultimate geographical coverage as they, in
principle, can measure the entire globe. In practice however, their geographical cov-
erage is limited by orbit and type of instrument. Satellite-borne instruments that use
an orbit designed to give global coverage, will lack in the ability to measure local or
short term transient phenomena.

1.2 The current state of earth observation

One of the most pressing scientific questions in atmospheric science is the determi-
nation of the magnitude of, and reasons for, long term changes in the atmosphere.
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Figure 1.2: Number of future earth observing instruments from NASA and NOAA. The
two curves represent two different funding scenarios, with the red being the most optimistic
[Committee on the Assessment of NASA's Earth Science Program et al., 2012].

To investigate such changes, global long term measurements are needed. Satellite
systems have global coverage, but unfortunately these systems have inherently short
lifetimes as repairing them is impossible once something goes wrong.

The last 10 years, scientists interested in the middle atmosphere have been for-
tunate as numerous satellites launched to study it in the early 2000s have exceeded
their life expectancy multiple times. This has allowed accurate multi-instrument as-
sessments of phenomena and trends in the middle atmosphere (e.g. Hegglin and
Tegtmeier [2011]).

With the “death” of ENVISAT, the largest European earth observing satellite in
April 2012, this “golden era” seems to be going towards an end. Ideally replacement
satellites should have been launched to provide overlapping measurements, but rather
the opposite is happening. Figure 1.2 shows the expected number of future earth
observing satellite instruments from NASA and NOAA. A sharp decline can be seen
after 2011. Though this is not the whole picture, it is telling that in a world where
knowledge about the earth system is ever more important, our ability to measure it
is declining rapidly.

With the loss off continuity in satellite measurements, our ability to distinguish
between long term climate changes and short term variations will be severely ham-
pered. Ground-based instruments offer an alternative set of measurements that can
be used to study the middle atmosphere. The Network for the Detection of Atmo-
spheric Composition Change (NDACC) is an organisation that works with coordi-
nating ground-based measurements to create a global database of atmospheric data.
Figure 1.3 shows the more than 70 remote sensing research stations contributing to
the network. Though the network was originally founded to the study long term
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Figure 1.3: An overview of the stations in the NDACC network. [NDACC]

changes in the ozone layer, its mission has broadened to detection of trends in over-
all atmospheric composition, and understanding of their impact on the atmosphere
INDACC]. The advantage of combining data from several independent ground-based
instruments using different methods is that it offers a redundancy and robustness
that is hard to achieve with satellite instruments due to their high cost and limited
numbers.

To ensure the quality of measurement databases, it is important that the data
from the instruments are analysed in a consistent matter, and that the uncertainties
and errors are well characterised. The two articles, on which this thesis is based, fo-
cus on these two problems. The first paper, “Six years of mesospheric CO estimated
from ground-based frequency-switched microwave radiometry at 57° N compared with
satellite instruments”, provides a thorough error analysis of the ground based mi-
crowave radiometer measuring carbon monoxide above Onsala Space Observatory
(OSO). The second paper, “Time series inversion of spectra from ground-based spec-
trometers” | presents a novel way of extracting time series from measurement data. By
including temporal averaging directly into the retrieval algorithm, we remove need for
a single instrument to have multiple datasets to cover different altitudes. The method
simplifies validation of measurements from the instrument, and makes comparisons
between instruments easier.

The first part of this thesis will provide the reader with the background knowledge
needed to understand the methods, results and significance of the two papers, whereas
the second part will present the two aforementioned research articles.



CHAPTER 2

Atmosphere

The atmosphere is the layer of air surrounding the earth. It constitutes less than one
millionth the mass of the earth, but is essential for all land-based life. It provides
fresh water through the hydrological cycle, its ozone layer protects us from dangerous
UV radiation, and greenhouse gases trap heat in the atmosphere resulting in a mild
and temperate climate. Understanding how the atmosphere works helps us answer
interesting scientific question ranging from why the dinosaur became extinct, to what
the weather will be tomorrow, and how the climate will look in 100 years.

The middle atmosphere, which is the atmospheric layer between roughly 10-
100 km, is interesting as it offers many unique atmospheric phenomena to study.
The depletion of the ozone layer has illustrated that humans can have large scale im-
pact on the atmosphere, understanding the dynamics of the middle atmosphere can
give an indication of how accurately climate models represent small scale phenomena
such as atmospheric waves, and the strong influence of solar radiation has on it can
provide insights into how solar variations affect the climate. This chapter will provide
a short introduction to the processes important to the middle atmosphere, and high-
light some of the important scientific questions relevant to the middle atmosphere
with a particular focus on the mesosphere.

2.1 The vertical structure of the atmosphere

The atmosphere extends from sea-level and all the way to space. It is kept in place
around earth by the gravitational force. At large, the atmosphere is in the state of
hydrostatic equilibrium. This means that the gravitational force is balanced by the
vertical pressure gradient, or buoyancy, force. A result of this is that the pressure
decreases exponentially with altitude, as does the density due to the compressibility
of air.

It is customary to divide the atmosphere into layers based on the vertical temper-
ature gradient. Figure 2.1 shows the temperature structure of the atmosphere. The
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Figure 2.1: Temperature and layers of the atmosphere. The temperature data is taken
from the COSPAR International Reference Atmosphere (CIRA-86), at 40° N, June [Rees
et al., 1990].

lowermost layer is called the troposphere and is characterised by a decrease in tem-
perature with altitude. Within this layer we find most of the common atmospheric
phenomena such as clouds and precipitation. At around 10-15 km the increased pho-
tolysis of ozone causes the temperature to increase with height. The resulting layer
is called the stratosphere. This part of the atmosphere is home to the ozone layer
which protects the ground from DNA damaging UV radiation. Above 50 km, in the
layer known as the mesosphere, the temperature is declining with altitude again. This
layer is home to the coldest place on earth, the summer mesopause. The middle at-
mosphere is a collective term for both the stratosphere and mesosphere. Above the
mesopause, in the thermosphere, the temperature increases with height.

2.2 General Circulation

The principal driver of air movement on the earth is the sun. Since the incoming
solar energy varies with latitude an energy imbalance is created which is restored
by transport of energy from the equator to the poles. Due to the rotation of the
earth, topographic features, and the chemical composition of the atmosphere, the
general circulation follows a set of intricate patterns rather than a direct poleward
flow. Figure 2.2 shows the zonal mean temperature distribution of the atmosphere
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Figure 2.2: An illustration of the general circulation of the middle atmosphere. The
background contours is the zonal mean temperature from CIRA-86 during the solstice.
The white lines depicts the zonal mean wind in eastward and westward direction. The
dashed and solid red lines are gravity and planetary waves respectively. The black arrows
show the mean residual circulation.

together with the major middle-atmospheric general circulation patterns.

The two most important features of the general circulation are the Brewer-Dobson
circulation in the stratosphere and the meridional pole to pole circulation in the
mesosphere. The Brewer-Dobson circulation is driven by the deposition of momentum
by planetary waves breaking in the stratosphere. Planetary waves, or Rossby waves,
are large scale waves with wavelengths on the order of the planetary circumference.
These planetary wave modes can be forced by for example large topographic features
such as the Rocky mountains or the Himalayas. When these waves break, they deposit
westward momentum in the stratosphere, which through the Coriolis force leads to a
poleward transport in the upper stratosphere, creating the Brewer-Dobson circulation
[Holton, 1992].

In the mesosphere the circulation is driven by the breaking of gravity waves.
Gravity waves are smaller scale waves generated by topographic features or convective
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activity in the troposphere. Though waves carrying both eastward and westward
momentum can propagate upwards they are filtered in the stratosphere by the mean
zonal winds. This filtering occurs since only gravity waves with zonal phase speeds
larger than, or opposite to, the mean zonal wind can propagate upwards. From figure
2.2 we see that the prevailing stratospheric winds are eastwards in the winter and
westwards in the summer. This means that gravity waves breaking in the mesosphere
deposit net westwards momentum in the winter hemisphere and net eastwards in
the summer hemisphere. The result of this breaking is a single cell transporting air
from the summer to the winter pole. This modifies the temperature distribution,
adiabatically cooling the atmosphere in areas of ascending air, and heating it in areas
of descending air. This effect is seen particularly in the summer mesopause (~ 90 km)
where the adiabatic cooling of ascending air makes it extremely cold despite 24 h solar
heating [Brasseur and Solomon, 2005].

One particularly interesting pattern in the middle atmosphere is a persistent vor-
tex over the winter pole. This polar vortex is characterised by the strong westerly
winds seen in the winter strato-mesosphere. Within this vortex the air is isolated
from the warm subtropical air. In the stratosphere the polar vortex is scientifically
interesting as the cool isolated air, allows for the formation of polar stratospheric
clouds, which enhances the destruction of ozone through heterogeneous chemistry
[Brasseur and Solomon, 2005].

2.3 The changing middle atmosphere

Human influence on the atmosphere has been unequivocally established by scientists
throughout the 20" century, but the full implications of these changes is far from
understood. For the middle atmosphere two anthropogenically generated phenomena
are particularly important. The first is the ozone loss in the middle atmosphere
resulting from the release of chlorofluorocarbons (CFC). The second phenomenon is
the atmospheric change occurring due to the anthropogenic release of greenhouse
gases, in particular COy and CHy.

Ozone is important for the middle atmosphere as it absorbs UV-radiation, heating
the middle atmosphere. In the seventies it became clear that the amount of ozone in
the middle atmosphere, and in particular in the upper stratosphere, was decreasing.
This decrease was caused by the release of CFC-gases, which with their long photo-
chemical lifetime can be transported out of the troposphere and into the stratosphere.
In the stratosphere they undergo photolysis, and release reactants that result in the
destruction of ozone through catalytic reactions. As a response to the realisation that
this depletion was taking place and was a global problem, the Montréal protocol was
established in 1987 to limit the release of CFC-gases.

Greenhouse gases' have their name from the fact that they heat the troposphere

!The name greenhouse gas is actually a misnomer as the major warming effect in a greenhouse
is not the trapping of radiation, but rather by preventing the heated air from escaping.
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Figure 2.3: Volume mixing ratio of CO in the middle atmosphere. Panel a: The hori-
zontal distribution the 20. January from 0-90 °N at roughly 65km (3200 K) measured by
the microwave limb sounder on board Aura [Manney et al., 2009]. Panel b: The seasonal
variation of CO above OSO measured with the 115 GHz radiometer.

since they allow shortwave radiation in the form of UV- or visible light to reach the
ground, but trap the re-emitted long wave radiation. The warming effect of green-
house gases is well known, but they have the opposite, cooling, effect in the middle
atmosphere. The cooling of the middle atmosphere is important as it helps us differ-
entiate between natural and anthropogenic forces on the climate system [Thompson
et al., 2012]. Cooling of the middle atmosphere has been determined to be ~0.5
K/decade in the stratosphere [Thompson et al., 2012] and 1-3 K/decade in the meso-
sphere [Beig, 2011]. However, there is much uncertainty related to how these tem-
perature changes might affect the dynamics in the middle atmosphere, and if any
changes in the dynamics will feed back into tropospheric weather patterns.

Other unresolved questions include how the increased amount of methane in the
atmosphere will affect water vapour concentrations in the mesosphere, which is impor-
tant for the formation of noctilucent clouds, and why the temperate at the mesopause
appears to remain constant even though the rest of the middle and upper atmosphere
is cooling [Beig et al., 2003]. To answer these questions it is important to monitor
the middle atmosphere and be observant of any changes detected.

2.4 The chemistry of mesospheric CO

One way to investigate the dynamics of the middle atmosphere is to trace the con-
centration of gases with long photochemical lifetimes. If a particular gas is created
locally in one place, and is not removed photochemically, the distribution of this gas
will be determined by the transport in the atmosphere. One such tracer gas is car-
bon monoxide. In the stratosphere it is produced by oxidation of methane and in
thermosphere and mesopause region it is produced through the photolysis of carbon
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dioxide [Brasseur and Solomon, 2005]
COg + hv — CO + O. (2.1)

The only important destruction mechanism in the mesosphere is the reaction with
OH
CO + OH — CO, + H. (2.2)

Figure 2.3a shows the concentration of CO at around 65 km during the arctic winter
measured by AURA-MLS. The aforementioned polar vortex is seen clearly through
the large concentration of CO. Since CO is mainly produced through photolysis
in the thermosphere, this high concentration must come from large scale decent in
the winter mesosphere, which is consistent with the general circulation in figure 2.2.
Figure 2.3b shows the distribution of CO measured from the OSO radiometer. The
same large scale decent is clearly seen during the winter months. Measuring this
decent is interesting, as it can be used to test the gravity wave parametrisation of
climate models (e.g. Forkman et al. [2003Db]).



CHAPTER 3

Measurement Principles

To perform remote sensing measurements we need to understand how electromag-
netic radiation arises and propagates through the atmosphere. Furthermore, we need
analysis techniques that can extract the wanted information from the received EM-
radiation and understand the errors associated with such techniques. This chapter
will provide a short introduction to the measurement principles of atmospheric re-
mote sensing, and the basic theory needed to understand the errors and uncertainties
in such a measurement.

3.1 Blackbody radiation

Electromagnetic (EM) radiation is emitted from charged particles. It is classified
based on its wavelength, and figure 3.1 shows an overview of the EM spectrum. Dif-
ferent categories include the UV- (100 nm to 400 nm), the visible- (400 nm to 700 nm)
and the microwave region (mm-cm). The amount of radiation travelling through an
area from within a certain solid angle is called radiance and is a useful quantity when
discussing the strength of EM-radiation.

A blackbody is an object than absorbs all incident radiation. For such objects the
emitted radiance per frequency, also called the spectral radiance, is given by Planck’s
law of radiation

L, = (3.1)

m2 Hzsr

2hv3 W
(/T 1) { 1
Here h is Planck’s constant, v the frequency of the radiation, ¢ the speed of light, ki,
Boltzmann constant and T' the temperature of the object.

Not all objects are perfect blackbodies, and to take this into account, thermal radi-
ation from such non-blackbody objects is described by the emissivity. The emissivity
relates the blackbody spectral radiance to the true spectral radiance by

Lz/ = E(V)B,/, (32)

where B, is the radiance from a blackbody at the same temperature.

11
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Figure 3.1: The electromagnetic spectrum

The absorptivity, «, describes how well an object absorbs EM radiation. In lo-
cal thermodynamic equilibrium (LTE) Kirchoff’s law applies. This states that the
absorptivity is equal to the emissivity

a=¢e. (3.3)

Local thermodynamic equilibrium is reached when the rate of collisions between
molecules is much higher than the rate of which molecules absorb and emit photons,
and for most rotational transitions, LTE is valid for the entire middle atmosphere
[Lopez-Puertas and Taylor, 2001].

In remote sensing, spectral radiance is usually given in terms of brightness tem-
perature, which is the temperature a blackbody object would need to have in order
to radiate with measured spectral radiance. Thus from equation 3.1 and 3.2 the
brightness temperature, 7, can be written as

_ 1
"7k In(1+ Lem /T 1))

(3.4)

This nomenclature is particularly useful in the long wavelength-, or Rayleigh-Jeans,
approximation (hv < k,T') where the relationship between the physical temperature
and the brightness temperature reduces to

Tb = 6(V)T- (35)



3.2. ABSORPTION AND EMISSION FROM GASES 13

— Lorentz
'.'\‘ - == Doppler
R -=+= Voigt
Y,

Figure 3.2: Three different line functions describing molecular absorption and emission.
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3.2 Absorption and emission from gases

Electromagnetic waves travelling through a medium will interact with it. This interac-
tion includes scattering by particles and molecules, where new waves are generated, as
well as absorption, where the energy is converted into internal energy of the molecule.
For bounded changes in internal energy, e.g. electronic, vibrational or rotational tran-
sitions, the internal energy change, AF, will be related to the absorbed or emitted
frequency by
AE = hv. (3.6)

For gases in the atmosphere these energy transitions are affected by line-broadening
processes. To describe these processes we introduce the shape function, ®, and the
line-strength, S, such that the absorption coefficient for a given molecular transition,

7, in a medium is given by

e =SB0 |1, (3.7)

m
where n' is the number density of the corresponding molecule in the medium. The
absorption coefficient gives the amount of absorption per unit distance.

Molecules in a gas have a certain velocity relative to the incoming or outgoing
EM-wave. This motion leads to a Doppler shift in the absorption/emission frequency.
For a given temperature the random velocities of molecules are given by the Maxwell-
Boltzmann distribution, and the resulting shape function is a Gaussian (green-dashed
line in figure 3.2). The Lorentz line function (blue line in figure 3.2) describes the
pressure broadening, which arises due to collisions between molecules. Quantum
mechanical states also have an intrinsic lifetime due to the natural decay process. This
leads to broadening of the line called natural line broadening. This broadening is also
described by the Lorentz function, but for transitions in LTE the collisional lifetime
is much shorter than the natural lifetime, and natural linebroadening is negligible.
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Figure 3.3: An illustration of the radiative transfer equation for an optically thin line.
The emission at each altitude is given by Lorentzian and the total radiation reaching the
ground is the sum of the emission at all altitudes.

In the lower atmosphere, the line-width of a transition will be totally dominated by
pressure-broadening as the high density leads to frequent collisions between molecules.
As the pressure decreases with altitude, the collisional frequency declines and the line
becomes narrower. At some point the pressure broadened linewidth will become
smaller than that of the Doppler broadening, and the spectrum will start to look
more Gaussian in shape. At this altitude the clear relationship between lineshape
and altitude vanishes since the Doppler width is only dependent on the square root
of the temperature, and not the pressure. At altitudes where both pressure and
Doppler broadening is important the shape function will take on the Voigt lineshape
(red-dot-dashed line). This is a Lorentzian shape convolved with a Gaussian. The
Voigt lineshape gives a more realistic description a line transition in the true at-
mosphere than using the Lorentzian or Gaussian alone. Other lineshapes also (e.g
Vleck-weisskopf) exists that take into account the more subtle effects of interaction
in collisions.

3.3 The radiative transfer equation

The radiative transfer equation describes how EM-energy is transferred along a path

s in the atmosphere
dL,

ds
The first term on the right hand side describes extinction, where 7 is the extinction
coefficient. The second term describes additional sources of radiation through the
source term S. The most common reasons for extinction in the atmosphere are

— —Ly+8S. (3.8)
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scattering, and absorption along the path of the radiation. Common sources include
scattering into the path, and thermal radiation emitted from the atmosphere along
the path.

For instruments on the ground the spectral radiance coming from the atmosphere
can be found by integrating equation 3.8 from the top of the atmosphere down to
the detector. At microwave frequencies scattering can often be neglected [Clancy and
Muhleman, 1993], and assuming LTE, the radiative transfer is given by

where B, is the blackbody spectral radiance, sg the top of the atmosphere, and 7 is
the optical thickness along the path. Neglecting scattering, 7 is given by

0

(s) = /’yabs(S’,V)dS’, (3.10)

s

where s indicates integration along the propagation path and v, the total absorption
coefficient from all molecules and particles along the path. Figure 3.3 illustrates the
concept of integrating the radiative transfer equation from the top of the atmosphere
for a single, optically thin (i.e. absorption negligible), transition line. Each altitude
contributes with some radiation, and the total measured radiation at ground level is
given by the sum of the emitted radiation from each altitude.

A radiative transfer simulator is a computer program that calculates the radiative
transfer by solving the radiative transfer equation numerically. The radiative transfer,
or forward, model used in this thesis is ARTS v.2.0. [Eriksson et al., 2011]. This is a
radiative transfer model developed for the microwave region, and can simulate many
different viewing geometries and instruments.

3.4 Retrieval

The fact that the lineshape changes with altitude (see figure 3.3) means that a mea-
sured spectrum at ground level will not only contain information about the total
integrated column of a molecule, but also its altitude distribution. The green and
blue lines in figure 3.4a are two altitudes profiles of water vapour differing in the meso-
sphere. The corresponding lines in figure 3.4b show the spectral intensity around the
22 GHz water vapour transition measured at ground level (ignoring the troposphere
and cosmic background radiation) resulting from these two profiles. In the wings the
two spectra have the same value, but at the line centre the green spectrum shows
a clear increase in brightness temperature. This increase comes from the increased
H50 concentration around 60 km. The increase is only seen at the line centre as the
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Figure 3.4: Left panel: Some atmospheric water vapour profiles. Profile 1 and 2 represent
realistic profiles, while Profile 3 is an example of an unrealistic profile. Right panel: Spectra
measured from ground level (ignoring the troposphere and cosmic background radiation)
resulting from the different profiles. Note how the unrealistic profile still produces a
realistic spectrum similar to the blue profile.

emitted radiation at high altitudes is less affected by pressure broadening than radi-
ation emitted at lower altitudes. This example indicates how we can use the shape
and intensity of a line to determine the altitude profile.

The process of determining the true atmospheric profile from a measured spec-
trum is known as an inversion, or retrieval. To solve this problem numerically on a
computer, the radiative transfer equation is linearised around some atmospheric state
and expressed in linear algebra as

y = Kx + €, (3.11)

where y is the measured spectrum arising from from atmospheric state, x, and with er-
rors, €. K = 0y /0x is the linearised forward model known as the Weighting function-
or Jacobian matrix. The vector spaces spanned by x and y are called the measure-
ment and state space respectively, and K can be seen as a mapping from one space
to the other.

Naively one might think that finding x for a given y could be solved by inverting
K, or using a least squares method to estimate x. However, the problem of retrieving
x is usually ill-posed. Formally this is due to K being rank-deficient. Physically
this means that there is not a unique profile that reproduces the measured spectrum.
This is illustrated by the red dotted lines in figure 3.4a and 3.4b. The red profile of
water vapour looks very different from the blue profile. However, when the spectrum
resulting from this profile is calculated, it will be exactly equal to that resulting from
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Figure 3.5: A simulated retrieval of water vapour. The true profile (green-solid and
green-dotted lines), the a priori profile (violet lines) and the a priori standard deviation
(dotted-violet lines). In absence of noise, the retrieved state (blue line) ends up as a
smoothed version of the true profile.

the blue profile. This means that if an instrument measures a radiance corresponding
to the blue spectrum in figure 3.4b, it is formally impossible to determine whether
the true atmosphere looks like the red or the blue profile in figure 3.4a.

It is possible to mitigate this problem of non-uniqueness. By inspection we can
actually see that the red profile is unphysical as it contains negative concentrations
of H,O. Furthermore, based on the current knowledge of atmospheric chemistry and
dynamics, we know that the large fluctuations seen in H,O, would not exists in the
atmosphere. Thus, by inspection it is possible to determine that the blue profile in
figure 3.4a is the more probable solution to the inverse problem. Such a restriction
of possible solutions is called a regularisation method.

A common regularisation method used for microwave spectrometers is the maxi-
mum aposteriori (MAP) method, also called the optimal estimation, method [Rodgers,
2000]. This method uses a statistical description of the expected profile to constrain
the retrieved values. An a priori (expected) profile is described by an expectation
value X, and a covariance matrix S,. A covariance matrix i a matrix which for a set
of stochastic variables has elements S;; = 0,0;p;;, where p;; is the correlation between
variable 7 and j, and o; and o; are their respective standard deviations. Thus, S,
describes the uncertainty in the a priori profile. The larger the uncertainty in the
a priori profile, the less constraint is placed on the retrievals. Figure 3.5 shows a
simulated retrieval of water vapour in the middle atmosphere. The green line shows
the true profile. The blue line in 3.5b is the profile retrieved using the violet line as
the a priori constraint. The standard deviation of the a priori profile is shown as the
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X2

Figure 3.6: A schematic representation of the maximum aposteriori retrieval method.
The states corresponding to the measurement, y, gives an ambiguous relationship between
the two atmospheric variables x; and x5. The retrieved value using the MAP method
is X. The a priori state is given by x,. The a priori covariance matrix is given by S,,
the measurement uncertainty mapped to the state space is given by K”S K, and the
a posteriori error by S.

dotted-violet line.

To use the a priori profile as a constraint, a cost function, x?, is defined. This
function describes how well the retrieved state, X, fits the measured spectrum (y —
Kx), and how well it fits the a priori profile (X—x,). Scaling the two fitting parameters
with their uncertainty gives

= (R —%)TS; (& — xa) + (y — KX) 'S} (y — KR), (3.12)

where S, and S, are the covariance matrices describing the uncertainty in the a priori
profile and the measurement vector, respectively.

To find the minimum of the cost function x?2, it is helpful to first consider an
analogous 1-dimensional case. Two measurements, z. and z,, with uncertainties o,
and o,, are performed of the same scalar variable x. The optimal way of combining
these to measurements in order to estimate x is to scale each of the measurements

with their uncertainties
. 1 I\ 2. oz,

where 7 is the “optimal” estimate of x based on the two measurements.
Using the matrix formalism introduced earlier, the state minimising x? is given
by
%= (K'S'K + S 1) M (K'S 'Kx + S, 'x,) (3.14)
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The similarities between equation 3.14 and equation 3.13 can be seen. The difference is
that in the matrix formulation the scalars in equation 3.13 describing the uncertainties
are replaced by covariance matrices. For the a priori profile this is S,. For the
measurement it is the covariance describing errors in the measurement mapped to
the state space, KT'SZ'K.

Figure 3.6 illustrates the concept of MAP geometrically. The inverse problem
posed is to find a position in the state space spanned by x; and x5. A measurement
provides some information on the relationship between x; and x5, but all states along
the line given by the measurement y is a possible solution. The retrieved state, X,
is the point which minimises x? so it is right between x, and y, where the exact
distance from x, and y is determined by the constraint posed by S, and S..

3.5 Limitations of an retrieval

The MAP method does not only provide a retrieved profile, but can also be used to
estimate the error in the retrieved profile. Equation 3.14 can be written as

X =%Xa+ Gy — Kxa), (3.15)
where G is the gain-matrix
G =0y/0y = (K'S.'K +S,;1)'K”S_!. (3.16)

Using equation 3.11 and 3.15, the error in the retrieval, X — x, can now be calculated
through

X—x=X,+ Gy —Kx,) —x
=X, + G(Kx + ¢ —Kx,) — x
=(GK —I)(x — xa) + Ge. (3.17)

The first term in last line of equation 3.17 is known as the smoothing error, and
represents the error in the retrieved state as a result of the limited resolution of the
retrieval. The effect of the limited resolution can be seen in figure 3.5b as the retrieved
state (blue line) does not follow the variation of the true state (green dotted line),
but rather a smoothed version of these variations. This limited vertical resolution is
usually described by the averaging kernel matrix

= = GK. (3.18)

Each element, Aj;, in this matrix describes the change in the retrieved variable X;
from a change in the real atmospheric variable x;. Figure 3.7a shows the rows of
the averaging kernel matrix from the retrievals depicted in figure 3.5. These rows
are called the averaging kernels (AVKs). They indicate which altitudes the retrieved
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Figure 3.7: Panel a: Averaging kernels for different altitudes for the retrieval in figure
3.5. The thick black line is the measurement response divided by 5. Panel b: The square
root of the diagonal elements of S, (blue solid), Ss (green dashed) and S (red dotted).

water vapour concentration at each altitude takes information from. The full width
at half maximum of these kernels can be considered as a measure of the vertical
resolution of the retrievals. Assuming that the covariance of the true atmosphere is
correctly described by S, the covariance of the smoothing error is

Ss = (A —1D)S.(A - T)". (3.19)

The area of an averaging kernel gives an indication to what degree the retrieved
value at that altitude uses information from the measurement. This value, called
the measurement response, is plotted as the solid black line in figure 3.7a. A rule of
thumb is that measurement response should be larger than 0.8 for a retrieved value
to be considered valid.

The second term in equation 3.17 is the error in the retrievals resulting from errors
in the measured spectrum. If the errors in the measured spectrum solely come from
thermal noise in the measurement, this second term is called the retrieval noise, and
its covariance if given by

Sm = GS.G”. (3.20)

Figure 3.7b depicts the square root of the diagonal elements for the different error
terms for the retrievals in figure 3.5, including the total estimated retrieval error

S=(K'S/'K +S;1)L. (3.21)

To calculate these error the covariance matrices S, and S, need to be specified. In
the example presented here they are diagonal matrices with diagonal elements of 0.5
(relative units) and 0.05% K respectively.
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Figure 3.8: The effect of accuracy and precision on a set of measurements (dots). The
true value is the bullseye.

3.6 Instrumental error sources

Estimating errors is an important part of making a measurement, and accurate error
estimations are needed to ensure that measurements can be properly compared to each
other, and to models. When doing an error analysis it is common to separate errors
into random errors and systematic errors. A basic assumption of random errors is
that it is possible to decrease them by repeating the same measurement several times,
and taking the average. Systematic errors on the other hand, will not go away upon
averaging. Figure 3.8 shows the difference between these error types. The magnitude
of the errors are known as precision (random errors) and accuracy (systematic errors).

Random errors are often possible to estimate based on knowledge of the instru-
ment, or by looking at the variability in the measured quantity and compare it to the
expected variability. As discussed in the last section, the MAP method can provide
an estimate of the expected random errors through the the a posteriori covariance
matrix, S. The MAP method can also estimate a number of errors. However, some er-
rors might come from unknown defects in the instrument, and can only be discovered
through cross-comparing the results with other instruments. For further informa-
tion on cross-comparing instruments and error estimation, see the appended Paper A
where such a cross-comparison is done between the 115 GHz radiometer at OSO and
four different satellite instruments.



CHAPTER 4

Instruments

To interpret an atmospheric measurement, it is important to understand the instru-
ment performing the measurement. This chapter will introduce the instruments used
in the two appended papers with particular focus on the microwave spectrometer.

4.1 The microwave spectrometer

Radiometers are instruments that measure the radiance of EM-radiation. Different
radiometers exist for the different regions of the EM-spectrum. A particular type of
radiometer is the spectrometer which measures the radiance of radiation as a function
of frequency. Figure 4.1 shows an overview of a heterodyne microwave spectrometer.
The radiation from the atmosphere is captured by an antenna. The frequency of the
measured atmospheric signal at the antenna is called the radio frequency (RF). After
being captured, this signal might be amplified and/or filtered depending the receiver
design. The signal is then mixed non-linearly with a signal of known frequency from
a local oscillator (LO). By mixing these two signals, the frequency of the measured
signal can be reduced to a lower intermediate frequency (IF) and amplified, before
it is recorded by a spectrometer. This downconversion is necessary since high fre-
quency signals are hard to amplify and record without adding too much noise to the
measurements.

Antenna
RF Ampifier Sideband Filter Mixer IF Amplifier Spectrometer
RF -- b Lo N
LO
Local Occilator Computer

Figure 4.1: A schematic view of a microwave spectrometer.
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Figure 4.2: The heterodyne principle. When the RF signal is mixed with the LO signal
(wro), both frequency w; and wy will be mixed to the same intermediate frequency, wyp.

The mixing technique is called heterodyne mixing. It is performed by a non-linear
component called a mixer. In its simplest form a mixer can be described as a device
with a purely quadratic response [Rohlfs and Wilson, 2008]. If the incoming signal is
the sum of the LO and RF signal the quadratic signal leaving the mixer is

(Asin(wgpt) + Bsin(wrot))’ = (A2 + B?) — L A2 cos(2wppt) — 1 B? cos(2wrot) +

AB cos((wrr —wro)t) — AB cos((wrr + wro)t).
—_———

wWIF

The intermediate frequency, w;p, is thus given by the difference between the LO
frequency, wro, and radio frequency, wgr. Due to the symmetry of the intermediate
frequency term, signals from both wyo + wrr and wro — wyp will be included in the
IF' signal. Thus, two RF bands are included in the IF signal, one on each side of the
LO frequency. Figure 4.2 illustrates the principle of heterodyne detection, and shows
the two RF bands. If the frequencies of interest are located in only one of the bands,
a sideband filter is usually applied before the mixer to filter out the unwanted-, or
image-band. Such a receiver is called a single sideband receiver. Another option is
using both bands, creating a double sideband receiver.

4.2 Calibration

A calibration is needed to lend physical meaning to the electrical signal from the
detector. Assuming a linear system, this is done by performing a measurement of
thermal radiation from two known sources, or loads, one hot and one cold. This
measurement can then be used to determine the relationship between the measured
signal, S, and the brightness temperature 7,. These loads can in principle be anything
radiating with a known brightness temperature, but for microwave radiometers the
hot load is often an absorber at ambient temperature. Similarly, the cold load can
for example be an absorber cooled by liquid nitrogen or helium. Figure 4.3 shows
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Figure 4.3: Calibration procedure in microwave radiometers. Sy, Seoq and Sy, are
the signals from the hot load, cold load and the atmosphere respectively. T not, Th.cold
and T}, 44, are the brightness temperature from in each measurement. Sy and 7 is the
receiver signal and temperature.

the calibration procedure. The resulting equation for determining the atmospheric
brightness temperature, T} 44, from the signal, Sy, becomes

Ty hot — Tb cold g
o g Sam
hot — Mcold

where subscripts hot and cold represent the signal and temperature of the hot and
cold load, respectively. This calibration procedure is sufficient if the gain of the instru-
ment is constant in time. However, most receiver systems will have time dependent
variations in gain. In order to minimise the effect of these variations, a technique
called Dicke-switching is used. Dicke-switching involves doing a differential measure-
ment between a reference spectrum, 7Tj,.f, and the atmospheric spectrum, rather
than measure the radiation from the atmosphere directly [Rohlfs and Wilson, 2008].
The spectrum, ATy, is then given by

Tb,atm - (4 ].)

AT(, = Tb,atm - Tb,ref = M(‘Satm - Sref)~ (42>
Shot - Scold

Since the errors from gain fluctuations are proportional to the total power mea-
sured, the receiver should be balanced. This means that the reference signal, Sy,
has the same power as the atmospheric signal S,;,, without the measured line. One
common way of achieving a balanced measurement is using a technique called sky-
switching. Here the reference measurement is actually a measurement of the atmo-
sphere itself, though measured at a different elevation angle than 73 44,,. This implies
that the two measurements have different pathlength through the atmosphere, which
prevents the middle atmospheric signal from being completely removed from the dif-
ferential measurement. Furthermore, the different tropospheric pathlengths of the
two beams are compensated for by inserting an absorber into the field of view of the

reference measurement.
If the observed middle atmospheric line is narrow (i.e. smaller than the possible
shift in LO frequency), sky switching can be replaced with frequency switching. In this
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Figure 4.4: Panel a: A picture of the 115 GHz radiometer at OSO. Panel b: A simulated
atmospheric spectrum of the frequencies around the 115 GHz CO line.

technique the local oscillator frequency is shifted a few MHz between the atmospheric
and reference measurement. If this shift is smaller than the total bandwidth of the
instrument, the middle atmospheric emission is included in both the reference and the
target spectrum. The advantage of this is that as the measured line is seen in both
the signal and reference spectrum, the effective observation time is doubled compared
to sky-switching.

Though the aforementioned switching methods remove most of the tropospheric
signal from the measured spectra, it does not take into account the damping of the
observed line due to tropospheric absorption. One way to account for this, is to solve
the radiative transfer equation (equation 3.8) for a single layer troposphere with an
effective temperature T, ¢, and a tropopause at zp. The solution is the given by

Tb,atm(zg) = Tb,atm(ztrop)e_ﬂmp + Teff(l - e_Ttmp)v (43)

where 73, is the optical thickness of the troposphere along the measured propagation
path and z, the altitude of the instrument. To solve this equation for T g (2trop),
Trop a0d Tyrp, must be determined. For the measurement presented in this thesis an
empirical model between the radiance at these frequencies, the surface temperature,
and the tropospheric temperature is used [Forkman et al., 2003a] to determine 7.
The optical thickness, 740, can then be estimated from

Teff — Tva)ings(zg) (44)
Teff - Tb,wings (Ztrop)

T =

where T}, yings 18 measured brightness temperature at the line wings and 7T} yings(Ztrop)
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Figure 4.5: Panel a: A picture of the 22 GHz radiometer at OSO. Panel b: A simulated
atmospheric spectrum of the frequencies around the 22 GHz water vapour line.

the brightness temperature at the wings above the troposphere. For the two ground-
based radiometers at OSO T}, wings(2rop) 1s assumed to be equal to the cosmic back-
ground radiation.

4.3 The old CO radiometer at OSO

The 115 GHz microwave spectrometer at OSO was designed to measure CO in the
mesosphere [Forkman et al., 2003b]. A picture of the instrument is shown in figure
4.4a. Figure 4.4b shows a simulated atmospheric spectrum measured at the station
without the influence of the troposphere. The troposphere is not included in the
spectrum for pedagogical purposes as the tropospheric attenuation would obscure
the CO line. The radio frequency coverage of the instrument is indicated by the two
vertical black lines. The CO line at 115.27 GHz is situated near an Og line at 115 GHz
and on the wing of a wide O line located at 118 GHz. The 115 GHz radiometer at
OSO was operated from 2002 to 2008 when it was disassembled for a major overhaul
(see chapter 5.3). The six year time series from the OSO radiometer is the longest
continuous ground based observation of CO in the mesosphere.

4.4 The water vapour radiometer at OSO

The 22 GHz microwave spectrometer at OSO (figure 4.5a) measures water vapour in
the mesosphere [Forkman et al., 2003a]. Just like CO, water vapour is an excellent
tracer of mesospheric dynamics due to its long photochemical lifetime in the meso-
sphere. Water vapour in the mesosphere is either water formed through the oxidation
of methane, or water transported into the middle atmosphere through the tropical
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Figure 4.6: Satellites used in the validation of the 115 GHz CO radiometer at OSO

tropopause. This mean that monitoring water vapour in the mesosphere can help us
understand the influences of anthropogenic methane emissions on the mesosphere as
well as provide information about the transport mechanics in the tropical tropopause.

Figure 4.5b shows a simulated atmospheric spectrum at the tropopause above
OSO. The radio frequency coverage of the receiver is marked by the two black lines.
The instrument has operated since 2001 and has provided over 10 years of data to

the NDACC database.

4.5 Satellites instruments

In our paper, “Six years of mesospheric CO estimated from ground-based frequency-
switched microwave radiometry at 57° N compared with satellite instruments®, the
CO radiometer at OSO is compared with measurements from several satellite instru-
ments. During 2002-2008, instruments on four different satellites measured the CO
concentration in the mesosphere. The satellites are depicted in figure 4.6, and are
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ACE, Aura, Odin and ENVISAT.

The Canadian Atmospheric Chemistry Experiment (ACE) was launched by NASA
on 12 August, 2003 [Bernath et al., 2005]. It has a 74° inclined circular orbit at
650km. The primary instrument on board is the high resolution Fourier transform
spectrometer (ACE-FTS) which makes infrared absorption measurements of the at-
mosphere along the limb using the sun as a source. For carbon monoxide, it measures
the absorption in the 1-0 (4.7 um) and 2-0 (2.4 pm) vibrational bands, and covers
altitudes from 5-105km under clear-sky conditions. It has a vertical resolution of
4km, and a precision of better than 10 % in the mesosphere [Clerbaux et al., 2008].
However, since it is dependent on the sun as a source of radiation the number of
measurements it provides over OSO are fewer than from the instruments performing
emission measurements.

The Aura satellite was launched by NASA on 15 July 2004 [Schoeberl et al., 2006].
It flies in a sun-synchronous near-circular polar orbit at 705 km with an equator cross-
ing time of 13.45 (ascending). On board the satellite the Microwave Limb Sounder
(MLS) measures the J=2 — 1 (230.53 GHz) rotational line of CO. From this it re-
trieves CO concentrations between 15-85km, with a vertical resolution of 4-8km in
the mesosphere. The precision of a single retrieved profile is very poor exceeding 100%
above 20 km. The basic reason for this poor precision is the low signal to noise ratio
in the measurements [Pumphrey et al., 2007]. MLS does however provide numerous
of measurements, and by averaging these, the data become useful.

Odin is a Swedish led international satellite project launched on 20. February
2001 [Murtagh et al., 2002]. It flies in a sun-synchronous polar orbit at ~ 600 km
with an equator crossing time of 18.00 (ascending). Its sub-millimetre-radiometer
(SMR) measures the J=5 — 4 (576.27 GHz) rotational transition of CO. It covers
altitudes from 20-105km with a precision of around 20% [Dupuy et al., 2004]. The
major issue with the Odin measurements has been a problem with the local oscillator
used, resulting in many corrupt spectra. This, combined with the fact that the Odin
aeronomy mission shares observation time with the Odin astronomy mission, means
that relatively few CO measurements were available for intercomparison with the
OSO radiometer.

ENVISAT is a research satellite launched in March 2002 [Louet and Bruzzi, 1999].
It flies in a sun-synchronous polar orbit with a 10.00 equator crossing time (ascending
node) and an altitude of 800 km. It measures the 1-0 (4.7um) CO vibrational band,
however, unlike ACE-FTS, it measures emission from this line. The advantage of this
method is the ability to measure the concentration of CO independent of illumination
conditions. The major disadvantage is that the emission line is highly affected by non-
LTE processes, thus requiring a more complicated retrieval scheme. Despite of this a
precision of 30% is achieved between 50-70 km [Funke et al., 2009].

The accuracy of the different satellite instruments has been estimated in several
studies, and is around 10-20% in the mesosphere. For further discussion of this see
the appended Paper A.



CHAPTER 5

Summary and Outlook

5.1 Summary Paper A

The large scale dynamics of the mesosphere can be studied by the use of tracer species.
These are species that have a long photochemical lifetime, and by looking at the dis-
tribution of these species compared to their sources, we can determine how they are
advected by the general circulation. One such tracer species is carbon monoxide, CO.
At the aeronomy station at the Onsala Space Observatory, CO has been measured
from a ground-based microwave spectrometer from 2002-2008. Simultaneously there
have been several satellites measuring the global distribution of CO. By cross compar-
ing the measurements, we estimate the systematic errors for the different instruments.

Paper A uses four satellites to evaluate the performance of the instrument lo-
cated at OSO, so that the uniquely long measurement series it provides can be better
used for atmospheric studies. The paper concludes that the systematic error in the
measurements is less than 20% between 2004-2008. During this period the OSO
measurements are consistent with the satellite instruments. However, the measure-
ments show up to 25 % higher CO column values above 70 km compared the satellite
instruments. This is within the combined error margins of the instruments, but in-
dicate a possible bias in either the ground-based or satellite measurements. In the
period between 2002-2004 the consistency between the different measurements is less
clear. The differences between the different satellite instruments are £50 %, and the
measured CO concentration from OSO is located somewhere in between.

5.2 Summary Paper B

An old meteorologist joke is that “when in doubt go for persistence”, meaning that
a good predictor of tomorrows weather is that it will be the same as today. In
Paper B we present a retrieval algorithm for ground-based radiometers that take into

29
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Figure 5.1: A simulated spectrum of the relevant frequencies for the new dual band
instrument at OSO. The thick solid line shows the LO frequency. The dashed lines shows
the RF-coverage of the two bands.

account this temporal correlation in atmospheric states. Retrievals for ground-based
instruments are usually performed on each measured spectrum individually. Our
paper, “Time series inversion of spectra from ground-based spectrometers”, takes a
multi-dimensional approach. Using several spectra, we retrieve an entire time series
simultaneously. This is the first time such an approach has been used for a ground-
based microwave spectrometer.

The method offers several advantages over traditional single spectrum retrievals.
First and foremost it allows for a retrieval to have different temporal resolution at
different altitudes. This means that the optimal compromise between signal to noise
ratio and temporal resolution can be made at each altitude separately rather than
choosing an ad-hoc integration time before performing the retrievals. Other advan-
tages include the possibility to seamlessly interpolate and re-grid data in the temporal
domain during the retrieval. These findings should help improving retrievals for future
radiometers observing the middle atmosphere.

5.3 Outlook

This thesis deals with the retrieval and error characterisation of the measurements
from the ground based radiometers at the Onsala Space Observatory. The CO data
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Figure 5.2: Preliminary inversions from the new instrument at OSO. Panel a: The
retrieved CO profiles (blue). Panel b: The retrieved ozone profiles (blue). The red line
shows the a priori profile for the two species. Panel c¢: A sample spectrum (blue) and the
fitted spectrum (green) from the instrument

from the 115 GHz radiometer has been thoroughly evaluated, and are now ready for
entrance into NDACC. The retrieval algorithm for the water vapour radiometer was
improved, and there is no longer a need to make a selection of whether to have weekly
or daily integrated data submitted to NDACC, since the retrieval algorithm handles
the averaging directly. The retrieval software used in the retrievals is Qpack [Eriksson
et al., 2005]. This software is in large parts developed and maintained at Chalmers.
The software is used by several research groups doing atmospheric measurements.
The time series inversion method is not fully integrated into this software yet, but
will be if the method sparks the interest of research groups using the software.

As mentioned in chapter 4.3, the 115 GHz radiometer was taken down for a major
overhaul in 2008. During this overhaul several changes to the instrument was made.
One of the changes made was to move the LO frequency to 113.054 and remove the
sideband filter. This allows for simultaneously observations of O3 and CO (see figure
5.1). The instrument became operational again in December 2009, and the process of
retrieving the atmospheric concentrations have begun. Figure 5.2c shows an example
spectrum from 2009. The major difference in the processing between the old and
the new instrument is that due to the large difference in frequency between the two
sidebands, a more accurate description of the tropospheric attenuation is needed. The
idea is to make use of two total power radiometers (21 and 35 GHz) also located at
OSO to determine the amount of liquid and gaseous water. This data will then be
used to model the tropospheric attenuation. In the initial retrievals shown in figure
5.2, a simple model atmosphere from the AFGL Atmospheric Constituent Profiles
[Anderson et al., 1986] is used for the tropospheric water content.
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The initial results are promising. Figure 5.2a shows the retrieved CO concentra-
tions during December 2009. They have the anticipated overall structure, showing
that the instrument is working as planned. Figure 5.2b shows the O3 profiles. These
clearly show the ozone layer between 20-50 km and the secondary ozone maximum at
70-90 km. This second maximum arises due to the high downwelling flux of atomic
oxygen in the upper winter mesosphere which produces ozone when reacting with
molecular oxygen.

The long time series and number of species measured at the OSO aeronomy station
makes it useful for studying the dynamics of the mesosphere. The data have already
been used in several studies (e.g. Forkman et al. [2005] and Scheiben et al. [2012]).
The improved retrieval methods and error characterisation described in this thesis,
ensure that the data produced remains relevant into the future, helping us detect
and understand any surprises the mesosphere might offer as it adjusts to the ever
changing climate.
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Abstract. Measurements of mesospheric carbon monoxide,1 Introduction
CO, provide important information about the dynamics in
the mesosphere region since CO has a long lifetime at thesAbove the tropopause, CO is formed in the upper meso-
altitudes. Ground-based measurements of mesospheric Céphere/thermosphere mainly by photo-dissociation o CO
made at the Onsala Space Observatory, OSO,N512 E) and the major sink is by reactions with hydroxyl, OH. The
are presented. The dataset covers the period 2002—2008 anertical volume mixing ratio of middle atmospheric CO is
is hence uniquely long for ground-based observations. Theharacterized by low values in the stratosphere and a steep
simple and stable 115 GHz frequency-switched radiometeryertical gradient in the mesosphere.
calibration method, retrieval procedure and error character- The dynamics of the mesosphere is characterized by a sea-
ization are described. A comparison between our measuresonally varying global circulation, driven by the meridional
ments and co-located CO measurements from the satellittemperature gradient, and the breaking of upwelling grav-
sensors ACE-FTS on Scisat (v2.2), MLS on Aura (v3-3), ity waves. This global circulation brings down constituents
MIPAS on Envisat (V3QCO_12 + 13 and V4QC0_200) and  from the upper mesosphere to the lower regions of the meso-
SMR on Odin (v225 and v021) is carried out. Our instrument,sphere and further down to the stratosphere at the winter
0SO0, and the four satellite instruments show the same gerpole region, and the reverse is seen at the summer pole re-
eral variation of the vertical distribution of mesospheric CO gion. Due to its long lifetime (weeks) in the mesosphere,
in both the annual cycle and in shorter time period eventsCO is an excellent tracer of mesospheric dynamics, espe-
with high CO mixing ratios during winter and very low cially at high latitudes where both horizontal motions (e.g.
amounts during summer in the observed 55-100 km altitudeaused by the meandering polar vortex) and vertical motion
range. During 2004—2008 the agreement of the OSO instru¢e.g. caused by the global circulation) can be studiegez-
ment and the satellite sensors ACE-FTS, MLS and MIPASPuertas et al(2000 surveyed CO observations and model
(200) is good in the altitude range 55—-70 km. Above 70 km,simulations and showed that the CO abundance undergoes
OSO shows up to 25 % higher CO column values comparedin annual cycle in the high latitude mesosphere and lower
to both ACE and MLS. For the time period 2002—2004, CO thermosphere region, with high values in the winter and low
from MIPAS (12+13) is up to 50% lower than OSO be- values in the summer. During the last 35yr, middle atmo-
tween 55 and 70 km. Mesospheric CO from the two versionsspheric CO has periodically been observed from a variety of
of SMR deviates up ta=65 % when compared to OSO, but ground-based statiorid/aters et al(1976 was the pioneer in
the analysis is based on only a few co-locations. observing the rotational transition of CO at 115 GBfancy
et al.(1984 andBevilacqua et al{1985 made ground-based
microwave observations of the seasonal variation of meso-
spheric COAellig et al. (19995 made 115 GHz observations
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and attributed variations in the CO column density to break-CO and covers the period 2002—2008. The instrument, cali-
ing wave activity in the mesospherde Zafra and Muscari  bration and inversion methods are described and the results
(2009 used 230 GHz observations of CO as a tracer of polarare compared with data from four satellite instruments. Sec-
mesospheric dynamickasai et al(2009 made the first CO  tion 2 introduces our frequency-switched receiver system,
observations using ground-based solar absorption infrare®ect. 3 describes the inversions, Sect. 4 presents our results,
spectroscopy\elazco et al.(2007) made a long record of Sect. 5 covers the satellite comparisons, and Sect. 6 gives a
strato-mesospheric CO column values using the same tectsummary and the conclusions.
nique. Long-term CO measurements at both 115 Gtzk-
man et al. 20038 and infrared wavelength86rsdorff and
Sussmann2009 have been compared with data from the 2 Measurement
Whole Atmosphere Community Climate Model, WACCM.
Forkman et al(2009 used CO measurements to estimate 2.1 |nstrument and observation technique
the vertical motion of the global circulatioBurrows et al.
(2007 estimated horizontal mesospheric winds at Antarc-Microwave remote sensing permits resolved line measure-
tica by the Doppler shift of ground-based microwave CO ments of pure rotational transitions, which are sufficiently
measurements-offmann et al.(2011) compared ground-  optically thin to allow observations from the ground. These
based CO measurements at 230 GHz with different satellitéines are pressure-broadened in the atmosphere, and there-
sensors. fore the measured shape of the spectrum contains informa-
The Improved Stratospheric and Mesospheric Soundetion on the number density of the emitting constituent as a
(ISAMS) onboard the Upper Atmosphere Research Satellitfunction of pressure. Information of the vertical distribution
(UARS) made the first global stratospheric and lower meso-of the emitting constituent can be estimated using mathemat-
spheric CO measurements during 6 months in 1991-199Zal inversion techniques (see Sect. 3).
(Allen et al, 1999. During the last ten years, several dif- We present measurements of CO made by a spectral,
ferent satellite sensors have been observing mesospheric Cfequency-switched, heterodyne receiver used for the CO
including the microwave limb sounders SMR/OdDupuy 1 — 0 transition at 115.27120 GHz based on a cooled Schot-
et al, 2009 and MLS/Aura Pumphrey et al2007), the sun  tky single-sideband mixer. A block diagram of the receiver is
tracking ACE-FTS/Scisat-10lerbaux et al.200§ and the  shown in Fig.1 and technical specifications are given in Ta-
infrared limb sounder MIPAS/EnvisaE(nke et al.2009. ble 1. The spectrometer is a 2-bit autocorrelator with 20 MHz
The lowest rotational transition of CO is at 115 GHz. The bandwidth and 800 delay channels giving a nominal resolu-
advantage of observing at 115 GHz compared to higher fretion of 25 kHz.
quency transitions is both that the troposphere is optically In the frequency-switched radiometer, the local oscilla-
thinner at lower frequencies and that pressure broadening exor is tuned between the signal and reference measurements.
ceeds Doppler broadening up to about 70 km altitude, makThe intensities of the signal and reference phases balances
ing it possible to estimate vertical profiles of CO up to this each other as long as the frequency throw is small (normally
altitude and column values above. <10 MHz). If the frequency is switched; Af the observed
Dicke-switching, i.e. signal-reference switching of the re- spectral feature will appear both as a negative and a pos-
ceiver, is the standard microwave observation method in oritive peak separated byA% in the spectra. Since we use
der to reduce the effect of gain drift in the receiver sys- Af =4MHz in the frequency-switching we have 8 MHz be-
tem. The intensities of the signal (the sky) and the referenceween the peaks as seen in F&y.If the observed spectral
(normally a blackbody load) have to balance each other tdfeature is narrower than/f it will not be affected by the
neutralize system gain nonlinearities. Frequency-switchingswitching. Frequency-switching can be performed at high
a small shift in the local oscillator frequency between the speed (5 Hz), which will remove faster gain variations than
signal and reference phases, is a Dicke-switching varianttraditional load-switching.
This method is mainly useful for the study of narrow lines
like mesospheric CO at 115 GHz. One of the advantages 0f.2 Calibration
frequency-switching is that the line is present in both the sig-
nal and the reference phases, which doubles the effective obFhe sky emission increases with decreasing elevation due to
servation time compared to “load-switching” where the ref- the increasing path length through the atmosphere. At the
erence is a blackbody load. The frequency-switching observsame time, however, the tropospheric absorption increases
ing technique is commonly used in radio astronomy but moreand therefore also the system temperature of the receiver. At
seldom used in microwave remote sensing. 115 GHz the troposphere is fairly opaque and model calcu-
In this study we present ground-based, frequency-ations show that elevation angles larger thar gve the
switched measurements of mesospheric CO made at the Oiighest signal to system-temperature ratt@rkman et al.
sala Space Observatory, OSO, (5™ 11.9 E). This is  20033. For practical reasons we have chosen an eleva-
the longest ground-based measurement series of mesosphetion angle of 90 but the zenith observation direction also
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Fig. 1.Block diagram of the 115 GHz CO receiver system. The cold

load is regularly mounted and used. Since the hot-cold calibrationd=ig. 2. To the left: measured spectra (4 h average) with retrieval fits.

are performed ahead of the lens, the losses in the lens and in th&o the right: residuals (measured spectrum—fit). The frequencies are

other components (horn, mixer, etc) along the transmission line argiven relative to the CO line center. The negative and positive peaks

corrected for. are the result of the frequency throw in the frequency-switching
method. The spectra are corrected for baseline features. Note the

Table 1. Receiver specifications. weak CO signal in the summer (bottom figures).

Radio frequency 115.261-115.281 GHz, SSB

brightness temperature. The other component is the power

’E"Ii”ort_edge taper 525]95(1 generated in the receiver system (lens, horn, mixer, etc),
evation 1€ which we identify as the receiver temperatufigsc. The
Cryostat window Teflon lens sum of these components is the system temperalyje~

Horn Aluminium, corrugated

Tp + Trec
Beam width, FWHM (lens included) ©°3 b+ Irec

To estimatel e, two blackbody loads with brightness tem-

First stage
Image sideband rejection
Image sideband suppression

Cooled Schottky mixer, 20 K
Mechanical back short
> 20dB

Local oscillator (LO)

Gunn oscillator

LO frequency 111.27 GHz

Frequency throw (& 1) 8 MHz

Mixer IF 4.0+£0.3GHz

Total receiver temperature ~ 325K

Backend spectrometer 800 channel autocorrelator
Bandwidth 20 MHz

Nominal resolution 25kHz

peraturesTiot (ambient load) andqq (77 K load) are ob-
served each month. These hot-cold calibrations indicate that
the variability of Tyec is less than 5 %.

Before each 15 min observation cycle, a calibration is per-
formed to estimate the zenith sky brightness temperature.
This is done by observing the zenith sky and an ambient load

Phot— Psky . (Thot+ Trec) — (Tb(z0) + Treo)
Psky Th(z0) + Trec

: )

where Phot and Psy are the measured powers observing the
hot load and the zenith sky respectively(zo) is the zenith

minimizes Doppler shift effects due to horizontal movement SKY Prightness temperature (observed from the grougd,

of mesospheric air.

In microwave radiometry the intensity is normally pre-
sented as brightness temperatufg, The receiver output

power is calibrated in units of antenna temperat@ite,The
antenna temperature is the sky brightness temperature distri- AP

bution weighted with the antenna radiation pattern. Since the

Th(zo) can be derived from the equation above siffigg and
Trec are known.
Then during the observation cycle we record

ATp(z0) = Tb(zo, f+) — Tb(zo, f-)
(Thot — Th(20)), 2

beam is quite narrow and the sky brightness temperature in- Phot= Psiy

creases only slowly, when the elevation changes from zenitiwhere ATy(z0) is the difference in brightness temperatures
to lower elevationsKorkman et al.20033 the zenith pencil  between the two frequencieS+ Af and f — Af, AP is
beamT}, can be well approximated with the measufgd the difference between the measured powers at the two fre-

The net power reaching the spectrometer consists ofjuencies.Pnot, Psky, Thot and Th(zo) are taken from the
two components. The first one is proportional to the sky calibration.

www.atmos-meas-tech.net/5/2827/2012/ Atmos. Meas. Tech., 5, 28841, 2012
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2.3 The tropospheric correction found. ot in the spectra can be estimated by fitting a poly-
nomial to the measurement and calculating the standard de-

Assuming a l-layer model for the troposphere, the mi-yiations of the residuals. By using thediometric formulaa
crowave radiative transfer equation for a ground-basedtheoretical estimate afy, is given by
zenith-looking observer can be written as

()

Otn =

Th(zo) = Tb(Ztrop)€7T + Ttrop(1 — e, 3) VtAvY '

where Ti(zuop) is the brightness temperature as observedV}’heref is theintegrationtimez;v'is the spectromet.erres.olu-
from the tropopauses is the tropospheric zenith opacity tion andK depends on the receiver type and configuration. In

and Tiop is the effective brightness temperature of the tro- OUr casek reduces to 1.15, which corresponds to the loss of
posphere. Iffyop and T are considered constant within the information due to the digitalization of the signal (van Vleck

frequency throw we get clipping qorrection), se&ohlfs and WiIsor(20Q8 for fur-
ther details. By comparing these two calculationggfwe
ATh(z0) estimate the systematic errorfp(zo) to be less than 5 %.

ATb(Ztrop) = . (4)

e—T If the measurement and the tropospheric correction are
made in one step (Eq8.and4) it is clearly seen that errors

In practicer is calculated from Eq.3) as in the T (zo) estimation almost cancel out.

Ttrop - Tb(ZO)) AP Tirop — Th
T=—In (— : (5)  ATb(ztop) = 55— (Thot— Tb(20)) 7———2—. (8)
Ttrop - Tbg op Phot— Psky © Ttrop — Th(z0)

Since the atmospheric opacity is dominated by the contri-The error in ATh(zrop) due to calibration and the tropo-
bution from the troposphere, the cosmic background radiaspheric correction is<2 %.
tion, Thg, is used instead df(ztrop) IN Eq. (). This means If Thot andTtrop in Eq. @) both are approximated with the
that the calculated actually is the atmospheric zenith opac- ambient temperatur@ampandZamp>> Thg, We get
ity and hence includes the minor contribution from altitudes

. . AP
above the troposphere (e.g. absorption by stratospheric OATy(zirop) = ————— Tamb 9)
and HO). Phot — Psky

The frequency-switching only yieldaTh(zo), which is  \yhich describes the “chopper wheel” calibration method,
close to zero except for the line pealls(zo) therefore has  \yhich can be used for a quick but not so accurate calibration
to be measured separately as done in the calibration. and correction for the tropospheric attenuation in one step.

To be able to estimatdiop in EQ. (5), one year of In total we believe that the systematic errors from the mea-
radiosonde data from the Gothenburg-Landvetter Airportsrements and the tropospheric corrections, including the
(37 km north-east of the observatory) have been processed igffect of the variability of the tropospheric opacity within

forward model calculations-orkman et a.20033. Ouresti-  the measurement cycles, are within 5% across the used
mation of Tirop is based on the correlation betweBpp and  pandwidth.

the ground temperaturdy,, but we include the sky bright-
ness temperaturéj(zo, v), to improve the estimate.
3 Retrievals
Tirop(v) = aTyr + BTh(z0, V), (6)
3.1 Terminology
wherea = 0.89 andB = 0.10 forv = 115 GHz are found by
applying the method of least squares to the processed raFhe inversions were done using the Optimal Estimation
diosonde data. The error of tifop estimate was found to Method (OEM) Rodgers2000. The state of the atmosphere
be 3.5K (I). CommonlyTiyqp is expressed as @67y, but and instrument are described bystate vectorx. A for-
the inclusion off},(zo) improves the estimate and reduces the ward mode| f, is then employed to map to a measure-

error by 10 %. ment, y = f(x). The inverse problem consists in finding
x given some measuremenmt By linearizing the forward
2.4 Calibration errors model y = Kx around the a priori atmosphere,j, where

_ _ . K is the Jacobian or weighting function mat(ixy/dx), the
An error in the estimate of the receiver temperatutgg, pr0b|em can be solved using linear a|gebra'

affects the estimation of the sky brightness temperature, Doing this and applying OEM, the best estimate of the
Th(z0). If Trec is within the observed variation the error in state vector is

Th(zo) should be less than 5%. By comparing the thermal Tl 1T

noise, o, in the measured spectra with theoretical calcula-* =*a+ (K" S;7K +5,9) K" S (y — f(xa))

tions, an estimate of the systematic calibration error can be =xa+ G, (y — f(xa), (10)
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whereS, is the covariance matrix describing the uncertainty Table 2. Some of the used CO spectroscopic data.
in the measuremen®, the covariance matrix for the a priori

profile andG, the gain matrix. The relation between the true  Center frequencyfy 115.27120 GHz
state, the a priori state and the retrieved state is given by ~ Line intensity,lo 9.761128 1018 m2Hz 1
. Air-broadened width 23332.68 HzPA
¥—x=A-Dx—-xa+GyKyb—b) Self-broadened width 25958.54 HzPa
+GyAf(x,b)+ Gye, (12) Reference temperature 296 K
for broadening parameters
whereA is denoted the averaging kernel mattiis the iden- Temperature dependence

tity matrix, » andb the true and estimated value of forward ~exponent for broadening parameters ~ 0.69

model parameter (i.e. line strengtk); is the Jacobian ma-

trix of the paramete dy/db), A f(x,b) are errors in the

forward model and, are errors in the measurement. For a  The retrieval was performed on a pressure grid ranging
complete definition and derivation sB®dgers(2000. The  fom 2738 Pa{ 10 km) to 0.87 mPa 130 km), with a log-
different terms will be discussed further in SettL arithmic spacing of 0.125 decades 2 km).

The AVK matrix is defined a#\ = 9x/dx. It describes The temperature and pressure data were taken from the
the sensitivity of the retrieval to a change in the true state.\ 51590 climatology Hedin, 1991), and the temperature a
Each elememd;; gives the change in the retrieved profle  priori covariance matrix was given as a matrix with diagonal
resulting from a perturbation in the true profitg. A row  entriesS; = 25K (i.e. standard deviation of 5K). Further-
in the AVK matrix can be regarded as a smoothing func-more, since the temperature in the real atmosphere is cor-
tion (averaging kernel) describing the vertical resolution of (g|ated in altitude the non-diagonal eleme8ts= a0, p;;
the retrievals. The area of this smoothing function is called\yere constructed so that the correlatigr) would decline
the measurement responsed gives a rough indication of |inearly with a correlation of 0.37 when the altitude differ-
the contribution of the measurement to the retrieved valugapce (correlation length) betweeand j was 4 km (roughly
(Baron et al, 2002. based orEriksson 2000.

As mentioned irHoffmann et al(2011), the AVK will dif- The abundance of CO is highly variable over the year and
fer in shape depending on whethes representing the vol- - ogM requires using the best estimate atmosphere as a priori.
ume mixing ratio (VMR AVKs) or the relative change com- Therefore a monthly mean from a run of the Whole Atmo-
pared to the a priori concentration (fractional AVKs). Both sphere Community Climate Model (WACCME@rcia et al.
type of AVKs will be presented in this paper for easier com- 2007 was created and used as the a priori profile for the cen-
parison with other studies, however we will mainly use the g, day in each month. The value for other days were found
VMR AVKs to characterize the instrument. by linearly interpolating onto each day. To simplify the error
analysis, however, the covariance matrix for the a priori data
was kept constant (in VMR) throughout the year.

Following Eriksson(2000, the covariance matrix for CO
consists of two parts. The first represents the uncertainty of
the mean a priori profile for each month. As with tempera-
ture, the covariance matrix must also represent correlation in

[titude for this error. This was modeled to decline linearly
with a correlation length of 8km. The standard deviation

0 o X
a retrieval product, whereas the three others are retrieve ﬁs set t0§>0 /OtOf the yeztirlyihmear; of Ithe a E.rll.?” r;rgf(lljes.
mainly to stabilize the retrieval process. To ensure that the he tsect(_)n parl reprhgsr(?n s ne tnta uora5 varlaf . y"0 it don
frequency shift is compensated for, the inversions were per-S orter imescales which was set to ©.5 ppm for all altitudes

formed in an iterative leap using a Marquardt-Levenberg al—an_?hw'tg ggc_orrt'elatlontaet;veenbtlhe Iaye{ﬁ.b line feat
gorithm Marks and Rodgerd 993, e instrument had problems with baseline features

The spectroscopic line strength and position were takerﬁefcre an upgrade on 7 January 2004. After this upgrade the
from the JPL 2001 databasBi¢kett et al, 1998, whereas aseline variation was reduced significantly. To account for
the pressure- and self-broadening parameters as well as thén'j' an ||r15trunje:|ntq!{hbas(ejl_lne wals retrieve d by f_|tt|ng a 5th
temperature dependence coefficients were taken from the Hirder polynomial with a diagonal a prior covarianceé ma-

TRAN 2000 databaseRpthman et aJ.2003. Some of the g'xt Wit{; ?ntriiifrom 20 dK (Oth dord::‘r.) tof5 K (gghKorgter? f%r
used CO spectroscopic data are given in Tabl8ince the ta§85 E Osrfh |sdupgfra ;,tan fetn rl[f].s rom q g’h' cl)r zr)
absorption of @ and HO is compensated for in the tropo- 0 0. (5th order) for dates after this upgrade. This leads

spheric correction (see Sect. 2.3) the only line included in the©® & different measurement response for th? different dates.
Due to the performed Hanning windowing, the thermal

forward model calculations was the CO line at 115.27 GHz.  ~"~. _ ) .
noise in neighboring channels is correlated. The average

3.2 Retrieval setup

For the OSO inversions the forward model was provided
by ARTS (v2.0) Eriksson et al.2011), and the retrieval
software is a new version of Qpack (v2.®riksson et al.
2005. The retrieved quantities are CO volume mixing ratios,
temperature, instrumental baselines and a frequency shi
in the instrument. Only the CO VMR will be presented as
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- MAM the deviation from the a priori (see first term Edl). The
/ -1 corresponding averaging kernels (the rows of AVK matrix)
can be seen in Figd.and>5.

Since CO has a very strong vertical gradient, relative

,_\
S
©
3

Approx altitude (km)

77 - 70 changes at altitudes above the target altitude will give a larger
¥ 60 effect than relative changes beneath. This changes the shape
e Wbk e and area of the fractional AVKs, especially around 70km

co YR Gom) €OV (o) during the summer where the fractional AVKs becomes ex-
w0 " o 0 = o tremely wide. Here strong vertical gradients combined with
ol e e ; 0 poor vertical resolution even results in the measurement re-

’, - 90 2 7 90

sponse of the fractional AVKs to become greater then one.
This means that a concentration change of 10% at one al-
titude could give a responding change of 20% at a lower
. o “ altitude.
ek T e e w T w This complication is less prominent when using the VMR
AVKs, rather than the fractional AVKs, to define the mea-
Fig. 3. Retrieved profiles 2002-2008 (every 20th profile is plotted surement response of the instrument. Note that the measure-
for each season). CO volume mixing ratios are plotted against presment response then describes the instruments’ sensitivity to
sure (and altitude). The red line shows the average a priori profile foichanges in vmr rather than changes relative to the a priori.
the season, anc_i the dashed_llne the stgndard deviation of the apriofine use of VMR AVKS is motivated by the fact that the
proflle. Green lines are retrieved profiles 2002—-2004 and the bluesyong vertical gradient of CO combined with a meander-
lines are profiles 2004-2008. The mean measurement response Q .
the OSO instrument is higher than 0.8 between the black horizontal"'9 vortex can Iegd to extrem(.aly. Iarg.e Cha.mgeslln thg true
lines. atmosphere relative to the a priori. This variation is easier to
describe in VMR rather than relative units, and the sensitive
range is therefore given as such. To further address the is-
channel correlation of the thermal noise was measured to bgue of the poor vertical resolution above 70 km, only the col-
1.6 nominal channel widths, s& was given as a covari- umn (rather than individual layers) will be used above this
ance matrix with a correlation length of 1.6 nominal channelaltitude.
widths. The magnitude of the thermal noise was estimated in The retrievals have an average degree of freedom (trace of
each measurement independently by fitting a polynomial ofthe AVK matrix) of 1.8 before 2004 and 2.2 after 2004. The
order 3 to the measurement and calculating the RMS of théneasurement response (VMR) is above 80 % approximately
residuals at the wings. between 55 and 85km. The vertical resolution within this
altitude range is about 15-20km (see Figsand5). The
beam of the OSO instrument has a horizontal width of about
4 Results of the OSO measurements 4 km in the mesosphere.
The results presented in this paper will be given as the mix-
Figure 2 shows a sample spectrum, the corresponding reing ratios at 36 Pa (55 km), 12 Pa (63 km) and columns above
trieved spectrum and the residuals for a typical winter and4 Pa (71 km) where Doppler broadening dominates. The col-
summer measurement. The CO line is much fainter duringumn values are calculated by summing up the number densi-
the summer than the winter line due to the strong seasondies from the air pressures below 4 Pa. The number densities
cycle of CO (Sectl). The residuals are of equal strength, are calculated from the retrieved profiles using the a priori
with both summer and winter showing that the system tem-temperature profiles.
perature is more or less constant during the year. Example
profiles for each season are plotted in Hg. 4.1 Errors
The shapes of the VMR AVKs are quite similar in both
winter and summer. The most notable feature of the VMRThe error of the retrieval is the difference between the true
AVKs is the negative values around 60 km for the AVKs cor- statex and the retrieved state. The error can be divided
responding to retrieved values above 90 km (pink and blackinto several parts corresponding to each term in Egj. (
curves in Figs. 4 and 5). Although this looks dramatic, it is  The first term is known as th@noothing errorand repre-
important to remember that these AVKs represent the sensisents the error at each altitude, which arises from the limited
tivity to changes in VMR. The concentration of CO is much vertical resolution of the retrieval. When analyzing a profile
lower at 60 km than above 90km, and accordingly the ex-from a given instrument this has to be taken into account, ei-
pected variability in CO VMR is also much lower. This im- ther by saying that the value at each altitude is the average
plies that the impact of the negative lobes will be small, asrepresented by the AVK or by stating the smoothing error.
the retrieved value follows the product of the AVK value and In this study the averaging kernels of the OSO instrument
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Fig. 4. Solid lines show the averaging kernels from 27 Decem- Fig. 5. Solid lines show the averaging kernels from 26 June 2006
ber 2005 in vmi(a) and fractionalb) units for different altitudes.  in vmr (a) and fractionalb) units for different altitudes. The blue
The blue dash-dotted line is the measurement response divided b§ash-dotted line is the measurement response divided by 5. The red
5. The red dashed line shows the FWHM of the averaging kernels.dashed line shows the FWHM of the averaging kernels.

is taken into account by Eql®) and the smoothing error is
thus ignored. The second term is tnedel parameter errqr
which describes the error in the retrieval arising from the dif-
ference between the true value of a forward model paramet
b and the estimated value This will be discussed further in
Sect. 4.2. The third term is tHerward model erroy which

4.2 Forward model parameter errors

In addition to the errors accounted for in the retrieval, there
SWill be systematic errors from the forward model as well as
instrumental errors which might influence the retrievals. To
i : ) estimate the influence of errors in different retrieval parame-
comes from direct errors in the forward model from either oo o the results, the retrievals from year 2006 were used.
approxmjatlons or_not modeled processes. T_h|s last term WI||-|—he summer values (JJA) were removed resulting in 177 re-
not be discussed in this paper and is negligible. A thoroughy,5ining spectra, which were rerun with the different parame-
validation of ARTS is presented Melsheimer et al2009. (o5 perturbed with their estimated rror. The differences

The last term is thestrieval noisewhich is the error com- o yeen the standard and the perturbed inversions show that

ing from noise in the mgasureeg S_IE’E,CUa' Itis descglbed bi/jth%rrors in forward model parameters can lead to a systematic
covariance matriXs, = G,SG, . This error is random and oo (bias) as well a decreased precision in each measure-

will introduce noise into the retrieved profiles. An estimate .ot The systematic error can be describesfay = k-xsq

of this noise |s_shown as the blue lines m_FGg.The dashed at each altitude, wherepert is the value of the perturbed in-
(dashed-dot) line shows the value for winter (Summer) ré- o gion . the retrieved value using the standard param-

trievals and the solid line the mean retrieval noise. The bigeter values and a coefficient which can be found by lin-

difference between summer and winter values is due o the,r regression. The estimated relative error can then be ex-
low concentration of CO during summer. pressed akL00- (k — 1)| % (Pumphrey et al2007). The de-
creased precision is estimated by the standard deviation of
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not be presented in this paper. In total, the spectroscopic pa-
rameters together give errors of less than 5 % in the retrievals.
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To investigate the influence of the calibration errors, the
spectra were simply multiplied with-t 0.05 to simulate the
1o calibration error (see Sect. 2.4). To test the influence of
the a priori, the CO profile was perturbed by 50% and the
standard deviation for the a priori uncertainty covariance ma-
trix was changed with 50 %. In addition, another test was
done where the part representing the natural variability (0.5
ppm at all altitudes) was removed from the uncertainty ma-
> Cee poss Sl trix, and only the uncertainty in a priori mean was used.
) Estimated systematc errors (4] b) Estmated random errors (4] The temperature profile was perturbed by 5 I& (@rror for
Fig. 6. In (a) the estimated systematic errors and(lin the ran- _II\_/IhSISQ(I) Is 3 K)I tg takf er][.(t)rs Itr;] temf?ratll'll;]e :jm'(t) aCCO.un.t'
dom errors. The colored (except blue) lines show the mean rela- 9 po ynoml_a. ase |ne. ' In the retrieval had Its a prion
tive change(a) and standard deviatiofb) in the retrieved value ~variance multiplied and divided by 4. _ _
at each altitude as the different forward model parameters are per- Figure6a shows the estimated systematic error for the dif-
turbed. The forward model parameters are: line-strergtifgreen- ~ ferent parameters and their root-sum-square (solid black).
dashed), temperature profil€, (cyan-dashed), pressure broaden- This estimate indicates the total systematic error expected in
ing parameteryp, (yellow-dashed), temperature coefficient for the the measurements. The solid black line shows the sum of all
broadening parameterp, (yellow-dashed-dot), a priori profilea,  the errors, this represents a worst case scenario for systematic
(red-dashed-dot), 50 % a priori uncertairfly, (green-dashed-dot), errors which we will use before 2004.
removing natural variability from a priori uncertaintyy, (red- In addition to the systematic errors, uncertainties in the
solid), a priori uncertainty for the polynomial fit (cyan-dashed- f?rward model and retrieval parameters also lead to a de-
dot), calibration errors (magenta-dashed-dot) and backend channgl . <o precision. Figuib shows the standard deviation
broadening error (cyan). The black line in both figures is the root- . .
from each parameter and their root-sum-square (solid black).

sum-square of the parameter errors(ahthe black-dashed is the . . . .
sum of the errors. The dark blue lines (b) show the retrieval Combined (root-sum-square) with the average retrieval noise

noise from 1 January 2006 (dashed), 2 September 2006 (dashedblue solid) an estimate of the precision of the measurements
dot) scaled with the a priori profile for the respective day as well asis obtained and shown as the black dashed line in6kg.
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the average retrieval noise (solid). The black dashed lin@)iris The total estimated averaged systematic error between 55—
the root-sum of the average retrieval noise (blue-solid) and the totaB5 km is in the order of 15 % for profiles and 10 % for column
parameter variability (black-solid). values. The worst case error, the sum of the different errors,

is of the order of 25 % for profiles and 20 % for the column
values. Estimated average random errors between 55-85 km

the relative difference between the standard and perturbet 30-50 %, but is significantly worse when the concentra-
inversions (i.e. scaled with the a priori). tion of CO is low. The random errors mainly comes from

The different forward model parameters tested include thethe retrieval noise, and depend heavily on the a priori uncer-
line strength of the CO transition, the pressure broadenindainty at those altitudes (red curve F&), with a higher un-
parameter and the instrument backend channel response. trertainty leading to more noise. The retrieval noise from one
addition, the a priori temperature profile, a priori CO profile, such date (2 September 2006) is shown as the dashed-blue
a priori uncertainty and size of the polynomial baseline fit line in Fig. 6b.
were perturbed to test the possible systematic errors arising
from different retrieval parameters.

For the spectral parameters the error estimates were dorg Comparison
by comparing the values for HITRAN 2000, HITRAN 2008
and JPL 2001. If the discrepancies between the databaseés1l Satellite instruments
were bigger than the given error estimate in the database
the discrepancy was used, if not the error estimate from thé& he four satellite instruments which observed mesospheric
database was used. This gives a line strefgtimcertainty of  CO during the time period 2002—-2008 are the sun tracking
1% (JPL-database), a pressure broadening parametarn- ACE-FTS on Scisat-1Glerbaux et al.2008, the microwave
certainty of 10 % (HITRAN 2000 uncertainty) and an uncer- limb sounder MLS on AuraRumphrey et a).2007), the in-
tainty in the temperature coefficiemp of the pressure broad- frared limb sounder MIPAS on Envisdatnke et al.2009
ening parameter of 10 % (difference between HITRAN 2000and the microwave limb sounder SMR on OdiDupuy
and HITRAN 2008). Errors in the self-broadening parame-et al, 2004. The temporal and mesospheric vertical cov-
ters were found to be insignificant to the retrieval and will erage are different for the four satellites. TaBlgives the
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Table 3. Satellite and data characteristics.

Satellite instrument ACE-FTS Aura-MLS
Reference Clerbaux et al(2008 Pumphrey et al2007)
CO data version V22 V-3-3
Measurement principle Sun tracking, absorption Limb sounding, emission
Wavelength or frequency 2.3&4.7um 230 GHz
Launch 12 August 2003 15 July 2004
Orbit inclination 74 9C°
Vertical range 6—-100 km 16-80 km
Vertical resolution (mesosphere) 4km 7-8km
Horizontal resolution (mesosphere) 500 km 200km
Systematic errors (above 60 km) Better thia?5 % +20%
Co-location range satellite-OSO < 1500km &< +20% PV < 1500km & < +20 % PV
Co-located measurement days 126 618
Satellite instrument Envisat-MIPAS Odin-SMR
Reference Funke et al(2009 Dupuy et al.(2009
CO data version V30(12 +13) 2003-2004 V021 (new version)
CO data version V40(200) 2005-2008 V225 (old version)
Measurement principle Limb sounding, emission Limb sounding, emission
Wavelength or frequency 4.7 um 576.4GHz
Launch 1 March 2002 20 February 2001
Orbit inclination 98.6 97.8
Vertical range 6—70km 17-110km
Vertical resolution (mesosphere) 10km 3km
Horizontal resolution (mesosphere) 500 km 500 km
Systematic error (50—70km) +10% Not available
Co-location range satellite-OSO < 1500km & < £20% PV < 1500 km & < +20 % PV
Co-located measurement days 418 22
characteristics of the four satellite sensors. As seen in Ta- ; ; 3

ble 3, we use two different CO datasets for MIPAS and SMR.
For MIPAS we use version V3@O_12 and V3QCO_13
obtained from high spectral resolution measurements during
2003-2004 and version V400_200 in the period 2005—
2008 when the MIPAS spectral resolution was reduced as
consequence of an instrumental failure. All MIPAS observa-
tions used here were taken in the nominal observation mode
covering tangent heights within 6-70 km. For SMR we use S E .
both the older v225 and the newer v021. V021 is an extended - . R PR L R
dataset compared to v225 using all the available observa- oL : ;
tion modes. V225 has been used in previous comparisons
(e.g.Clerbaux et a].2008.
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5.2 Comparison procedure 2002 wooa P 2005

Fig. 7. CO volume mixing ratio and PV above OSO at 55 km alti-

Side-looking satellites and a zenith-looking ground-based intude. To the left: the time series 2002-2008. To the right: the data

strument do not observe the same air volume. Comparisongom the different years stacked together. The modified Ertel's PV

between satellite- and ground-based instruments are therds used and 1PVU=1°K m?s ' kg~™. The overall correlation

fore complicated. All the satellites report data from a 100 Petween CO and PVis 0.63.

times longer horizontal path than OSO but their vertical reso-

lution are up to four times better. Differences in vertical reso-

lution can be compensated for by using the averaging kernelthe air above OSO should be rather similar to air inside the

of the instruments but differences in horizontal resolution areco-location radius of 1500 km chosen in this study. A higher

harder to adjust for. A second issue is the co-location crite-variability is expected in the wintertime when the movement

rion to apply. At periods when small horizontal variations of the polar vortex brings in or out CO rich air above the OSO

of CO are expected in the mesosphere (as in the summeihstrument, and the concentration can vary substantially both
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within 1500 km radius from OSO and along the horizontal ACE-FTS MLS-AURA
paths of the satellite beams. These deviations can partly be '
compensated for by using observed potential vorticity as a
supplementary co-location criteria.

The polar vortex builds up in the autumn and breaks down
in the spring. The potential vorticity (PV) of an air parcel is a
measure of the position of the air parcel relative to the polar
vortex. Figure7 shows the OSO CO volume mixing ratio at
55 km together with the modified Ertel's P\/dit, 1994, cal-
culated from the ECMWF operational dataset at 55 km dur-
ing the time period 2002—2008. Figureshows both a time
series for the different years and the data for the different
years stacked together to clearly see the seasonal variation
Both the CO mixing ratio and the PV have a steep and dis-
tinct increase in the autumn. The winter is characterized by
the meandering of the polar vortex, which brings in or out
CO rich air from the polar region and this causes fast varia-
tions of both CO mixing ratio and PV. The decrease in CO
and PV in the spring is both less steep and less distinct than
the increase in the autumn. The PV is low and stable in the
summer and the CO mixing ratio is close to zero but show a
high variability in the measurements. The high variability is
explained by the faint CO signal in the summer which givesFig. 8. Satellite (co-location) positions. The dots indicate the satel-

a low signal to noise ratio. The overall correlation betweenlite positions within 1500 km radius from OSO, which also ful-
the CO mixing ratio and PV is 0.63. fill the PV criteria. In the MIPAS co-location map red/blue dots

The co-location criteria was chosen as follows: the tem_show (12 +13)/(200) data, respectively. In the Odin co-location map

poral co-location criteria was set to the same date for satel/€d/blue show v225/v021, respectively.

lite and OSO. The air volume measured by the satellite had

to be within a radius of 1500 km from OSO. The potential

vorticity (PV) of the air volume measured by the satellite ) )

had to be within 20% of the PV above OS®dffmann -3 Results of the satellite comparison

et al, 2011 used a similar co-location procedure). The PV

data were taken from the ECMWF operational data set at th& he satellite comparison is divided in the time periods: 2002—

potential temperature level of 2000 K 60 km altitude) and 2004 and 2004—2008. As mentioned in Sect. 3.2 there were

the modified Ertel's PVI(ait, 1994 was calculated for both baseline features in the OSO spectra 2002—-2004 that may

satellites and OSO. Figui®&show the co-located positions have affected the retrieved vertical profiles. These features

for the four satellites. disappeared when the local oscillator chain of the instru-
For the comparison, the satellite data were interpolatednent was rebuilt in the beginning of 2004. Fig@ehows

onto the OSO retrieval grid. In the relevant vertical rangetime series of CO from OSO, MIPAS (12+13) and SMR

the best resolution of the different satellites are roughly 4 km,(021 + 225) for the time period 2002—2004 and Hi§ show

which is about twice the interpolation resolution used. Hencetime series from OSO, ACE, MIPAS (200), MLS and SMR

the interpolation errors should be small { %) which also  (225) for the time period 2004—-2008. Both figures show CO

is confirmed in a test (not shown). volume mixing ratios at 55 and 63 km and column values
For grid points outside the valid data points for the satel-above 71 km. No column values are presented for MIPAS

lite the OSO a priori CO data were used. To take into accountind MLS since the nominal MIPAS CO observations are not

the different vertical resolution of the instruments the satel-vertically resolved above 70 km, and the upper limit for MLS

lite data was convolved with the averaging kernels, A, of theis about 80 km. Figuré1 shows the WACCM mean CO vol-

OSO instrumentRodgers and Connp2003 ume mixing ratio and the mean CO number densities. The
main contribution for the column values is from altitudes
Xs=Xa+A(Xsat— Xa), (12) < 100km, even if the volume mixing ratio is increasing with

] ] ) ] altitude. This is explained by the exponential decrease in air
wherex is the smoothed version of the satellite prokigy pressure, and hence in air density, with altitude.

andxa is the OSO a priori profile. As seen in Figs9-10 all instruments show the same gen-
eral features in both the annual cycle and in sporadic events.
The noticeable difference between OSO and the satellites in
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Fig. 9. Time series of CO mixing ratio at 55km and 63km Fig. 10. Time series of CO mixing ratio at 55km and 63 km and

and columns above 71km for the time period 2002-2004 are,, mng apove 71km for the time period 2004-2008 are shown:

shown: OSO (black), MIPAS (12 +13, green plus), SMR (VO21, 550 (black), FTS (blue cross), MIPAS (200, green plus), MLS (red
brown cross; V225, brown stars) and a priori (cyan). dots), SMR (V225, brown stars) and a priori (cyan dashed).

these figures is mainly the higher values of OSO compared ; o veme g et el “ o
to MIPAS (12 +13) at 63 km (Fig9). 1o ‘ ‘ ‘ ‘ ‘

Figuresl2-13and Tabled give a more detailed view of the
comparison. Figurd2 shows the mean relative differences |
between the satellites and OSO for the time periods 2002-
2004 and 2004—-2008. The differences are discussed for eac [
satellite instrument later in this section.

Figure 13 shows the mean absolute and relative stan-
dard deviations between OSO and the satellites. These de
viations originate from noise in the different instruments,  ®
from fluctuations due to insufficient co-location and forward
model/retrieval parameters. Below 65 km the OSO measure- *
ment response gradually decreases, which explain the in-
crease of the deviations below this altitude. 20, ; : : . 5 = " " 120

Table 4 gives a supplement to Figg2-13 showing the €O number density [10'%/m’}
mean relative diffe.rences, the mean standard deviaFions anpig_ 11. The number density of CO (black) and the volume mixing
the me:?\n correlation between OSO and the. sgtellltes. Th?atio of CO (red) versus altitude. The data shown are the mean sum-
correlation of the data from OSO and the satellite instrumentsyer (solid) and mean winter (dashed) OSO a priori from WACCM.
is high. The main contribution to the column above 70 km originates from

The OSO summer CO spectra have a very low signal taaltitudes< 100 km altitude.
noise ratio leading to a higher relative noise (F@jsand6).

This gives a high variability in the retrieved summer mixing

ratios (Fig.10). The summer values are therefore excluded5.3.1 ACE and MLS

in Figs.12-13 and Table4 to avoid the noisy OSO summer

measurements interference in the satellite comparison. The CO mixing ratios from OSO and the satellites MLS and

Taken into account the systematics errors of OS0§%)  ACE agree well and have a high correlation at all altitudes.
and the satellites (20-30 %, see TaB)eOSO overlaps the Between 55 and 70 km the difference in mixing ratios be-
satellites in the time period 2004-2008 when OSO is com-tween OSO and ACE and MLS is less than 15 % (ERand
pared to ACE, MIPAS (200) and MLS. Table4). The deviation between ACE and MLS, as seen in

Fig. 12, has been reported earlier Bymphrey et al(2007)
and Clerbaux et al.(2008. As seen in both Figl2 and

80+

Altitude [km]
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Fig. 12. Mean relative differences between satellites and OSO;Fig. 13. The mean standard deviation between OSO and the
(Left): the time period 2002—2004, MIPAS (12 + 13, green), SMR satellites; absolute(left) and relative(right). MIPAS (12 + 13), SMR
(V021, dashed brown) and SMR (V225, solid brown). (Right): the (v021), and the dotted SMR (v225) are from the time period 2002—
time period 2004—-2008, FTS(blue), MIPAS (200, green), MLS (red) 2004. The vertical coverage of the satellites explains the deviating
and SMR (V225, brown). The deviating lengths of the satellite pro- extension of the profiles. The horizontal black dashed lines show the
files is explained by the different vertical coverage of the satellites.vertical limits of the OSO observations. The dashed line at 60 km is
The shaded areas show the estimated systematic error of the diffethe lower limit 2002—2004 and the dash-dotted line at 55 km is the
ent satellites. The vertical black lines are the estimated systematifower limit 2004—2008. The black line is the root-sum of the aver-
errors of the OSO instrument, 2002—2004 the worst case systematiage retrieval noise and the total forward model parameter variability
error is used due to baseline problems (see Sect. 4.2). The horizontaf the OSO instrument. The summer values are excluded.
black dashed lines show the vertical limits of the OSO observations.
The summer values are excluded.
between OSO and MIPAS (12 +13) can be the baseline fea-
tures seen in the OSO spectra before 2004.
Table4 OSO has higher CO mixing ratios above 70 km com-
pared to ACE and MLS leading to 25 % higher CO column

values & 71km). The MLS column values are close to the L
0SO a priori since the upper limit of MLS is about 80km The two CO datasets of SMR deviate in different ways com-

o . . : pared to the OSO data at 55-95 km. SMR (225) shows down
and we use the a priori CO data for grid points outside the % . tios than OSO and SMR (021) sh
vertical range of the satellite (see Sect. 5.2). t0 65% ower mixing ratios than 5% an (021) shows

up to 50 % higher mixing ratios (Fid.2). A reason for the
general discrepancy between SMR and OSO can be the few
co-locations with OSO but this does not explain the differ-
ence between the two SMR versions. V021 is regarded to
be the more accurate than v225. Comparisons between SMR
021 +225) and ACE shows the same general discrepancy
etween v225 and v021 (not shown).

533 SMR

5.3.2 MIPAS

MIPAS (200) shows only a small deviation in CO mixing ra-

tios compared to OSO. MIPAS (12 +13) does not show the

same good agreement when compared to OSO, it has up

50 % lower values than OSO above 55 km. MIPAS (12 +13)

and MIPAS (200) have the same vertical coverage though

MIPAS (200) is slightly better vertically sampled (due to 6 Summary and conclusions

shorter integration time). Resulting vertical resolutions of re-

trieved profiles, however, are quite similar. Ground-based, frequency-switched measurements of meso-
Up to March 2004 only MIPAS (12 +13) data are avail- spheric CO at 115GHz from Onsala Space Observatory

able and after March 2004 only MIPAS (200) data. In this (57° N, 12 E) during the time period 2002-2008 are

comparison we have no overlap between MIPAS (12 + 13)presented.

and the other satellites except a few collocations with SMR  Signal-reference switching is the standard microwave ob-

(021 + 225).Clerbaux et al(2008 compared CO data from servation method in order to reduce the effect of gain drift in

the beginning of 2004 from MIPAS (9+10) and ACE and the receiver system. A frequency-switched radiometer is an

found that the CO mixing ratios from MIPAS (9+10) is especially simple instrument since almost no moving parts

within £26% of the ACE mixing ratios in the altitude are needed (except a hot load flag). The advantages with

range 55—70 km. The most probable reason for the deviatiofirequency-switching include also that both gain nonlinearity
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Table 4. Statistics for 55 km, 63 km and for total columns71 km.Mn (%) the mean relative difference of CO between satellite and OSO
(> 0 if the satellite reports more CO than OSSjd (%)the mean standard deviatior@3orr the mean correlation of CO between satellite

and OSOtotal the total number of co-located measuremedés;sthe number of days with co-located measurements. The summer values
are excluded.

55km 63 km > 71km co-locations

Mn Std Corr Mn Std Corr Mn Std Corr total days
FTS -1 169 0.82 4 82 0.89 —22 18 0.96 148 108
MIPAS (12+13) —-10 88 0.72 -30 63 0.73 - - - 1424 194
MIPAS (200) -3 152 0.76 9 71 0.77 - - - 1842 180
MLS 14 136 0.81 14 68 086 —24 28 0.89 19250 506
SMR (v021k 04 13 62 0.78 4 76 0.74 42 66 0.85 22 8
SMR (v225x 04 -13 51 0.76 -55 45 0.72 —-47 15 0.73 11 6
SMR (v225) 04 1 33 0.82 —-40 39 0.75 —-68 32 0.35 14 8

and gain variations are almost canceled out and that no time Above 70km we compare the CO column values from
is spent observing a reference load. Frequency-switching i©SO and the satellite sensors ACE, MLS and SMR. The
very well suited for the observation of narrow transition lines OSO column values are about 25% higher than the values
as in the case of mesospheric CO at 115 GHz. from both ACE and MLS. SMR (021) shows up to 65%
The Optimal Estimation Method, OEM, has been used tohigher column values than OSO. The MLS column values
retrieve vertical CO profiles from the measured spectra. Aare close to the OSO a priori values since we use a priori
thorough error analysis has been performed to investigate thnformation outside the vertical range of the satellite (the up-
systematic effects due to the uncertainties in the different paper vertical limit for MLS is 80 km). SMR has very few co-
rameters used in the measurement and retrieval process tocated measurements with OSO.
give an as accurate error estimation as possible. The systematic error above 70 km45 % for ACE and
The OSO instrument has provided the longest time seriest10 % for OSO. If the systematic errors for ACE and OSO
of ground-based mesospheric CO measurements so far. Thae correctly estimated the mean true profile has to be in
OSO data show the same general features as data from satéhe range where the mean profiles of OSO and ACE (in-
lite instruments both in the annual cycle, characterized byclusive their systematic errors) overlaps. Since ACE shows
high CO mixing ratios during winter and very low mixing 25 % lower column values than OSO, this indicates that OSO
ratios during summer, and in shorter time period events.  has a positive bias of less than 10 % above 70 km and that
The OSO CO data have been compared to CO dataset&CE has a negative bias of about 15-25 % above 70 km (see
from four satellite instruments; ACE-FTS (v2.2) on Scisat, Fig. 12b). Hoffmann et al.(2011) report an offset pattern
MIPAS (V30.CO.12+13 and V4QCO_200) on Envisat, when their ground-based instrument is compared to ACE and
MLS (v3-3) on Aura and SMR (v225 and v021) on Odin. MLS, which is similar to the offset pattern we report when
A satellite measurement is assumed to be co-located witfDSO is compared to the same satellites. Additional compar-
OSO if the measurement is done the same day and if the aisons of upper mesospheric CO are needed to understand the
at the tangent point of the satellite both is within a radiusreason for this observed offset between ground-based and
of 1500 km from OSO and deviates less than 20% in PVsatellite instruments.
(potential vorticity) compared to the air above OSO. Observation of mesospheric CO provides important in-
During the time period 2004-2008 the averaged COformation of the mesospheric dynamics. The satellite sen-
datasets retrieved by OSO and ACE, MLS and MIPAS (200)sors which measure mesospheric CO today are not, to our
do not differ by more than 15% in the altitude range 55—knowledge, planned to be replaced when they stop function-
70 km, which is within the combined systematic errors of theing. Therefore, in a few years, ground-based instruments will
different instruments (see Fifj2b). be even more important than today. The CO transition at
The time period 2002—-2004 MIPAS (12 + 13) shows up to 115 GHz is suitable for ground-based studies of the upper
50 % smaller mixing ratios compared to OSO. One reasoratmosphere due to both that the lower atmosphere is fairly
for the observed difference between the OSO and MIPAStransparent, at this frequency, and that pressure broadening
(12 +13) mesospheric CO datasets can be due to baselirexceeds Doppler broadening as high as 70 km, making it pos-
features seen in the OSO spectra before February 2004.  sible to estimate vertical profiles up to this altitude and to
SMR (021 + 225) have very few co-located CO measure-estimate column values above.
ments with OSO. V225 shows up to 65 % lower mixing ra- The exact CO abundance in the upper mesosphere is still
tios than OSO and the v021 measurements show up to 50 %n open question. Further ground-based measurements at
higher mixing ratios than OSO.

www.atmos-meas-tech.net/5/2827/2012/ Atmos. Meas. Tech., 5, 28841, 2012



2840 P. Forkman et al.: Ground-based measurements of CO

115 GHz can be used as a low cost alternative to clarify thisClerbaux, C., George, M., Turquety, S., Walker, K. A., Barret, B.,
issue. Bernath, P., Boone, C., Borsdorff, T., Cammas, J. P., Catoire, V.,
Coffey, M., Coheur, P.-F., Deeter, M., De Mame, M., Drum-
mond, J., Duchatelet, P., Dupuy, E., de Zafra, R., Eddounia,
AcknowledgementsThe Swedish Natural Science Research F., Edwards, D. P., Emmons, L., Funke, B., Gille, J., Griffith,
Council supported the maintenance and development of the OSO D. W. T., Hannigan, J., Hase, F.,0dfner, M., Jones, N., Ka-
receiver system. We thank the teams behind HITRAN, JPL and gawa, A., Kasai, Y., Kramer, |, Le Flochrén, E., Livesey,
WACCM for providing a priori information to the retrievals. N. J., Lopez-Puertas, M., Luo, M., Mahieu, E., Murtagh, D.,
We thank the community behind ARTS for software used in the Nécklec, P., Pazmino, A., Pumphrey, H., Ricaud, P., Rinsland, C.
retrieval process. We thank ECMWF for wind field data and the P., Robert, C., Schneider, M., Senten, C., Stiller, G., Strandberg,
teams behind MLS/Aura, MIPAS/Envisat and ACE-FTS/SCISAT  A., Strong, K., Sussmann, R., Thouret, V., Urban, J., and Wiacek,
for providing the satellite CO datasets. The Atmospheric Chemistry A.. CO measurements from the ACE-FTS satellite instrument:
Experiment (ACE), also known as SCISAT, is a Canadian-led data analysis and validation using ground-based, airborne and
mission mainly supported by the Canadian Space Agency and the spaceborne observations, Atmos. Chem. Phys., 8, 2569-2594,
Natural Sciences and Engineering Research Council of Canada. doi:10.5194/acp-8-2569-2003008.
We also thank the Department of Earth and Space Sciencegle Zafra, R. and Muscari, G.: CO as an important high-altitude
Chalmers University of Technology for SMR/Odin CO data. Odin  tracer of dynamics in the polar stratosphere and mesosphere, J.
is a Swedish-led satellite project funded jointly by the Swedish ~ Geophys. Res, 109, D0610%0i:10.1029/2003JD004092004.
National Space Board (SNSB), the Canadian Space Agency (CSA)Pupuy, E., Urban, J., Ricaud, P., Le FlochémoE., Lauté, N.,
the National Technology Agency of Finland (Tekes), the Centre Murtagh, D., De La N8, J., El Amraoui, L., Eriksson, P., Fork-
National d’Etudes Spatiales (CNES) in France and the European man, P., Frisk, U.,&gou, F., Jiranez, C., and Olberg, M.: Strato-
Space Agency (ESA). We thank the laboratory and workshop of mesospheric measurements of carbon monoxide with the Odin
Onsala Space Observatory for keeping the OSO receiver up and Sub-Millimetre Radiometer: Retrieval and first results, Geophys.
running. Finally we thank the reviewers for their helpful comments ~ Res. Lett., 31, L.20101d0i:10.1029/2004GL020552004.

on the manuscript. Eriksson, P.: Analysis and comparison of two linear regularization
methods for passive atmospheric observations, J. Geophys. Res.,
Edited by: R. Sussmann 105, 18157-18167%0i:10.1029/2000JD900172000.

Eriksson, P., Jirenez, C., and Buehler, S. A.: Qpack, a tool for in-
strument simulation and retrieval work, J. Quant. Spectrosc. Ra.,
References 91, 47-64doi:10.1016/j.jgsrt.2004.05.052005.
Eriksson, P., Buehler, S. A., Davis, C. P, Emde, C., and
Aellig, C., Kaempfer, N., and Hauchecorne, A.: Variability of meso-  Lemke, O.: ARTS, the atmospheric radiative transfer simu-
spheric CO in the fall and winter as observed with ground- |ator, Version 2, J. Quant. Spectrosc. Ra., 112, 1551-1558,
based microwave radiometry at 115 GHz, J. Geophys. Res., 100, doi:10.1016/j.jgsrt.2011.03.002011.
14125-14130¢0i:10.1029/95JD00984 995. Forkman, P., Eriksson, P., and Winnberg, A.: The 22 GHz Radio-
Allen, D., Stanford, J., fBpez-Valverde, M., Nakamura, N., aeronomy receiver at Onsala Space Observatory, J. Quant.
Lary, D., Douglass, A., Cerniglia, M., Remedios, J.,  Spectrosc. Ra., 77, 23-480i:10.1016/S0022-4073(02)00073-
and Taylor, F.: Observations of middle atmosphere CO 0, 2003a.
from the UARS ISAMS during the early northern winter Forkman, P., Eriksson, P., Winnberg, A., Garcia, R., and
1991/92, J. Atmos. Sci.,, 56, 563-5880i:10.1175/1520- Kinnison, D.: Longest continuous ground-based measure-
0469(1999)056:0563:00MACFE-2.0.C0O;2 1999. ments of mesospheric CO, Geophys. Res. Lett., 30, 1532,
Baron, P., Ricaud, P., de La HMpJ., Eriksson, P., Merino, F., d0i:10.1029/2003GL016932003b.
and Murtagh, D.: Studies for the Odin sub-millimetre ra- Forkman, P., Eriksson, P., and Murtagh, D.: Observing the vertical
diometer: Retrieval methodology, Can. J. Phys., 80, 341-356, branch of the mesospheric circulation at lat Ré&ing ground
doi:10.1139/P01-15®002. based measurements of CO angHJ. Geophys. Res., 110, 107,
Bevilacqua, R., Stark, A., and Schwartz, P.: The variability of car-  doi:10.1029/2004JD004918005.
bon monoxide in the terrestrial mesosphere as determined fronfFunke, B., lopez-Puertas, M., Gdie:Comas, M., Stiller, G. P., von

ground-based observations of thie=1— 0 emission line, J. Clarmann, T., Wpfner, M., Glatthor, N., Grabowski, U., Kell-
Geophys. Res., 90, 5777-578®j:10.1029/JD090iD03p05777 mann, S., and Linden, A.: Carbon monoxide distributions from
1985. the upper troposphere to the mesosphere inferred from 4.7 um

Borsdorff, T. and Sussmann, R.: On seasonality of stratomeso- non-local thermal equilibrium emissions measured by MIPAS on
spheric CO above midlatitudes: New insight from solar FTIR  Envisat, Atmos. Chem. Phys., 9, 2387—24ddi;10.5194/acp-9-
spectrometry at Zugspitze and Garmisch, Geophys. Res. Lett., 2387-20092009.

36, 804,doi:10.1029/2009GL04005@2009. Garcia, R. R., Marsh, D. R., Kinnison, D. E., Boville, B.

Burrows, S., Martin, C., and Roberts, E.: High-latitude remote sens- A., and Sassi, F.: Simulation of secular trends in the mid-
ing of mesospheric wind speeds and carbon monoxide, J. Geo- dle atmosphere, 1950-2003, J. Geophys. Res., 112, D09301,
phys. Res., 112, 10890i:10.1029/2006JD007993007. doi:10.1029/2006JD007483007.

Clancy, R., Muhleman, D., and Allen, M.: Seasonal variability of
CO in the terrestrial mesosphere, J. Geophys. Res., 89, 9673—
9676,d0i:10.1029/JD089iD06p09673984.

Atmos. Meas. Tech., 5, 28272841, 2012 www.atmos-meas-tech.net/5/2827/2012/



P. Forkman et al.: Ground-based measurements of CO 2841

Hedin, A. E.: Extension of the MSIS thermosphere model into the Pumphrey, H. C., Filipiak, M., Livesey, N., Schwartz, M., Boone,
middle and lower atmosphere, J. Geophys. Res., 96, 1159-1172, C., Walker, K., Bernath, P., Ricaud, P., Barret, B., Clerbaux, C.,
doi:10.1029/90JA02125.991. Jarnot, R., Manney, G., and Waters, J.: Validation of middle-

Hoffmann, C. G., Raffalski, U., Palm, M., Funke, B., Golchert, S.  atmosphere carbon monoxide retrievals from MLS on Aura, J.
H. W., Hochschild, G., and Notholt, J.: Observation of strato- Geophys. Res., 112, D24S2/i:10.1029/2007JD008723007.
mesospheric CO above Kiruna with ground-based microwaveRodgers, C. D.: Inverse methods for atmospheric sounding: Theory
radiometry — retrieval and satellite comparison, Atmos. Meas. and practice, World Scientific, Singapore, 2000.

Tech., 4, 2389-24080i:10.5194/amt-4-2389-2012011. Rodgers, C. D. and Connor, B.: Intercomparison of re-

Kasai, Y. J., Koshiro, T., Endo, M., Jones, N. B., and Murayama, mote sounding instruments, J. Geophys. Res., 108, 4116,
Y.: Ground-based measurement of strato-mesospheric CO by a doi:10.1029/2002JD002292003.

FTIR spectrometer over Poker Flat, Alaska, Adv. Space Res., 35Rohlfs, K. and Wilson, T. L.: Tools of Radio Astronomy, Springer-

2024-2030¢10i:10.1016/j.asr.2005.04.092005. Verlag, Berlin, 2008.

Lait, L.. An alternative form for potential vorticity, Rothman, L., Barbe, A., Chris Benner, D., Brown, L., Camy-
J. Atmos. Sci, 51, 1754-1759, doi:10.1175/1520- Peyret, C., Carleer, M., Chance, K., Clerbaux, C., Dana, V.,
0469(1994)05%1754:AAFFP\%2.0.C0O;2 1994. Devi, V., Devic, V., Fayt, A., Flaudi, J., Gamachej, R., Gold-

Lopez-Puertas, M., Lopez-Valverde, M., Garcia, R., and Roble, R.: man, A., Jacquemart, D., Jucks, K., Lafferty, W., Mandin, J.,
A review of CQ, and CO abundances in the middle atmosphere, Massie, S., Nemtchinov, V., Newnham, D., Perrin, A., Rins-
Geoph. Monog., 123, 83-1000i:10.1029/GM123p0082000. land, C., Schroeder, J., Smith, K., Smith, M., Tang, K., Toth,

Marks, C. and Rodgers, C.: A retrieval method for atmospheric R., Vander Auwera, J., Varanasi, P., and Yoshino, K.: The HI-
composition from limb emission measurements, J. Geophys. TRAN molecular spectroscopic database: edition of 2000 includ-
Res., 98, 14939-149580i:10.1029/93JD01199993. ing updates through 2001, J. Quant. Spectrosc. Ra., 82, 5-44,

Melsheimer, C., Verdes, C., Buehler, S. A., Emde, C., Eriks- do0i:10.1016/S0022-4073(03)001462003.
son, P., Feist, D. G., Ichizawa, S., John, V. O., Kasai, Y., Velazco, V., Wood, S. W., Sinnhuber, M., Kramer, |., Jones,
Kopp, G., Koulev, N., Kuhn, T., Lemke, O., Ochiai, S., N. B., Kasai, Y., Notholt, J., Warneke, T., Blumenstock, T.,
Schreier, F., Sreerekha, T. R., Suzuki, M., Takahashi, C., Tsu- Hase, F., Murcray, F. J., and Schrems, O.: Annual variation of
jimaru, S., and Urban, J.: Intercomparison of general purpose strato-mesospheric carbon monoxide measured by ground-based

clear sky atmospheric radiative transfer models for the mil-  Fourier transform infrared spectrometry, Atmos. Chem. Phys., 7,
limeter/submillimeter spectral range, Radio Sci., 40, RS1007, 1305-1312do0i:10.5194/acp-7-1305-200Z007.
doi:10.1029/2004RS00311R005. Waters, J., Wilson, W., and Shimabukuro, F.: Microwave mea-

Pickett, H., Poynter, R., Cohen, E., Delitsky, M., Pearson, J., surement of mesospheric carbon monoxide, Science, 191, 1174,
and Miller, H.: Submillimeter, millimeter, and microwave doi:10.1126/science.191.4232.111876.
spectral line catalog, J. Quant. Spectrosc. Ra., 60, 883-890,
doi:10.1016/S0022-4073(98)000911®98.

www.atmos-meas-tech.net/5/2827/2012/ Atmos. Meas. Tech., 5, 28841, 2012






PAPER B

Time series inversion of spectra
from ground-based spectrometers

Authors:
O.M. Christensen, P. Eriksson

Bibliography:
O.M. Christensen, P. Eriksson. Time series inversion of spectra from ground-based
spectrometers Atmos. Meas. Tech., submitted, 2012.

02






20

25

30

Manuscript prepared for Atmos. Meas. Tech.
with version 4.2 of the ISTEX class copernicus.cls.
Date: 6 December 2012

Time series inversion of spectra from ground-based radiometers

Ole Martin Christensen! and Patrick Eriksson'

'Department of Earth and Space Sciences, Chalmers University of Technology, Gothenburg, Sweden

Abstract. Retrieving time series of atmospheric constituents
from ground-based spectrometers often requires different
temporal averaging depending on the altitude region in fo-
cus. This can lead to several datasets existing for one in-
strument which complicates validation and comparisons be-
tween instruments. This paper puts forth a possible solution
by incorporating the temporal domain into the maximum a
posteriori (MAP) retrieval algorithm. The state vector is in-
creased to include measurements spanning a time period, and
the temporal correlations between the true atmospheric states
are explicitly specified in the a priori uncertainty matrix. This
allows the MAP method to effectively select the best tempo-
ral smoothing for each altitude, removing the need for several
datasets to cover different altitudes.

The method is compared to traditional averaging of spec-
tra using a simulated retrieval of water vapour in the meso-
sphere. The simulations show that the method offers a sig-
nificant advantage compared to the traditional method, ex-
tending the sensitivity an additional 10km upwards with-
out reducing the temporal resolution at lower altitudes. The
method is also tested on the OSO water vapour microwave ra-
diometer confirming the advantages found in the simulation.
Additionally, it is shown how the method can interpolate data
in time and provide diagnostic values to evaluate the interpo-
lated data.

1 Introduction

Ground-based microwave spectrometers are useful for mea-
suring properties of the middle atmosphere due to the low
tropospheric attenuation at microwave frequencies. Using
these frequencies also allows the use of pressure broadening
of molecular transitions to retrieve altitude profiles well into
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the mesosphere (Clancy and Muhleman, 1993). Microwave
instruments have, for example, provided measurements im-
portant for ozone chemistry (Parrish et al., 1981; Solomon
et al., 1984), and have the ability to determine long term
trends of trace constituents (Nedoluha et al., 2003).

Microwave measurements will always contain thermal
noise. In order to overcome this noise, the measured atmo-
spheric spectra must be averaged over time. This averaging
increases the signal to noise ratio, but reduces the temporal
resolution of the measurements. The strength of the mea-
sured emission, tropospheric attenuation, the required accu-
racy, and the sensitivity of the instrument determine the need
for temporal averaging. Depending on which atmospheric
phenomena and altitudes investigated in any single study, a
specific compromise must be made between temporal reso-
lution and noise reduction.

The use of different temporal resolutions is exemplified
by the WASPAM instrument, which has used a 6 h averaging
time in a case study of sudden stratospheric warming (Seele
and Hartogh, 2000) as well as a 24 h averaging time to study
the annual variation of water vapour around the mesopause
(Seele and Hartogh, 1999). Different averaging times are
used since retrievals for higher altitudes require lower ther-
mal noise and thus longer integration times.

The ratio between the required averaging times for high
and low altitudes will in large part be determined by the alti-
tude range of the instrument. As newer instruments, such as
those described in Nedoluha et al. (2011) and Bleisch et al.
(2011), offer the possibility to increase this range, the differ-
ences in averaging time needed for the upper- and lowermost
altitudes will increase.

Although the use of different averaging times in itself
poses no problems, it does complicate the validation and
cross-comparison of instruments. An example is the water
vapour radiometer at the Onsala Space Observatory (OSO)
(Forkman et al., 2003). This instrument has mainly used
one day spectra in studies of atmospheric dynamics (Fork-
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man et al., 2005; Scheiben et al., 2012), whereas only a
scheme with varying averaging time depending on tropo-

spheric opacity has been cross-compared with other instru- 11

ments (Haefele et al., 2009).

One way to circumvent the problem of multiple averag-
ing times for a single dataset is to incorporate the averag-
ing of spectra directly in the retrieval process. To achieve
this, several measurements are simultaneously inverted us-
ing temporal correlation data of the quantity to be retrieved.
The method is similar to the 2-dimensional retrievals for limb
sounding satellites (Livesey et al., 2006; Dinelli et al., 2010).
But instead of doing the retrievals in two spatial dimensions,
the retrievals are performed simultaneously in altitude and
time. Earlier attempts to use the temporal information in re-
trievals have resorted to recursive filtering (Askne and West-
water, 1986), whereas the method presented in this paper
uses a non-recursive approach based on the maximum a pos-
teriori method (Rodgers, 2000).

The study is described using the following structure. Sec-
tion 2 introduces the retrieval theory, nomenclature and the
time series inversion technique. In Sect. 3 we apply the time
series inversion method on a simulated instrument to show
the advantages of the method. Section 4 investigates the
practical use of the method, and Sect. 5 discusses the com-
putational requirements. The conclusion is given in Sect. 6.

2 Retrieval Methodology
2.1 Nomenclature

In passive atmospheric remote sensing, properties of the at-
mosphere are determined by analysing the radiation emitted
from, and passing through, the atmosphere. This analysis
is called a retrieval, or inversion, and is done by solving an
inverse problem. The relationship between the measured ra-
diation, y, and the atmospheric properties is described by a
forward model, y = F'(x), where x, denoted as the state vec-

tor, contains the variables to be retrieved. These can include 115

atmospheric variables at different altitudes as well as instru-
ment variables. If the forward model is locally linear, the
measurement can be expressed as

y:F(.’Ba)+K(CC—ma)+E, (D

where x is the a priori state vector, K is the Jacobian-, or
weighting function matrix, defined as dy/Jx, and e repre-
sents errors in the measurement.

The inverse problem involves finding « for a given y. In
remote sensing, inverse problems are usually ill-posed, so the
relationship between the measurement and the atmosphere is
ambiguous. This means that several atmospheric states can
give rise to the same measurement. To obtain sensible re-
sults, the inversion needs to be constrained through some
regularisation algorithm. The regularisation in the time se-
ries inversion method is based on the maximum a posteriori
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(MAP), also called optimal estimation, method. It uses sta-
tistical properties of the measurements and the atmosphere to
constrain the solutions (Rodgers, 2000) .

Assuming Gaussian statistics, the relationship between a
set of stochastic variables is described by a covariance ma-
trix, S, in which each element, S; ;, is the covariance be-
tween variables ¢ and j. If the covariance of the a priori state
is given by the matrix S, and the measurement uncertainties
are specified by S., a cost-function can be expressed as

X2 =(z— ma)TSaTl(w —Tq)

Ty 2)

+(y—F(x)) S (y—F(x)),
where x is the true state vector and x, is the a priori state
vector. The state minimising this function is the maximum
of the a posteriori probability density function and is given
by

&=x0+G(y—F(za)), (3)
where G, the gain-matrix, is
G=0y/0x=(K'S'K+S;')'KTs ' 4)

An alternative way of expressing equation 3 is by introduc-
ing the averaging kernel (AVK) matrix, A = 0&/0x = GK.
Combining Eq. 1 and 3 gives

E=xe+A(x—x,)+ Ge. 5)

This shows that a retrieved value, in the absence of noise, is
the sum of the corresponding a priori value plus the change
from the a priori state convolved with the matching row of the
AVK matrix. The sum of a row in the AVK matrix is a mea-
sure of the retrieval’s sensitivity to changes in the state vector
and is called measurement response (Baron et al., 2002).

2.2 Time series inversion

For ground-based instruments using single spectrum inver-
sions, the measurement vector, y, usually holds the bright-
ness temperature for each channel of the instrument. Thus,
for an instrument with m channels, the length of y is m, and
similarly & contains values of the state variables at the time
of the measurement. The time series inversion method pro-
posed here expands both y and x to include measurements
from N different times. This increases the length of y to
m- N, and the length of « to n- N, where n is the length
of the single spectrum state vector. In a similar fashion, the
Jacobian matrix, K, becomes a block diagonal matrix with
block elements equal to the Jacobian matrix for each mea-
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where the upper index denotes measurement number. 145

Since the state and measurement vectors cover several
measurements, the covariance matrices in Eq. 2 must be ad-
justed. Assuming that the measurement uncertainties are
uncorrelated between the measurements (i.e. only thermal
noise), S, simply becomes a block diagonal matrix, where 15
block S¢ corresponds to the covariance matrix from the mea-
surement ¢. The uncertainties in the a priori state are, how-
ever, not uncorrelated between the times of the measure-
ments. To incorporate this temporal correlation, even the
non-diagonal blocks in S, must have non zero values. Thus, %
the covariance matrices become

1,1 QL2 ... QLN
S1 0 0 I T
Sa7 837 Y Sa7
Se= 0" 0 +Sa= : oo : ’ 160
00 Sév Sé/?l 5572 S;\},N

where S%7 is the covariance matrix corresponding to mea-
surement ¢ and j.

Introducing correlation between measurements in S, re- '
sults in an averaging kernel matrix which contains non-zero
elements in its off-diagonal blocks. The resulting matrix,

... ALN
.o AZN 170

Al,l A1,2
A2’1 A2’2
A_ =

Al',N Aé’N AJ\}’N
will contain information about how much smoothing that
occurs with respect to both altitude and time. Temporal '™
smoothing occurs because the MAP method uses informa-
tion from several measurements to retrieve a single profile.
The amount of smoothing will partly depend on the setup of

the a priori uncertainty matrix, which will be described in

detail in the next section. 180

2.3 Specification of the a priori covariance matrix

The specification of the uncertainty matrices is central to
MAP. Since the state vector of the time series inversions iss
has been extended to include several measurements, both the

temporal and vertical correlation of the state variables need
to be specified in S,, and it is through the latter correlation
that the MAP method can take into account results from ad-
jacent measurement times when retrieving a profile.

The correlation between state variables can be conve-
niently described with a correlation function combined with a
correlation length. We will use an exponential function to de-
scribe correlations. This means that for state vector variables
related in altitude (e.g. species concentration), the correlation
coefficient between the variable at altitude 2, and z,, for mea-
surement ¢ will be given by p. (], ) = exp(—|z, — 2p|/lc),
where [. denoted as the correlation length, meaning the
length at which the correlation has dropped to 1/e. In a sim-
ilar fashion the correlation of a variable in time can be rep-
resented by p;(x,,@]) = exp(—|t' —t7|/t.), where t* (7) is
the time of measurement 7 (7) and ¢, is the temporal correla-
tion length. Assuming that the correlation is independent in
the two dimensions (separable), the total correlation is cal-
culated as the product of p, and p;. In this study we also
assume that the a priori covariance is stationary, so that it
is can be described by the same matrix at all measurement
times.

The a priori covariance matrix of the investigated vari-
able should represent both the uncertainty arising from natu-
ral variability and the uncertainty of the a priori mean value
(Eriksson, 2000). The latter uncertainty arises from a limited
knowledge of the atmospheric mean state. These two terms
have quite different correlations. In general, the error in the
mean value of the state variable should be characterised by
longer vertical correlation length and a smaller standard de-
viation than the natural variability. An additional, and more
important, feature for inverting the time series is that errors
in the mean will be correlated over long temporal periods
compared to the natural variability. If, for example, the as-
sumed a priori value for the concentration of one atmospheric
species is too high with respect to the true mean at one time,
it is likely that it will remain too high for a considerable time
(weeks, months, etc.) thereafter.

We will use the retrieval of water vapour in the mesosphere
as an example of the time series inversion method. Figure 1
shows covariance matrices used to describe the a priori water
vapour profile in the retrievals. In Fig. 1a and 1b the vertical
and temporal covariance of the concentration of water vapour
at 60km are shown. The dashed-green curve represents the
natural variability of water vapour, which is given a standard
deviation of 50 %, a vertical correlation length of 4 km, and
a temporal correlation length of 12 h.

As mentioned earlier, the correlation lengths of the uncer-
tainty in the a priori mean are different from the natural vari-
ability. The red-dot-dashed curve in Fig. 1 shows properties
of a covariance matrix set to represent the uncertainty in the
a priori mean. The matrix has a standard deviation of 20 %
and a correlation length of 8 km in altitude and 7 days in time.
By adding both the natural variability and the a priori mean
uncertainty, the complete covariance matrix, described by the
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Fig. 1: The covariance matrices used for the a priori information on water vapour. Plot (a) depicts the temporal and (b)
the vertical elements of the covariance matrix. The matrices represent natural variability (Nat), uncertainty in a priori mean
(Mean), the sum of natural variability and uncertainty in mean (N+M), single spectrum inversions (1D) and an intermediate
covariance matrix (Inter). The structure of the N+M a priori covariance matrix is shown in plot (c). A diagonal matrix block is
highlighted by the green square and an off-diagonal block is highlighted by the black square.

(a) Single spectrum (1D) (b) Time series inversions (N+M) (c) Running averaging of spectra (48 h)
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Fig. 2: Retrieved concentration of water vapour, relative to a priori, from the simulated retrievals. Plot (a) is from the single
spectrum (1D) inversions, plot (b) from the retrievals using the time series inversion method with the N+M covariance matrix,
and (c) is from the retrievals using spectra averaged over 48 h.
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solid-red line, is obtained. A selected number of elements
from the complete S, matrix are shown in Fig. 1c. The block
structure, explained in Sect. 2.1, is indicated by the green and 240
black squares. The diagonal block (green square) represents
the covariance within a measurement time, whereas the off-
diagonal block (black square) represents the variance scaled
with the correlation between measurement times.

The result from the time series retrievals will depend on 25
the temporal correlation used. To investigate this, a second
covariance matrix is created which assumes that the entire
a priori uncertainty has a temporal correlation of only 12 h,
but with the same standard deviation (54 %) and vertical cor-
relation length as the total covariance matrix. This matrix 2s
is described by the solid-green line in Fig. 1b. For compar-
ison, inversions are also performed with zero correlation in
time (blue curve) to mimic single spectrum (1D) retrievals.
Though these retrievals could be done on each spectrum sep-
arately, it is chosen, for comparison purposes, to perform the »ss
retrievals simultaneously using the same formalism as the
time series inversions. This is achieved by using a block di-
agonal a priori covariance matrix in the retrievals.

A retrieval using the traditional method of averaging spec-
tra is also performed by doing a 48h running mean over
the simulated spectra. However, the expected variance in a
48 h mean is different from that expected in a 3 h mean, so, 26
to correctly specify the covariance of these inversions, the
N+M covariance matrix is projected onto a 48 h grid follow-
ing Rodgers (2000, Ch. 10.3.1.1). This results in an a pri-
ori standard deviation of 36 %, which is a decrease from the
54 % for the 3 h measurements. 265

3 Theoretical test case
3.1 The simulation and retrievals 270

In order to test the time series inversion method, a model sce-
nario is set up. The simulation and retrievals are done with
the radiative transfer simulator ARTS (v.2.0) and the retrieval
toolkit Qpack (Eriksson et al., 2005, 2011). The simulated 275
instrument is designed to mimic the 22 GHz radiometer cur-
rently operating at OSO, but some simplifications are made
to illustrate the more general use of this method. Most no-
tably, the bandwidth is increased from 20 MHz to 1 GHz and
the noise temperature is reduced from 170 K to around 100 K. 25
The instrument backend is simulated using 83 channels, each
25kHz wide and unevenly distributed across the bandwidth
of the instrument. At the line-centre, a distance of 25 kHz
between the channels is used. This is increased further away
from the centre, reaching 100 MHz at the band edges. The zss
calibration used is a beam switching method.

Spectra from ground-based radiometers are often cor-
rected for tropospheric loss before retrievals are performed.
To model this, the simulated instrument is located above the
troposphere (15km) and the thermal noise level is doubled. 250

This represent a tropospheric transmission of 0.5, which, to-
gether with the loss of observational time due to the beam
switching, leads to an effective noise temperature of 400 K,
which is used to specify S.. Additionally, the thermal noise
in the system is left uncorrelated between the channels, and
the integration time is set to 3 h. Note that no thermal noise
is added to the actual spectra, but only used to specify the
covariance matrix.

The simulated atmosphere is created by extracting temper-
ature and water vapour profiles for the 25*" of February from
the MSIS (Hedin, 1991) temperature database and a climatol-
ogy based on retrieved water vapour over OSO from AURA-
MLS. The spectroscopic parameters for the water vapour
line at 22 GHz are taken from the JPL-catalogue (Pickett
et al., 1998) (line strength and position) and HITRAN 2004
database (Rothman et al., 2005) (broadening parameters).

The retrieval of water vapour is done on an altitude grid
ranging from 4 km to 104 km with a grid resolution of 4 km.
The covariance matrices used are the same as specified in
Sect. 2.3 with S, being a pure diagonal matrix and S, having
a correlation in both altitude and time.

3.2 Response to a unit change

The MAP inversion method combines information from
measurements at several times, this makes the temporal char-
acteristics of the retrieved profiles of particular interest. To
investigate these temporal characteristics, we run a test sce-
nario in which water vapour in the atmosphere is kept con-
stant, equal to the a priori, until the 120" hour and then sud-
denly doubled.

The results of the retrievals are shown in Fig. 2. The sin-
gle spectrum inversions (Fig. 2a) have no errors before the
increase. Afterwards, the retrievals will only change at cer-
tain altitudes determined by the measurement response. At
the highest levels, the retrieved value remains 1, i.e. equal to
a priori, due to the lack of measurement response, whereas
the at lower altitudes the retrieved values reflect the true at-
mosphere.

The conventional way to increase the measurement re-
sponse at high altitudes is by averaging spectra in order to
reduce the influence of thermal noise. Figure 2c shows re-
sults from the 48 h averaging of spectra. An improvement
around 70 km can be seen for measurements later than 24 h
after the unit change. This however, comes at the cost of
smoothing out the step increase in time. Figure 2b shows
that this smoothing can be avoided (for low altitudes) by ap-
plying the time series inversion method. Just as with the tra-
ditional averaging, the response around 70 km improves af-
ter the increase compared to the single spectrum inversions.
However, the high temporal resolution is maintained at lower
altitudes, and the abrupt change can clearly be seen in the
retrievals. Thus, by inverting the entire time series simulta-
neously, temporal resolution can be maintained at the lower
altitudes while the sensitivity at higher altitudes is increased.
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Fig. 3: Retrieved water vapour profiles (relative to the a pri-
ori) from the simulated retrievals. The different curves rep-
resent the single spectrum inversions (blue), the time series
inversions using the N+M (red line) and the intermediate co- .
variance matrix (dashed-green), and the inversions using the
averaged spectra (black-dashed). Plot (a) is the retrieved pro-
file at the 80*" hour, when the true profile is equal to the
a priori. Plot (b) is the retrieved profile at the 160" hour,
after the step-increase, when the true profile is double that of
the a priori.
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The increase in sensitivity is seen more clearly in Fig. 3b,
which shows the profiles at the 160" hour. Both the tra- 4
ditional method of averaging spectra (dotted-black) and the
time series inversions (red and dashed-green line) show a sig-
nificant improvement above 60 km. The long temporal cor-
relation in the a priori mean uncertainty does, however, lead
to a large temporal smoothing at high altitudes seen by the s,
increased water vapour above 70km in the red line in Fig.
3a. The time series inversion method also leads to some os-
cillatory patterns shown by the negative values around 60 km
in Fig. 3a.

355
3.3 Retrieval diagnostics

The temporal and vertical resolution of the inversions can be
explored further by analysing the AVK matrices. Selected
elements of the AVK matrices are shown in Fig. 4. The sin- s
gle spectrum inversions (Fig. 4a) give an AVK matrix which
is completely diagonal with respect to time (at 3 h time res-
olution), meaning that the matrix is a block diagonal matrix
where the non-zero elements are confined to elements no fur-
ther away from the diagonal than the number of elements in sss
the single measurement state vector. If correlation between
the days is introduced (Fig. 4b), the blocks adjacent to the
diagonal block become non-zero and fall off exponentially
from the diagonal. This implies that a smoothing occurs in
the temporal dimension, as already shown in Sect. 3.2. For s
direct averaging of the spectra (Fig. 4c) the AVK elements
are constant across all blocks inside the averaging time, albeit
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reduced with a factor 1/16 compared to the single spectrum
inversion to account for the averaging.

The averaging kernels are the rows of the AVK matrix. For
clarity, it is convenient to focus on some particular elements
of the rows. The first are the elements which corresponds to
the n columns around the diagonal, where 7 is the number of
elements in the single spectrum state vector. These represent
the vertical averaging kernel for each altitude. These kernels
are seen in the second row of Fig. 4. The vertical averaging
kernels for the three inversions are quite similar. Most no-
table is the reduction of the values that occurs for the 48 h
averaging, but this is compensated by the kernels spanning a
larger number of measurements. Time series inversion pro-
duces vertical averaging kernels that have smaller negative
values for elements within the same measurement compared
to single spectrum inversions, but it should be noted that ele-
ments corresponding to different altitudes and different times
can be negative (black areas in Fig. 4b).

The temporal averaging kernels describe the smoothing in
time and are given by the elements corresponding to the same
altitude for different times. These are shown in the third row
of Fig. 4. The single spectrum inversions have Dirac delta
function kernels. The time series inversions have averaging
kernels showing how the retrieval takes values from adjacent
measurements into account. The lower values at the wings
show how the inversions put diminishing weight measure-
ments further away. For the averaging of spectra, the tempo-
ral AVKs have a constant value over the averaging time and
zero elsewhere.

The full width at half maximum (FWHM) of the AVKs
in the different dimensions can be used to roughly describe
the resolution of the inversion in those dimensions. Figure
5a shows the FWHM of the temporal AVKs. The single
spectrum inversions (blue curve) and the inversions averag-
ing over spectra (black-dashed curve) have a constant tempo-
ral resolution across all the altitudes corresponding to their
respective averaging times. The red and the dashed-green
curves show the FWHM from the time series inversions.
These inversions have a temporal FWHM which varies with
altitude. At lower altitudes the FWHM is close to 3 h, i.e. the
same as the single spectrum inversions. At higher altitudes
the AVKs become wider indicating a reduction of temporal
resolution as more information from adjacent measurements
are used in the retrievals. Also, the larger a priori correlation
between days of the N+M matrix (red curve) compared to the
intermediate (green curve) matrix results in wider AVKs. It
is this wider averaging time at higher altitudes that allows the
time series inversions to extend the retrievals higher than the
single spectrum inversions.

There is some limitation in using only the FWHM to de-
scribe the resolution, as it does not take into account the full
shape of the AVKs. The FWHM will have a different mean-
ing for different shapes. For example, the FWHM in the
temporal dimension of 48h averaged retrievals will define
where the averaging is cut off. For the exponentially-shaped
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Fig. 4: Selected elements of the averaging kernels for the theoretical test case. The first row (a-c) shows the structure of the
AVK matrices of single spectrum retrieval (left), time series retrieval with the N+M a priori uncertainty matrix (centre) and
48 h averaging of spectra (right). The second row (d-f) shows vertical AVKs for the respective cases and the third row (g-i)
temporal AVKs for the respective cases. For the vertical and temporal averaging kernels each of the curves corresponds to
different altitudes.

temporal AVKs of the time series inversions, however, the
retrievals can have significant contributions from measure-
ments beyond the FWHM. This explains why the time series sso
inversion shows more temporal smoothing above 80 km in

Fig. 2, yet, it has a smaller temporal FWHM in Sa.

Figure 5b shows the FWHM of the vertical AVKs. The
FWHM is more or less the same for the inversions except
for the 48 h averaging over spectra where the reduced noise
in the measurements results in a better vertical resolution.
Once again some care should be taken when comparing the



385

390

395

400

410

415

(a) FWHM of temporal AVKs  (b) FWHM of vertical AVKs

Christensen and Eriksson: Time series inversions

(c) Measurement Response (d) Retrieval noise

0.2

100

=) 80 |- N I n 1 N
=
2 T
2 60 N I N 1 n
= — N+M
< - - - Inter :

40| | ewsss Avg 7 = - 1 -

I I H . |
0 20 40 10 0 0.1
FWHM [h] FWHM [km] Error [relative]

Fig. 5: Properties of the simulated retrievals at the the 120" hour. Plot (a) is the FWHM of the temporal AVKs, plot (b) is the
FWHM of the vertical AVKs, plot (c) is the measurement response from the retrievals, and plot (d) is the retrieval noise from
the retrievals in units relative to the a priori concentration. The different curves represent the single spectrum inversions (blue),
the time series inversions using the N+M (red) and the intermediate covariance matrix (dashed-green), and the inversions using

the averaged spectra (black-dashed).

FWHM from the different inversions. In particular, the neg-
ative lobes seen in the 1D inversions will not be accounted
for, and thus, AVKs with weaker lobes, like those from the
time series inversions, will have a larger FWHM, though this 420
mainly comes from the removal of the lobes, and not a de-
crease in vertical resolution.

The measurement response corresponds, as anticipated, to
the observed changes when «x is doubled (Fig. 3b). The mea-
surement response for the different inversions shows once
again that the time series inversion method enables the re-
trieval of atmospheric values up to roughly the same altitude s
as the traditional averaging over spectra, actually exceeding
the traditional averaging when using the N+M covariance
matrix.

Retrieval noise describes the error in the retrieved profiles
from thermal noise, and is calculated as GS.GT (Rodgers, w0
2000). Figure 5d shows the square root of the diagonal el-
ements of the retrieval noise matrix. As anticipated, the re-
duction of thermal noise in the measurements from the tradi-
tional averaging method (black-dashed line) will result in a
lower retrieval noise compared to the single spectrum inver-
sions (blue line). This is the result of both a reduction in the
thermal noise due to averaging and the change from using ass
different a priori uncertainty. The retrieval noise in the time
series inversions ends up a bit below the single spectrum in-
versions. This shows that some error reduction is achieved
with the time series method, but that the main improvement
it offers is the increased measurement response at high alti- 4o
tudes.

In addition to the diagonal elements, the retrieval noise
covariance matrix will have non-diagonal elements arising
from temporal and vertical correlations. This means that the
retrieval noise for the time series inversions has a correlation s
in time even though the underlying thermal noise is uncor-

related in time. The FWHM of this correlation (not shown)
can be different from that of the AVKs. For the time se-
ries inversions (N+M), it is roughly 15 h up to around 70 km,
above this it increases and reaches 50h at 85km. For the
intermediate a priori covariance matrix inversions, the tem-
poral FWHM of the retrieval noise stays at around 15h for
all altitudes.

4 Test using a real instrument

To illustrate the practical use of the time series inversion
method, we invert atmospheric spectra measured from the
water vapour radiometer at OSO. When using real measure-
ments, instrument related issues might degrade the efficiency
of the retrieval, or introduce biases, which complicates the
retrievals and error analysis.

4.1 OSO-radiometer

The radiometer used to test the time series inversion method
is placed at OSO (57.4°N, 12°E). It measures water vapour
at 22.235 GHz with a resolution of 25 KHz and bandwidth of
20MHz. The system has an uncooled HEMT frontend and
uses a 800 channel autocorrelator backend. Receiver tem-
perature is estimated to 170 K and the calibration is done by
a hot-cold calibration and beam switching. The spectra are
also corrected for tropospheric absorption. Each spectrum
consists of 5 min measurements averaged together into six
3 h-intervals for each day, 00-03, 04-07, 08-11, 12-15, 16-19
and 20-23. The averaging is done so that measurements with
lower noise values have a larger weight in the average. The
thermal noise of each 3 h spectrum is determined separately
by fitting a 3"¢ order polynomial to one of the line-wings and
calculating the standard deviation of the residual.
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Fig. 6: HyO retrievals from the summer of 2005 obtained by the OSO radiometer. The result is relative to the a priori
concentration and are shown for 76 km (a), 64 km (b) and 52km (c). The different curves represent the single spectrum
inversions (blue), the time series inversions using the N+M (red) and the intermediate covariance matrix (dashed-green), and

the inversions using the averaged spectra (black-dashed).

When performing the time series inversions over all days 4o
and all channels, the retrieval matrices become large. To
reduce the size of the matrices, only a sub-sample of the
channels is selected, as in the theoretical test case. In the
line-centre, all channels are used, but at the line-wings, the
channel separation is increased gradually, reaching 620 kHz 45
at the far ends. In total, 83 of the 800 channels are used.
Furthermore, the retrievals are performed in 30 day intervals.
To minimise edge effects each interval has a 10 day overlap,
which allows for 5 days on each end of the retrieval intervals
to be removed. These intervals are then combined to create ,5,
the complete time series. Further discussion regarding the
computational demands can be found in Sect. 5.

Just as in the theoretical test case, the retrievals are per-
formed on each 3h spectrum separately, with the time se-
ries inversion method, and a 48 h moving average of spectra.
However, since the thermal noise in the measurements varies
with time, the simple averaging is replaced with a weighted
average giving measurements with lower noise more weight.
In addition, since some gaps exist in the measurements, some
48 h averages have fewer measurements than the nominal 12.

The inversions are set up as described in Sect. 3, ex-
cept that since the noise level varies with time, the ther-
mal noise in each measurement must be estimated from each
corresponding spectrum rather than having a constant noise
level as in Sect. 3.3. Additionally, an instrumental baseline
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(5™ order polynomial) is retrieved with a priori uncertainties
from 10K (0*" order) to 2K (5" order). Since the atmo-
sphere over OSO changes over time, the a priori is also set to

vary according to the climatologies (temperature and water s2s

vapour) in Sect. 3, rather than have a constant value.

4.2 Dealing with measurement gaps

The OSO time series has periods where no measurement data
could be recorded. These periods are mainly caused by rain.
Data gaps create additional problems when handling mea-

530

surement series. A time interpolation using neighbouring re- o

trieved data requires the user to select an interpolation strat-
egy (nearest, linear, spline .. .), as well as to make subjective
judgements on the validity of these interpolated values based
on experience and knowledge of the atmospheric variables
measured.

The time series inversion method provides an elegant so-
lution to this problem. To obtain values at the gaps, x is
expanded to cover the times where measurements are lack-
ing. This increases the size of @ to n- (N + N'), where N’ is

540

the number of missing measurements (n, [V, and later m are ss

defined as in Sect. 2.2). The expansion of « allows the MAP
algorithm to retrieve the missing values, maintaining a con-
sisten inversion methotology over the complete time period.

Since the size of @ is increased, the number of columns

in K must increase correspondingly. This gives K a size of °

N-mx (N+ N')-n. The elements in the N’ extra columns
will be zero as no measured spectra exists for this time in y.
Physically this is equivalent to only using a virtual measure-
ment of the a priori atmosphere at the time of the data gap.
However, this does not mean that only a priori information is
used for the retrieval of corresponding state. Since S, con-
tains information about the temporal correlation of the atmo-
sphere, the MAP method will automatically use information
from neighbouring measurement to “optimally” estimate
at the time of the measurement gap.

For an “interpolated” value, the amount of information
taken into account from nearby measurements is given by
the corresponding measurement response. The measurement

50

555

560

response will depend on the a priori uncertainty matrix used ss

and the amount of noise in the adjacent measurements. For
the single spectrum inversions the measurement response
will be zero at the interpolated values, whereas for the time
seres inversions it will increase with increasing a priori tem-
poral correlation. The measurement response will provide a
value on which the validity of the interpolated value can be

determined. This value is based on the underlying statisti- sz

cal properties of the retrievals, and thus a consistent selec-
tion scheme can be applied, for example, by only using data
points above a certain measurement response threshold (e.g.
0.8).
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4.3 Result from time series inversions

Retrievals from the OSO instrument were done for the en-
tire measurement period (2002-2012). For comparison of the
different inversions methods, an example period from end
of April to end of June 2005 was selected for further study
as this period offers a long set of continuous measurements,
with few measurement gaps. The results of the retrievals at
three different altitudes are shown in Fig. 6. These results
include estimated values where data gaps occur (13 of 368
times), interpolated using the method discussed in Sect. 4.2.

By comparing the single spectrum retrievals (blue curve)
to the retrieval of 48 h averaged spectra (black-dashed curve),
the effect of the averaging can be seen. The variability is re-
duced from 1o ~ 0.22 in the single spectrum inversions to
1o ~ 0.15 in the averaged ones, with the averaged spectra
having a longer temporal correlation. This correlation has
two causes. The first one is the temporal correlation of the
atmospheric changes over the instrument, the other cause is
the thermal noise which, as discussed earlier, will also have
a correlation in time when averaging is performed. In addi-
tion to the change in variability, the averaged spectra show
a clearer deviation from the a priori at higher altitudes. This
shows the effect of the increased measurement response at
these altitudes.

The time series inversions (red and dashed-green curves)
show an increased measurement response at higher altitudes
similar to the 48 h averaged inversions, and the variation is
correlated over several days. The more longer-term aver-
ages, over a couple of days, seems to follow the averaged
inversions. At 76 km the measured mean over the entire pe-
riod is actually lower than the a priori mean concentration.
This illustrates why it is important to include the uncertainty
in the a priori mean in the inversions. Without this part,
the measurement response would be lower and the inversions
would not reveal this information. At lower altitudes (52 and
64 km), the time series inversions preserve many of the short-
term variations, indicating a high temporal resolution at these
altitudes.

It is hard to distinguish whether the short term variations
are a result of noise in the instrument or natural variance in
the atmosphere. However, the main point of these retrievals
is not to determine the true water vapour concentration in the
atmosphere, but rather to show that the time series inversions
produce similar results to the single spectrum inversions at
lower altitudes while reproducing the result from the aver-
aged inversions higher up.

4.4 Averaging kernels

Since the thermal noise in the real measurements varies with
time, the AVKs vary as well. Thus, to study some typical
AVKs, three dates are selected for further inspection. Fig-
ure 7 shows the magnitude of the thermal noise in each of
the measurements from the time series in Fig. 6, and the se-
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Fig. 7: 1o of the thermal noise from the OSO radiometer from the summer of 2005, estimated as described in the text. The
measurements are performed with 3 h integration time. The circles show the three days selected for further AVK analysis.

lected measurements are marked by the three circles. Thesis
first measurement (2005-05-10, red circle) is from a mea-
surement with a low noise value. The second (10 May 2005,
green circle) and third measurement (10 May 2005, blue cir-
cle) are separated by only four hours and have a high and
intermediate thermal noise value respectively. 620

The measurement response of the three measurements is
shown in the top row of Fig. 8. The measurement response
of the low noise measurement is similar to the theoretical test
case above 60km. Below 60 km the measurement response
starts declining due to the fitting of the instrumental baseline
polynomials. The similarity above 60 km is not surprising
considering that the noise of the measurement is 0.043 K,
which resembles the noise in the test case of 0.037 K. The
two other cases, however, have much higher noise than the
test case with values of 0.16 K and 0.07 K. This results in a
very low measurement response for single spectrum inver-
sions, but the time series inversions and the averaged spectra
still have a good measurement response between 55-75 km.

@
N
a

630

The amount of information taken from each measurement
is given by the temporal averaging kernels shown in the sec-
ond row of Fig. 8. However, unlike the averaging kernels
from the theoretical test case, the temporal averaging ker-
nels are not smoothly exponentially-declining (see Fig. 4),
but vary depending on the weight placed on each adjacent
measurement. This variation comes from the fact that the
MAP method puts a lower weight on noisier measurements.
In fact, the temporal averaging kernels from the measure-
ment with intermediate noise (Fig. 8f) show that the inver-
sion hardly weighs in the noisy measurement from 3 h ear-
lier at all. In the high noise case (Fig. 8e), it can be seen that
the adjacent measurement is actually weighted more than the
central measurement, as the AVK has its peak displaced from
the centre.

The last row of Fig. 8 shows the FWHM of the temporal
AVKs. For the low noise measurement (Fig. 8g) the FWHM
is similar to the theoretical test case above 60 km having a
minimum width at around 60 km before increasing in width eso
with increasing altitude. For the measurements with higher
noise, however, the irregular shape of the temporal AVKs

means that the interpretation of the FWHM is not as straight-
forward as in the theoretical case. The maximum might not
be centred at zero, and the position of the half-value point
might even be ambiguous. As a result the FWHM of the
temporal AVKs from these measurements (Fig. 8h, 8i) dif-
fers quite a lot from the theoretical test case, especially for
the high noise case where it fluctuates at lower altitudes.

5 Computational demands

Though there are several advantages of expanding the in-
versions into the temporal dimension, a drawback is the in-
creased computational demand. The computational demand
includes both larger memory usage and the increased number
of CPU operations required for the matrix operations. This
paper will not go into detail on optimising the efficiency of
the retrievals, but a discussion of the major issues is required.

Depending on the retrieval setup, either K, S, or S, will
have the largest memory demand. All three matrices tend
to be diagonal heavy (i.e. highest values around the diago-
nal), thus considerable memory can be saved storing them
as sparse matrices. For S,, this could require some cut-off
value for the covariance, as the exponential correlation theo-
retically never reaches zero.

Considering CPU cycles, the linear algebra can be op-
timised for either n < m (n-form) or n > m (m-form)
(Rodgers, 2000), where n, m (and later N) are defined in
Sect. 2.2. For the retrievals in this paper n < m, and the
most demanding operations are the calculation of KTS_lK
which scales as N3n?m, S;*!, and (KTS;1K+S;1)!
which both scales as N3n3.

The available computational power limits the size of N,n,
and m. In the retrievals from the OSO radiometer, NV is lim-
ited to measurements from 30 consecutive days (/N ~ 180).
To limit m, we use a simple solution of only selecting a 83
channel subset of the 800 channels in the spectrometer. Other
methods makes it possible to take advantage of all the chan-
nels while keeping down the size of m. These might be as
straightforward as binning channels at the line wing, i.e. av-
eraging the channels together to reduce the noise, or more
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Fig. 8: Properties of the AVKs from three selected measurements from the OSO radiometer. The left column shows the
low noise measurement (10 May 2005), the centre column shows the high noise measurement (21 May 2005), and the right
column shows the intermediate noise measurement (21 May 2005). The first row (a-c) depicts the measurement response of
the respective measurements, the second row (d-f) temporal averaging kernels of different altitudes, and the third row (g-i) the
FWHM of the temporal AVKs. The different curves in the first and last row represent the single spectrum inversions (blue),
the time series inversions using the N+M (red) and the intermediate covariance matrix (dashed-green), and the inversions using
the averaged spectra (black-dashed).

advanced data reduction methods based on eigenvector ex- using methods such as Cholesky decomposition (Livesey
pansions (e.g. Eriksson et al. (2002)). et al., 2006) or the Iterative Bi-conjugate Gradient method

» ) ) ] es0  (Redburn et al., 2000).
In addition to reducing the size of the matrices, the alge-

bra itself can be optimised. In particular, the inversion of Data reduction algorithms and optimisation of the linear
(KTS-'K+S_1!) can be avoided by solving Eq. 3 directly algebra might indeed improve the practical use of the time
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series inversion methods, but a thorough discussion of such7is
optimisation is beyond the scope of this paper as it will be
highly dependent on the specific retrieval setup and needs.

6 Discussion and Conclusion 720

This paper presents a method for inverting time series data
from ground-based instruments by extending the retrieval
method into the temporal dimension. This is done by di-
rectly specifying the correlation of the atmosphere in time
to achieve “optimal averaging” at all altitudes. The implica-
tions and analysis of the temporal averaging kernels are dis-
cussed thoroughly in the paper, including their importance
and limitations in describing the temporal resolutions of the
retrievals. 730

To investigate the effect of using different temporal cor-
relations, the time series inversions are performed with two
different a priori matrices: one modelled to represent a real-
istic a priori uncertainty (N+M), and one intermediate matrix
with shorter temporal correlation. Interestingly enough, in
both the simulated retrievals (Fig. 5c) and the practical exam-
ple (Figs. 8a, 8b, and 8c), the retrieval using the intermediate
covariance matrix shows almost the same increase in mea-
surement response between 60 and 80km as the retrievals
using the realistic covariance matrix. This is confirmed as.,,
the difference in the retrieved data from the OSO radiometer
between the two matrices (Fig. 6) is minuscule below 80km.

The similar increase in measurement response for both
matrices shows that the major improvement of the time se-
ries inversions comes from the basic step of extending the ;s
inversions into the temporal dimension rather than to specify
the covariance matrix in detail. This is important for the prac-
tical use of the method since it means that the method can be
applied to cases where the temporal correlation is unknown,
or hard to specify using Gaussian statistics.

The practical demonstration of the method retrieves 1075
years of water vapour data from the OSO radiometer. This
takes less than 24h to do on a normal desktop computer.
The relatively short processing time shows that the computa-
tional demands of the method, though higher than for single
spectrum inversions, are not insurmountable. For large scale
retrievals, however, further optimisation might be advanta-
geous, in particular, the data reduction method for reducing 7ss
the size of the measurement vector can easily be improved.

The practical inversions also show how the time series
method can be used to interpolate data to times where no
measurements are performed. The interpolation is carried out
directly during the retrieval. It is based on the same underly- "
ing a priori statistics of the atmosphere, and it automatically
takes into account the quality of the nearby measurements.
By using the measurement response, a selection of the valid
interpolated values can be made. This selection is consistent
with the retrieval, and removes the need for ad hoc, post-
processing selection algorithms to fill data gaps.

0
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Some earlier studies have also used the temporal dimen-
sion in the retrievals, in particular, the AURA-MLS retrieval
of ’'noisy’ products (Livesey et al., 2006) is similar to the
time series method suggested here. The difference is that,
whereas the MLS retrievals invert all spectra simultaneously
into one mean profile over the entire time period, the time
series inversions uses the MAP method to determine the op-
timal averaging period and produce a complete time series.

The advantages of using the time series inversion tech-
nique will depend on the instrument and species studied.
This paper has focused on water vapour retrieval from a mi-
crowave radiometer, but the method will similarly benefit in-
struments retrieving other species such as Og, or using other
methods, such as FTIR. Another useful applications of the
method is the retrieval of several species, or atmospheric
variables requiring different averaging times.

An additional, interesting aspect of the approach is the
possibility to also consider time correlations of instrument
variables. For example, the practical test case used here in-
cluded the retrieval of polynomial coefficients to describe
“baseline ripple”. The a priori variability of these coefficients
are set to be the same, independent of integration time, and
uncorrelated between measurements. However, if the tem-
poral correlation of baseline changes is determined, it can be
incorporated in time series inversion. This would result in
an extension of the measurement response downwards com-
pared to retrievals using a single spectrum or 48 h averaged
spectra.

The time series inversion technique offers several advan-
tages over traditional averaging. In particular it offers a way
to produce a single consistent dataset from retrievals that
span a wide set of altitudes, optimising the temporal reso-
lution at each altitude. This removes the need for multiple
datasets for variables requiring different integration times.
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