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This thesis discusses the mesospheric retrievals fromdpgbtral resolution infrared limb mea-
surements data as measured by the Michelson Interferofoeteassive Atmospheric Sounding (MI-
PAS). Altough MIPAS was designed for stratospheric stydéasce April 2007, MIPAS measures
the entire mesosphere at least every ten days using a spiesi@hg mode. Retrieving geophysical
properties at such high altitudes requires careful atiardiie to signal to noise limitations as well as
the intrusion of non Local Thermodynamic Equilibrium (ndrd) effects.

The three main parts of this thesis are:

(1) The evaluation of the Oxford MIPAS middle atmosphereadet (profiles of pressure, temper-
ature, BO, O3, HNO3, CH4, N2O, NO, and CO) as retrieved by the iterative algorithm MORSE.
Comparisons of daily zonal means, daily zonal sections antparisons of pairs of profiles against
several mesospheric instruments are shown.

(2) The description and validation of a new linear (nonate) retrieval algorithm. This algorithm
exploits the linearity of an optically thin path which allevo use all the available spectral points of
the target parameter rather than just subset of the spectra.

(3) The validation of the modelled vibrational temperasuised either in the MORSE or in the linear
retrieval to estimate the influence of the nonLTE effectsruib@ measured radiaces.

This thesis also briefly investigates the potential of thgiHResolution Dynamic Limb Sounder
(HIRDLS) instrument to provide valuable mesospheric infation, as well as the detection of polar

mesospheric clouds using MIPAS radiances.
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CHAPTER 1

Introduction

As shown in Figure 1.1, the atmosphere is usually divided layers according to the sign of the
temperature gradient: the troposphere, (the lowest layleeye the temperature decreases with height
due to adiabatic expansion of convected air; the stratospldere the temperature increases due to
ozone absorption of UV solar radiation; the mesospherereviie temperature decreases again due
to thermal radiation to space; and the thermosphere wherethperature increases mainly because
of molecular oxygen absorption of UV solar radiation. Thetdary regions between the layers are

called the tropopause, stratopause, and mesopause,tiesgec
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Figure 1.1: Thermal structure of the atmosphere.



The troposphere, also known as the lower atmosphere, isttha@spheric region where most
of the clouds and weather systems occur. It has been ex¢gnsitudied through meteorological
soundings. The stratosphere, which contains the ozone l@&been continuously monitored due to
the importance of the absorption of harmful UV radiation kgme. The mesosphere, despite its many
fascinating phenomena (explained later) is to date oneeolieidist explored parts of the atmosphere.
The stratosphere and the mesosphere are together knowa iaditie atmosphere (MA). Above it,
the thermosphere and the exosphere, where the atmospheséntio space, are referred as the upper
atmosphere.

The motivation of this thesis was to investigate the fedigibof using satellite infrared remote
sensing to retrieve temperature, pressure and compositioresospheric heights. In particular, to
assess the quality of the atmospheric data retrieved withMiithelson Interferometer for Passive
Atmospheric Sounding (MIPAS, detailed in section 3.1) amal High Resolution Dynamics Limb
Sounder (HIRDLS, detailed in section 3.2).

The mesosphere is the atmospheric region between about BB&ne stratospheric temperatures
reach their maximum until about 85 km where mesospheric ¢eatpres reach their minimum. Many
interesting phenomena occur in this region. For instarisgemperature under polar sunlight con-
ditions is the coldest natural temperature found on Eariti mvean temperatures of 130 K [Lubken
and von Zahn, 1991]. Furthermore, despite the loy@OHoncentrations at these altitudes, these low
temperatures enable ice supersaturation to exist formangriystal clouds (hamed Polar Mesospheric
Clouds). Many meteoroids burn up between about 75 km to 12@épasiting metal atoms which
form global thin layers observable by spectroscopic tepes and LiDAR. In addition, it hosts the
secondary and tertiary ozone peaks and dynamical featuobsas tides and gravity waves play an

important role on its winds, temperature and density fields.

1.1 Mesospheric thermal structure

Under radiative equilibrium the expected thermal struetofr the mesosphere would be a cold area
in the polar winter region due to the lack of direct solar aidn, warming up towards the summer
region. However, as shown in Figure 1.2 the mesosphericdeatyre deviates considerably from
radiative equilibrium showing warm temperatures over thetev pole and cold temperatures over

the summer pole.

!LiDAR is the acronym for Light Detection And Ranging and twadly it is an optical RADAR.
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Figure 1.2: Schematic of zonal mean temperatures for June. The cliogtaised was CIRA [1988].

Murgatroyd and Singleton [1961] derived the mean meridi@irgulation required to explain
such a temperature deviation so far from its radiative ériiim. This circulation requires air ascent
over the summer pole and air descent over the winter poleseltising and descending motions
lead to adiabatic cooling and heating respectively. Hetimetemperatures observed are a balance

between the dynamical heating and the radiation among thesgiheric layers.

1.2 Mesospheric cooling

In addition to dynamical heating / cooling, an importantreewof heat in the mesosphere is the energy
released when solar UV radiation breaks the chemical boh@s and G while it is lost mainly by
radiative cooling. Radiative cooling in the mesosphereimmarily driven by CQ emissions to space,
followed by O; and H,O [Lopez-Puertas and Taylor, 2001]. Hence, an increasesienfjouse gases

in the atmosphere should lead to a mesospheric cooling iti@utb the tropospheric warming.

Roble and Dickinson [1989] predicted that doubling the,Gdd CH, concentrations should
cool the mesosphere up to 10 K due to the enhanced longwaatioad Confirmation of this cooling
effect was found by Aikin et al. [1991] by analyzing ten yeafsLiDAR data. Note that this is
presumably the largest component of climate change. Hunttre, Roble and Dickinson [1989]
also predicted a significant alteration of the compositiatistributions of major and minor species.
In particular, HO will increase with increasing CH and CO will increase with increasing GO

concentrations.



1.3 Polar mesospheric clouds

Polar Mesospehric Clouds (PMCs) are the highest clouds oth E@cated around 82 km [Jesse,
1887]. These clouds are composed of water ice particles/[glet al., 2001]. Hence, their existence
is due to the polar summer mesospheric low temperaturesitaties water ice saturation despite
the low H,O concentrations of the mesosphere. Thomas et al. [198gksted that, since PMCs can
only form under special conditions, changes in their brighs and geographycal extension may be

used as an indicator of climate change.

1.4 Mesospheric Q

Ozone in the atmosphere acts as a shield by absorbing mdst @iidlogically harmful ultraviolet

sunlight. Its distribution in the middle atmosphere in gahshows two distinct maxima, one located
in the stratosphere (the so called ozone layer) and othatddadn the vicinity of the mesopause.
Both maxima occur despite the continuing destruction gfdDe to chemical reactions involving
hydrogen. The stratospheric maximum occurs as the restitteofarge amounts of atomic oxygen
being produced in this region due to photolysis of & solar radiation in the range 185nm to
242 nm while the maximum in the mesopause region is due toiatorygen being produced by

solar radiation in the 137 to 200 nm range.

In these regions, Ois produced faster by the 3-body reaction given by
Oy +hyr—0+0

O+0,+M—03+M (1.2)

where M is a third body (i.e. molecular nitrogen); than it is desady Bates and Nicolet [1950]
proved that the depth of the minimum between these peaksndspmn the amount of hydrogen

radicals available.

In addition to this secondary maximum, Marsh et al. [2001ngisatellite measurements showed
the existence of a localized ozone maximum around 72 kmigesirto high latitudes in the polar
winter region. They showed that this local maximum is due¥odoncentrations of hydrogen radicals
in this region. These hydrogen low concentrations are theegquence of low water vapour photolysis

due to large optical depths.



1.5 Dynamical features

In section 1.1 it was said that the mesosphere requires a mesadional circulation in order to
deviate the temperature distribution from its radiativailiorium. Nowadays, it is generally believed
that the mechanism that provides most of the forcing reduoelrive this circulation is the ‘breaking’
of gravity waves [Andrews et al., 1987]

In simple terms, gravity waves are atmospheric waves whereestoring force is buoyancy. Most
of these waves are generated in the lower atmosphere byraggugor by convection but propagate
upwards into the mesosphere where the density decreasdbaandmplitude rises. However, this
growth eventually reaches a point where it becomes comedgtiuinstable and the wave ‘breaks’
depositing momentum and producing turbulent mixing of clcairspecies.

In a addition to gravity waves ‘breaking’, other dynamictteas that influence the winds, temper-
ature and density in the mesosphere are planetary wavegdrandpheric tides. Planetary waves are
large scale oscillations under the influence of the Corigfisct while atmospheric tides are global
scale daily oscillations mainly forced by variations ofaschbsorption by ozone and water vapour

(such as the well known equatorial tide).

1.6 Thesis outline

For the convenience of the reader, this section outlinesdheent of the following chapters:

e Chapter 2 provides a brief summary of the theoretical bamkyt needed (radiative transfer

theory and retrieval theory).

Chapter 3 describes the MIPAS and HIRDLS instruments asagalther satellite mesospheric

instruments currently in operation.

Chapter 4 describes work performed in order to evaluatedberacy of the mesospheric MI-

PAS and HIRDLS measurements.

Chapter 5 shows the feasibility of observing PMCs in the M3Rpectra.

Chapter 6 presents the validation of the MIPAS middle atrhesp geophysical products as
retrieved by MORSE.

2As for the rest of this section



e Chapter 7 details a new linear scheme developed for midaiesgghere retrievals from MIPAS

spectra.

e Chapter 8 covers an evaluation of the nonLTE vibrationalperatures used currently in the

MIPAS retrieval scheme previously discussed.

e Chapter 9 summarizes the work presented in this thesis atidesupossible future work.



CHAPTER 2

Remote Sensing

Two years after the launch of the Sputnik, Kaplan [1959] ssted that the measurement of ther-
mal infrared radiation reaching an earth-orbiting sdteliould be used to deduce the temperature,
pressure and moisture in the atmosphere. The viabilityisftéthnique rests on the fact that the in-
frared spectral radiation is determined by the vibratiomdividual atoms with respect to the others
and also by the rotation of the molecule along any axis. Thmmance of these interactions is that
they differ from molecule to molecule according to the getrioal alignment and the masses of their

atoms which determine a set of discrete energy levels atwhiase interactions can occur.

The transition from one energy level to another implies thgogption or emission of a photon

with energy equal to the difference of the energy levelsmyiveF, by:
AL = hev (2.1)

whereh is the Planck constant andis the wavenumber of the photon, and therefore a detector
measuring such radiation will detect a decrease or an eshaamt of the intensity at that particular

wavenumber.

Furthermore, the combinations of the valid set of energglteallow the molecule to emit or
absorb photons usually in a clustered group of frequenéis)ing, when dealing with in the in-
frared region of the spectra, a vibrational band; allowhgdiscrimination of radiation from different

molecules by measuring different regions of the spectrum.

Once the observations are made in appropriate regions dptbetrum, the retrieval of atmo-
spheric parameters requires the fitting of a theoreticalehdthe purpose of this model is to simu-

late the radiance received by the satellite instrumentraisgia known atmospheric state along the

7



path. Such model is usually referred as the ‘forward modebposed to the fitting process which

is known as the ‘inverse model'.

2.1 The Forward Model

Assuming a stratified atmosphere, the infrared atmosphadiance leaving the atmosphere will be
given by the absorption of the radiation from a given soutas fhe emission (and absorption by the
following layers) of photons according to the charactaristmperature, pressure and composition
of each layer. Assuming the geometry of Figure 2.1, at aq4dai wavenumber, the numerical

integration of such radiative transfer equation can be tdated as,

L:LOTO+ZJi [’7'1;1 —Ti] (22)

7

where L is the term associated to the cold space background at thefeéhd path, negligible for
infrared wavelengthss; corresponds to the transmittance from the satellite upecttatified level

and.J is the source function corresponding to each layer.

O <o

~
&

Figure 2.1: Schematic showing the type of geometry assumed in the farmadel.

The source function specifies the number of photons thatraitéeel and absorbed in a light beam
by certain material as the light passes through. Milne [18@6ived a general source function as,
2hc?v?

= (nigu/nug) — 1 (@3)

wherec is the speed of lighty is the population of molecules in the uppeand lowerl energy levels
with their corresponding degeneracigsT he significance of this equation is that the source functio
is different for each transition of each molecule varyingaadingly to the population of the internal

energies. Such populations are determined by a balancecithtton and deexcitation processes,

8



including emission and absorption of radiation, photocleahreactions and collision mechanisms
[Wintersteiner et al., 1992]. Under local thermodynamiaiiorium (LTE), when these populations
are coupled to local kinetic temperature of the surroundjas; or more specifically, when the upper
and lower levels in question are determined by the Boltznthstnibution given by,

fﬂ::gﬁema<_2;”> (2.4)

wherek andT are the Boltzmann constant and the kinetic temperatur@ectigely; the general

source function reduces to the Planck function

2hctu3
B = 2.5
exp(hev/kT) — 1 (2:5)

which implies that it is merely a function of the wavenumbed &he kinetic temperature of the gas,
i.e. B=B(v,T)

The transmittances, is a complicated function which varies according to the evaxmber, the
absorber volume mixing ratiog the absorption coefficiernt and the air density of the layer, and

can be expressed as,

T, = exp (— Z Xk) (2.6)
k=1

Xt = Prlk Z Vg jOk; (2.7)
J

wherey. is the optical thickness of the stratified atmosphere layghe suffix;j represents different
absorbers and, is the length along the path in laygrwhich varies depending on the instrument
viewing geometry.

The absorption coefficient;, corresponds to those discrete sets of wavenumbers at whath
molecule can absorb or emit radiation, known as absorptiws. In order to accurately retrieve
concentrations, pressure and temperature from the olosepeztra, their line position, line strength
and line width must be properly modeled.

In simple terms, their line position corresponds to the rdigcenergy levels determined by the

atomic structure of the molecule. The line stren§tts given by,

S= /0 " odv 2.8)

which is mainly determined by the population of the lowetestaf the correspondent transition.

9



In practice, the line width depends on two mechanisms: siofis between molecules or atoms
(pressure broadening) which limits the lifetime of an eadistate or Doppler shifts of the photon
frequency (Doppler broadening) due to the movement of tHecnées relative to the observer. As can
be inferred, pressure broadening is the main broadenindpanéim at low altitudes while Doppler
broadening dominates at high altitudes where collisioedess frequent.

Although the modelling of the absorption coefficient is adamental part of the radiative transfer
equation, a full discussion is beyond the scope of this shésidetailed discussion about line shapes
can be found in Goody [1964].

Once the radiance leaving the atmosphere is known, the fdrm@del needs to modify such
radiances to simulate the effects of the instrument opiicgarticular, the instrument line shdpe
ILS, and the instrument field of viewf'OV. The simulated measuremerts, are then computed

by the convolution of the modeled atmospheric radiahaeith both of them:
Sm = //L x [ILSdvEFOVdz (2.9)

As it may be inferred, the forward model is the more time conisig due to the numerous com-
puter operations involved in solving equation 2.2 and éqo&.9.

In this thesis the model used is the Reference Forward M&#elA) developed at Oxford Univer-
sity to provide, originally, MIPAS spectral calculations but which has evolved into a genadiative

transfer model [Dudhia, 20@R

2.2 Inverse model

The inverse problem or the retrieval problem is the secoeyl &t infer atmospheric parameters from
infrared radiation and it is the problem in science of fitteagnathematical model to a given set of
observations.

Following Rodgers [2000], a common solution is to minimise sum of the squares of the dif-

ferences which is called the ‘least squares fit'. Assumirigeal system:
y=Kx +e (2.10)

wherey andx represent a given set o measurements and a setro&djustable model parameters

The response of the instrument to a monochromatic radiance
2described in Chapter 3

10



(the state vector) respectively and whétas the Jacobian matrix ranked x n (wherem greater

thann) with valuesK;; = dy;/0x;. In addition,e represents a given set mfmeasurement errors.

It can be shown that the solution may be found by minimizireydbst function:
X =y — Kx)T S (y — Kx) (2.12)

whereS, is the error covariance matrix, ranketd x m. The diagonal elements of this matrix are
the measurement error variance while the off diagonal aisnare the correlations (strictly, the
covariances) between the different error elements. Tl eavariance matrix values are given by

S.,. = E(e;e;) whereE is the expected value operator ancande; are thei’ and;*" elements of

the measurements error.
The solution for the state vecto, that minimises this cost function (equation 2.11) is gitagn
x = (KTS;'K) ' KTs; ly (2.12)

with errors associated of

s = (K7s;'K) ™ (2.13)

When the theoretical model is a highly non-linear systera ttke forward model explained in
section 2.1, the fitting process needs to be solved itetatidé each iteration the model is linearised
around a certain set of conditions and therefore, even tholwg problem is not linear, the main
calculations are similar. A linearization of the forward aed F(x,), around a given set of initial

model parameters, can be written as,
y—F(Xo) =Ko(X—Xo) +€ (2.14)

whereF(x() are the simulated measurements as a result of running tvardmodel with an initial
state vectorxy. The solution for this problem can be found by rewriting thiejious equation as
Ay = KyAx + e and noticing that this resembles the linear system (equa&tiv0) which solution,

as explained before, will be given by,

Ax = (KIS 'Kg) T KES T Ay (2.15)

11



which can be rewritten as,
o —1 _
X =Xo + (KEST'Ko)  KES, ! (y — F(x0)) (2.16)

and which has an associated error given by equation 2.13

The state vector computed is not the final solution but rajiingtr a better estimate of the ini-
tial guess,xy, and the process needs to be iterated with the state vestocgmputed as the new

linearization point and equation 2.16 becomes,
_ -1 -
Xip1 =% + (KISTKG) KIS (y — F(x) (2.17)

which implies that at each iteration the forward model ndedsoduce a new set of simulated mea-
surements as well as new Jacobian values. Under this sceaazonvergence criterion needs to be

defined for stopping the iteration process.

Although this method might reach convergence for cases wh@mon-linearities are weak, in
general at any iteration it can estimate an state vectoriticedases the value of the cost function
leading to divergence. A standard technique to cope withghbblem is the Levenberg—Marquardt
method [Press et al., 1986] which introduces the the Lewgribéarquardt parameterinto equation

2.17 that becomes,
Xit1 =% + (KTST'K; + A T KIS (y — F(x,)) (2.18)

wherel is the identity matrix and wherg is increased or decreased during each iteration depending
on the cost function changes. By doing this, each iterasdioriced to get closer to the solution or
discarded. Itis important to note that the Levenberg—Mardumethod reaches the same solutias

the one found when using equation 2.17 because both are siingmhe same cost function [Ridolfi

et al., 2000].

So far, it has been assumed that the problem is well conditiobnfortunately, in general, infer-
ring temperature, pressure and composition from infraredsurements is an ill-conditioned problem
and in order to find a meaningful solution constraints nedzbtadded to the retrieval problem. There
are two main forms of constraining the retrieval: addengriori information to the retrieval or incor-

porating a smoothing constraint.

3Assuming that at the last iterationwas set to zero

12



When adding a priori data, the additional information can come from a varietyafrses such
as other experiments, from previous retrievals of the sarsuments or from climatological data
sets such as the COSPAR International Reference AtmosfBiRé) [CIRA, 1988]. By doing this,

the a priori atmospheric profile acts as an extra set of measurementd@dgt function becomes
=y = Kx)T STy = Kx) (X = Xa) TS, (X = Xa) (2.19)
which linear solution and associated errors, following &g [2000], will be given by,

X=X, + (KIS 'Ky +S,1) KIS (y — F(xa)) (2.20)

S, = (KIS 'K, + 5,17 (2.21)

whereS, is the covariance matrix of tha priori information, x,. Providing thatS, is invertible,
which is usually the case, the solutiancan be found no matter how singular the maiiXS; 'K,
is. This regularisation method is known as Optimal Estioratind the solution can be thought as
a compromise between the information from the measurenzertghe information of tha priori
date

The other type of constraint is the Twomey—Tikhonov redsédion that can be interpreted as a
smoothing filter at the expense of vertical resolution. Tagularisation can be obtained by minimis-

ing the cost function
X = (Y = Kx)T S (y = Kx) 4 (% = X0) TR(X = Xo) (2.22)

where~ is a factor that determines the strength of the regulaoisaind wherdR is a regularisation
matrix which can be chosen to constrain the magnitude of engarder derivative of the retrieved

profile x.

The Twomey-Tikhonov regularised linear solution [Rodg2@90] is given by
X = X0+ (KFS Ko +77'R) T KIS, (y — F(xo)) (2.23)

S, = (KI'S/ 'Ky +77'R) (2.24)

4An alternative form of this approach is named sequentiaineston. This form updates the state vector sequentially
assuming uncorrelated measurements, thus minimizingzé@tthe matrices involved. Mathematically these two rodth
(optimal estimation and sequential estimation) shouldduavalent.
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The inverse theory explained so far is not an exhaustive amnof the possible approaches that
can be used, it mainly explains the retrieval types that areggto be used in this thesis. A more

detailed treatment of the inverse problem can be found irgRied[2000].
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CHAPTER 3

Instruments

3.1 MIPAS

The Michelson Interferometer for Passive Atmospheric 8o (MIPAS) is a Fourier Transform
Spectrometer on board the ENVISAT satellite launched indid&002 [Endemann, 1999; Fischer
et al., 2000]. MIPAS observes the thermal radiation leathmy atmosphere in the limb sounding
geometry, illustrated in Figure 3.1, with an instantanele@¥ of approximately 3 km in the vertical
direction to achieve a good vertical resolution and 30 kninéntorizontal direction to collect enough
radiance [Endemann, 1999]. In this viewing geometry, MIRA&ually any limb-sounding instru-
ment) receives the radiation emitted by the atmospherayadine of sight that is normally identified
by the height closest to the surface, known as tangent hedgistuming a stratified atmosphere, it is
easily visualized that most of the received radiation cofras the atmospheric layer related to the
tangent height since it contains the longest horizontaimseq of the path and the highest pressure
(more molecules). This long ray path maximizes the amoustgsfal measured so that temperature

and minor species can be detected even at high altituded laydne cold space as background.

_,TANGENT
HEIGHTS

.
.,
.
.
el
.
.,

Figure 3.1: Schematic showing the limb viewing geometry.
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MIPAS collects the atmospheric radiation by the input apéind directs it on to a two beam inter-

ferometer (a modified version of the Michelson Interferametigure 3.2). Inside the interferometer,

MIRROR

INCIDENT
RADIANCE

SPLITTER

HOJHINW

COMBINER

DETECTOR

Figure 3.2: Michelson Interferometer basic optical configuration.

the radiance is focused on a beam splitter. The two beama|gidsd equal intensity) are reflected by
moveable cube cornérito a beam combiner where the beams interfere. Consteustidestructive
interference appears as function of the optical path diffee, creating an interferogram.

The interferogram/(z), of a given spectrumi.(v), measured by an ideal interferometer can be
written ag,

+o0
I(x) = / L(v) cos (2mvx) dv (3.1)
—o0

wherez is the optical path difference (cm). So by noting that theltésy interferogram is the Fourier
transform of the incoming radiation, the original spectrcam be recovered using an inverse cosine

Fourier transform,

+o0o
L(v) = / I(x) cos (2mvz) dz (3.2)

— 0o
However, in practice the cube corners (or mirrors) of therierometer can only travel a finite optical

path difference (FOPD). In that case equation 3.2 becomes

+L
L(v) = /L I(x) cos (2mvx) dx (3.3)

where L is the maximum FOPD. Figure 3.3 shows an example of the cotiwal of the original
spectrum due to the FOPD of the interferometer. As can beetbteach emission line presents

sidelobes which extend out to both sides. This can be urmterdty noting that the effect of the

tUnlike figure 3.2, MIPAS is configured in a slightly more comwploptical layout where the two cube corners are
moved, this leads to the advantage that two detectors carstaléd to collect all the available photons [Beer, 199%] &
provides redundancy [Fischer et al., 2000]

2considering only the alternating component of the intejeam
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@ Recovered Spectrum

® Apodized Spectrum

Apodization function
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radiance [nW / (cm? sr cm™)]

S0 1 W
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Figure 3.3: Convolution of an hypothetical spectrum due to the finitedagbtpath difference (FOPD) of the
interferometer before and after the apodization. The gadidin function used is shown in the subplot.

FOPD is equivalent to multiplying the theoretical (infinitaterferogram (equation 3.2) by a boxcar
function, that is to say, to convolve the original spectruithwa sinc function (the Fourier transform
of the boxcar function). This sinc function determines thstiument line shape and the spectral
resolution of the instrument (proportional to the FOPD).

In order to reduce these sidelobes in the spectrum, the meshisuerferogram can be multiplied
by an apodizing function. As shown in Figure 3.3, the apd@imaof the spectra yields to reduced
oscillations at the cost of spectral resolution. A commapgpdization used in the MIPAS algorithms
is the Norton Beer strong apodization [Norton and Beer, 1976

Between July 2002 and March 2004 MIPAS operated using a marioptical path difference of
20 cm which corresponds to a spectral sampling every 0.028 cfihese data are referred to as ‘full
resolution’ data. Unfortunately, the instrument devetbpeoblems with the cube corner slide mech-
anism and the instrument was switched off in March 2004. hudey 2005 operations were resumed
restricting the mirror movement to 40% of is original maximulisplacement corresponding to a
reduced spectral sampling (referred to as ‘reduced regolutr sometimes ‘optimised resolution’
data) of 0.0625 cm'.

The wide spectral coverage of MIPAS (between 685 trand 2410 cm') is divided into five
bands listed in table 3.1. Its high spectral resolutiontherfull or reduced resolution data, enables the
discrimination of emissions from different species as waelfrom different isotopes and vibrational
bands of the same species. Figure 3.4 shows the simulatieticadcontributions at a 24 km tangent

height for principal atmospheric emitters in the MIPAS gpgdands.
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Table 3.1: MIPAS spectral bands
MIPAS Wavenumberrange  Wavelength  Principal atmospheric

band [cnT ] [pem] emitting species
A 685 —970 10.30-14.59 GQO;, H,O, HNG;
AB 1020-1170 8.54-9.80 GOOs, H.0, N;O
B 1215-1500 6.67—-8.23 4@, CH,, N.O
C 1570-1750 5.71-6.36 NOQOH-.O
D 1820 -2410 4.14-5.49  GQO;, H,0, N;O, NO, CO

MIPAS simulated radiance contributions at 24km

105§ T T E
= 1 eCO,
- F A —AB— B —Cc— D .
{E‘ 10*= =
o E.M”» 1 eno
100 . - e HNO,
g g E ® CH,
E 10% — ® N,O
) = | =
2 = 1 eNO,
g 0 “ | “ *
g 10 (' \ r ‘ \ “ ﬂ‘r 3 °NO
£ ‘ | 3 eco
10°L i M“ |‘H ” - ‘ N |
1000 1500 2000
wavenumber [cm™]
Figure 3.4: MIPAS radiance contributions at 24 km for major emitting sps.
In the reduced resolution operation, the MI- 150 f AR
w A
PAS nominal (NOM) measurement mode con- g Mide amosphere mode
(]
=
sists in measuring 27 tangent heights starting § -1
T -
at 70km and descending to 6 km (with over- 100+ .- == 1
_ - ‘J ----------- — Mesopause
lapping of the FOV at some altitudes) but Ml- £ 2N E
(] E \\ [ |
PAS altitude coverage can be extended well into 3 g E
_ _ T s AN |
the thermosphere using special measurements 50l wo B ciiopase -
] -
modes (Figure 3.5) such as the Middle Atmo- é e E
»9 / ]
sphere (MA) mode with 29 tangent heights mea- & = =
Lok ’:‘-; ------ Tropopause
suring from 102 km to 18 km and the Upper At- 0| TROPOSPHERE ~ ~ _
_ _ 150 200 250 300 350
mosphere (UA) mode with 35 tangent heights temperature [K]

between 172 km and 42km. Since April 2007,

one day in ten observations are made using tﬁgure 3.5: MIPAS reduced resolution operation mea-

. surement modes.
MA mode and another using the UA.

In addition, the ENVISAT sun-synchronous polar orbit taltie 790 km, inclination 99 allows
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MIPAS to have a pole to pole coverage on each orbit and to medsih the day and night hemi-
spheres. In general, MIPAS measures in the ‘anti-flighttclion (rearwards) although it can also
measure in the anti-sun direction (sidewdy&Yhen looking in the rearward direction most measure-
ments are made approximately around 10:00 or 22:00 locat siahe (LST) which allows MIPAS

to study the diurnal cycles of the molecules observed. Tlemions are the measurements near
the poles where the satellite changes between the day timiglib time conditions or vice versa.
ENVISAT completes a single orbit in 100 minutes producinguaid 14 orbits per day giving MIPAS
global coverage every 24 hours. Figure 3.6 displays theithtial - longitudinal coverage for MIPAS
for a MA mode day. It also shows the good coverage around tla& pegions given by the rearward

direction.

3.1.1 MIPAS retrieval algorithms

Several algorithms have been developed to retrieve adtiudfiles of temperature, pressure and com-
position from the MIPAS spectra [Ridolfi et al., 2000; von @t@nn et al., 2003; Hoffmann et al.,
2005; Carlotti et al., 2006; Dudhia, 204]2 All retrievals are based on techniques such as the ones
described in section 2.2. These retrievals exploit themddaocy in MIPAS measurements which al-
lows the selection of subsets of the spectra, known as miedmws. These microwindows maximize
the information content as well as minimize the contributal other parameters that influence the
spectral lines selected, such as spectrally overlappiagiey nonLTE emissions, etc.

The use of microwindows instead of broader spectral interkialps to reduce the size of the
matrices involved in the inverse problem as well as the camguost of the forward model. These
microwindows are usually less than 3thwide and are preferred instead of using single spectral
points because the atmospheric continuum can be also fideding the effects of broadband features
such as aerosols and thin clouds. The microwindow selectommonly used is described in detail
in Dudhia et al. [2002]. This approach simulates a full estai profile modeling the propagation
of the instrument errors as well as the errors associateu atliter unretrieved parameters such as
the difference between the actual atmospheric concemtrati molecules whose spectral signature
overlap the spectral region of interest and the conceatratiised in the forward model. Therefore,
the microwindows selected with this method correspondedotst possible set of spectral regions for
a single atmospheric profile. In order to have a set of miandaivs that can be used at all latitudes

and seasons the microwindows need to be chosen considemegakatmospheric profiles which

3The sideways direction is only used for spectral campaignoh as detecting aircraft signatures in the MIPAS spectra
and is not used in this thesis.
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Figure 3.6: MIPAS coverage for the 3rd September 2007. The open and &itetks represent day and night

measurements respectively. Note that every few profiles e slight deviations along the orbit tracks. These
deviations are due to some azimuth scanning as part of theaehdirection which allows the observations to

be extended into the poles.

cover the atmospheric latitudinal variability.

In this thesis, the results of the MIPAS Orbital RetrievahgsSequential Estimation (MORSE)

algorithm will be evaluated (Chapter 6) and a new lineaiiaesl will be discussed (Chapter 7).

MORSE

The MORSE inversion strategy is based in a optimal estimagchnique. It was developed at Ox-

ford University to replicate and if possible improve theulés of the standard ESA processor but it

has been upgraded to retrieve more constituents as well mdrieve MIPAS data acquired using

different viewing modes (MA mode and UA mode) [Dudhia, 2802t uses the RFM as its forward
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model and it retrieves sequentially (each microwindow frtom to bottom) assuming that the noise
errors are only correlated within each microwindow (dueh® &podization) but not in altitude or
across different microwindows. This is the same assumjiseadl in the ‘global fit'’ approach adopted
by ESA, where all the measurements are incorporated sinadtesly. Mathematically these two

methods should be equivalent.

3.2 HIRDLS

Hlgh Resolution Dynamics Limb Sounder (HIRDLS) [Dials et, d998] is a 21 channel infrared
radiometer on board the EOS Aura satellite (altitude 705ikiglination 98), which was launched
into a polar sun-synchronous orbit on July 2004. The insémimmeasures the limb atmospheric
radiance with a FOV of 1 km in the vertical and 10 km in the hamial scanning the atmosphere
between 8 and 120 km. Its 1 km vertical resolution is the tsghesolution achieved by an infrared
limb satellite instrument.

The incoming radiance at the HIRDLS aperture is choppecdhagaispace view, which provides
a cold reference, and is directed through two sets of spditteas®. The first set is used to define
the spectral range of each channel (bandpass filters) arsbtiomd to suppress stray light going to
the cooled detectors. The spectral bandpass filters (onelgnwvere selected to maximize the target
molecule signal choosing carefully the spectral range tamrize the contribution from other gases
and, furthermore, to quantify such contamination meagutie other gases in other channels. The

detected radiancé}cy, at each channel is given by,

Rex = /A L) fendy (3.4)

whereL(v) is the radiance leaving the top of the atmosphere fangdis the filter response function
over the spectral rang&v.

The channels and their spectral ranges are listed in TaBlar8l illustrated in Figure 3.7. As
can be seen, for important measurements such as tempeaatli® several channels were designed
to provide redundancy. Three channels were selected intrapeggions where there is a negligible
radiance contribution from atmospheric gases to measuos@eextinction. A detailed description

of the selection of the HIRDLS channels can be found in Edwatdl. [1995].

4Spectral filters can be constructed by using the transnmissid reflection properties of certain materials. A detailed
description of the HIRDLS filters can be found in Hawkins ef£998].
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Table 3.2: HIRDLS channel spectral ranges.

HIRDLS Wavenumber Wavelength Target
channel [en!] [pem] species
1 563.06 —587.89 17.00-17.76 -®
2 599.88 - 615.01 16.25-16.67 ¢O
3 610.13-639.80 15.63 -16.39 ¢O
4 626.17 — 660.07  15.15-15.97 ¢O
5 654.88 -679.81 14.71-15.26 ¢O
6 821.02-836.12 11.96-12.18 Aerosol
7 834.72-853.24 11.72-11.98 CRC
8 859.85-904.98 11.05-11.63 HNO
9 914.91-932.84 10.72-10.93 CRC
10 990.10 - 1010.1 9.99-10.10 30
11 1011.12 - 1048.22 9.54-9.89 30
12 1119.82 - 1140.25 8.77-8.93 30
13 1200.48 - 1219.51 8.20-8.33  Aerosol
14 1228.50 - 1259.45 7.94-8.14 0%
15 1256.28 - 1282.05 7.80-7.96 O
16 1278.77 - 1298.70 7.70-7.82 CIONO
17 1324.50 - 1369.86 7.30-7.55 ¢H
18 1385.04 — 1434.72 6.97-7.22 L0
19 1402.52 - 1416.43 7.06-7.13  Aerosol
20 1422.48 - 1540.83 6.49-7.03 L0
21 1582.28 - 1633.99 6.12-6.32 NO
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Soon after launch it was discovered that the measuremenmts vae as expected. Several tests
led to the conclusion that during launch, a plastic film (Keg)tused for insulation detached from
one of the walls of the main aperture and it was blocking r&u@0% of the view [Barnett et al.,
2005; Gille et al., 2008]. Figure 3.8 shows an schematic efaperture blockage. As can be seen,
most of HIRDLS horizontal coverage was lost, the only scaith axternal view being the ones
made at the largest azimuthal angle away from the sun. Sheeddam width is larger than the
open width, the measurements at each detector are a combimdtthe infrared radiation of the
blockage, the instrument radiation reflected by the bloekatd the external (space or atmospheric)
radiation. When scanning from top to bottom at this azimiusimgle, the measured signal increases
because more blockage is seen and because the externtbradaies from cold space to a denser
atmosphere. Unfortunately, the movement of the scannimgoniauses the plastic film to vibrate

inducing oscillations in the measured signal.

SPACE
ATMOSPHERE

EARTH

ORIGINAL MAIN APERTURE MAIN APERTURE BLOCKAGE

Figure 3.8: Schematic of the main aperture blockage.

A detailed description of the algorithms for the recoveryraf data is given by Gille et al. [2008]
and a summary follows here:

In order to extract the atmospheric signal from the compaosignal data from a pitch up ma-
noeuvre is used. In this orientation the external view isifepace, so of zero radiance, and therefore
the detectors only measure the signal from the blockagehwiithen analyzed using Singular Value
Decomposition (SVD) at all elevation angles. The oscitlasi as well as the blockage emission are
characterized using empirical orthogonal functions whien, assuming that the plastic film behaves
similarly in the normal orientation, are used to remove tloekage signal. In the normal orientation,
the measurements corresponding to elevation angles whigread space and blockage are seen are
used to infer the radiance blockage behaviour at elevatigiea where the atmosphere is observed.
Once the blockage signal is derived it can be subtracted fn@ncomposite signal leaving the atmo-
spheric radiance reduced by a factor corresponding to the apea. So, to obtain the equivalent full

beam radiance, the atmospheric radiance must be dividdaebypen area factor. These radiometric
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corrections can be formulated as,
Ry — Rpr

OAF (3.5)

Rpp =

whereRrg, Ry and Rpr correspond to the radiance of the full beam, the radiancesuned and the
radiance derived of the plastic film respectively, and whierel" is the open area fraction. The open
area fraction is computed by modeling the blockage signahatzimuthal angle viewing only the
blockage, and at the angle with external view and subtrgdtiem. Currently, uncertainties of +5 to
—15% are estimated for this procedure.

Mostly due to these OAF uncertainties, these correctioasat completely accurate, neverthe-
less, a comparison between corrected and simulated radiafowed that the corrected radiances
were in general too small but varied with height approxityates expected. A global average radi-
ance adjustment factor was calculated using the GoddarcNgdand Assimilation Office (GMAO)
Earth Observing System Version 5 (GEOS-5.01) meteoradbgicalysis fields to correct for the OAF
uncertainties. Ideally, as the blockage correction imespthis factor will tend to one. Currently it
serves as a diagnostic of the correction algorithms. Workfiae the blockage emission subtraction
continues.

Another consequence of the blockage is that HIRDLS coveisagestricted to between 65S and
82N as shown in Figure 3.9. Furthermore, since the measuisnaee taken viewing practically

sideways, the local solar time between each geographicalitm varies.

Figure 3.9: HIRDLS coverage for the 3rd of September 2007. The open ded fiircles represent day and
night measurements respectively.

Despite the unfortunate accident during the HIRDLS laurioh, effectiveness of the blockage
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removal algorithms and the quality of HIRDLS data has beenalestrated in validation papers for
temperature, ozone, nitric acid, and aerosols [Gille e28I08; Kinnison et al., 2008; Massie et al.,
2007; Nardi et al., 2008]. The HIRDLS retrieval algorithnbased in an optimal estimation technique
and it is described by Lambert et al. [1999]. It uses a forwaabtel developed exclusively for

HIRDLS described by Francis et al. [2006].

3.3 Other mesospheric instruments

The purpose of this section is to give a brief descriptiorhefgatellite instruments currently measur-

ing the mesosphere. These can be divided into limb viewinlgoacultation viewing instruments.

3.3.1 Limb viewing instruments
MLS

The Microwave Limb Sounder (MLS) is an instrument that measthermal microwave limb emis-
sion in five spectral regions from 115 GHz to 2.5 Thz. It wasithed (as was HIRDLS) in July 2004
on board the Aura spacecraft. MLS scans the limb from thergtda about 95 km 3500 times per
day. It covers between 83 and 82N providing near global coverage. The vertical resolutibths
data is about 3 km [Waters et al., 1999, 2006]. In the currengion (2.2) the following parameters
are retrieved: temperature, BrO, @EN, CIO, CO, geopotential height,-, HCI, HCN, HNG;,
HO,, HOCI, cloud ice water content, ice water path N O3, OH, relative humidity with respect to
ice and SQ. These data have been extensively validated [Santee 20al; Pumphrey et al., 2007;
Barnes et al., 2008; Froidevaux et al., 2008; Schwartz g2@08].

OSIRIS

The Optical Spectrograph and Infrared Imaging System (T&IReasures spectra across the visible
range from 274 nm to 810 nm every 0.3 nm using diffractioniggst It is onboard the Odin satellite
which is in a sun synchronous orbit (altitude 600 km, indiima 97°) with ascending and descending
nodes near sunset and sunrise. Due to the nature of its ree@suts, this implies that OSIRIS can
only scan the summer hemisphere. In addition, the Odinlgats a multipurpose mission which
alternates between astronomical and atmospheric measotenm one day bins [Llewellyn et al.,
2004]. OSIRIS scans the atmosphere from around 7 to 65 or 99dmending in the observing

mode with an irregular vertical resolution. There are sgMewersion algorithms [Haley et al., 2003;
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von Savigny et al., 2003; Kaiser et al., 2004] which retri¢ive following parameters: £ NOs,
aerosols, BrO and OH. Note that since April 2007 Odin is atiolle atmospheric instrument since

the astronomy mission was stopped [ONSALA-webpage, 2010].

SMR

The Sub-Millimetre Radiometer (SMR) measure in the fregieen486.1-503.9 and 541.0-580.4 GHz
with a variable spectral resolution from 150 kHz to 1 MHz fkriet al., 2003]. It is mounted (as
OSIRIS) on the Odin satellite. It can measurg, ClO, N,O, HNO;, H,O and CO between 7 to
110 km with a varying vertical resolution from 1.5 km in theasosphere to 5 km in the mesosphere

[Ricaud et al., 2007].

SABER

The Sounding of the Atmosphere using Broadband EmissioiRetry (SABER) is an infrared ra-
diometer launched on the Thermosphere lonosphere Mesesihergetics and Dynamics (TIMED)
satellite in December, 2001. TIMED has a circular orbiti{aite 625 km) which precesses relative
to the local solar time, so has to be rotated °1LB0the yaw direction every 60 days. SABER ob-
serves thermal infrared limb emission in 10 channels betvé&® and 5880 cm! from the ground
up to 400 km [Mlynczak, 1997]. It obtains profiles from°®to 83N for about 60 days and then
from 83 S to 52N for another 60 days before returning to the first latitudowverage. The SABER
vertical resolution is about 2 km [Remsberg et al., 2003]B&R observations are retrieved with an
algorithm which includes nonLTE processes [Mertens eR@D1]. The data used here correspond to
version 1.7. Validation of this version for temperature aadne has been submitted for publication
according to SABER-webpage [2008] but the papers are stilbablished. Only temperature and

ozone are available from the SABER experiment.

3.3.2 Occultation viewing instruments

In the occultation geometry (illustrated in Figure 3.10j\aeg source (Sun or Stars) is measured first
above the atmosphere and then through the atmosphere andesgyr altitudes (or in the opposite
direction, starting through the atmosphere and then umya#ds the radiance from the source passes
through the atmosphere, absorption features can be dighned. A series of occultations at different

tangent heights are then used to derived atmospheric algpticfiles.
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Figure 3.10: Schematic showing the solar occultation geometry.

One of the main advantages of the occultation measuremeritat by dividing the occulta-
tions Iocc (typically below 100 km) by the radiances measured abovatim@spherdrgr (around

150 km) a self calibrated transmission spectrum,

7 = focc (3.6)
IRgr

is obtained.
The main limitations of this technique is that the measurdmaeed to be taken during sunrise
or sunset (or the star equivalent) limiting the number of sneaments to two per orbit for a given

source.

SOFIE

The Solar Occulation For Ice (SOFIE) experiment was laudde board the Aeronomy of Ice in
the Mesosphere (AIM) satellite in April 2007. SOFIE measuaémospheric absorption spectra in
16 spectral channels between 1879 to 34,480'cat tangent heights from around 100 km down to
the tropopause. Due to the AIM circular orbit (altitude 60@)k SOFIE measures 15 sunrises and
15 sunsets per day, each of them at the same latitude butdspgic@4 in longitude. In about 4
months, SOFIE sunrise coverage will vary from 65N to 85 N e/tiile sunset measurements varies
from 65 S to 85 S. The SOFIE vertical resolution is about 1.5Khe current version (1.01) includes
the retrieval profiles of temperaturezH,O, CH; and Ice extinction [Russell et al., 2009; Gordley

et al., 2009].

ACE -FTS

The Atmospheric Composition Experiment (ACE) satellitesaunched in August 2003 into a low

earth circular orbit (altitude 650 km, inclination %4 Its main instrument is a Fourier Transform
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Spectrometer (ACE — FTS) with a spectral coverage from 73@68 cn ! with a spectral sampling
of 0.02cnT!. It measures atmospheric absorption spectra at tangegtitedrom 150 km down to
4km with a vertical resolution between 3 to 4 km during summs sunset. Although, the ACE-
FTS covers only two latitudes per day, by assembling sedagd, global coverage can be achieved.
Version 2.2 (the current version) includes the followinglerales: pT', H,O, O3, N;O, CO, CH,
NO, NO,, HNO3, HF, HCL, N,O5, CLONG,, CCkF,, CChF, COK, CH,CI, HDO, SFK;, HCN,
CHjsCl, CF4, CoH5, CoHg,CIO and N [Bernath, 2006].

GOMOS

The Global Ozone Monitoring by Occultation of Stars (GOM@S) spectrometer onboard the EN-
VISAT satellite (as the MIPAS instrument). It measures apieric absorption spectra in the ul-
traviolet region between 248 to 690 nm with a spectral sargpdf 0.31 nm at tangent heights from

100 km down to 4 km. In addition, it also measures in the nefaaried between 750-776 and 916—
956 nm with a sampling of 0.06 nm. GOMOS vertical resolutiori.i7v km. GOMOS provides near

global coverage daily due to the several suitable start@rgewever strict quality controls must be
used when dealing with faint stars. It also provides both alag night measurements. The atmo-
spheric parameters retrieved by GOMOS age RO,, NO3, neutral density, aerosols,,8, O, and

in favourable conditions OCIO and BrO.

SCIAMACHY

The Scanning Imaging Absorption spectrometer for Atmogph@artography (SCIAMACHY) in-
strument is also on board the ENVISAT satellite (as well aPAB). It is a spectrometer that mea-
sures solar radiation in the ultraviolet, the visible ane tiear infrared spectral regions (240 nm —
2380 nm) at a moderate spectral resolution (0.2 nm — 1.5 riimreéin nadi?, solar/lunar occultation

or limb viewing observations. These viewing modes are usethg each orbit to retrieve tropo-
spheric, stratospheric and mesospheric compositiongnesospheric observations limb / occultation
measurements are used. Operationally, only the NO products covers the entire mesosphere.
In these modes, the atmosphere is scanned from the groundldP km in 3km steps [Bovensmann
et al., 1999]. Furthermore, the limb / occultation radiancan be used to detect polar mesospheric

clouds as described in von Savigny et al. [2004].

®In this type of geometry the atmosphere is seen near the Vecétal. This allows to have good horizontal coverage
but limits the vertical resolution.
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CHAPTER 4
Mesospheric Radiances

4.1 MIPAS calibration

An accurate calibration of any instrument is needed to enthat the datasets generated are reliable
for quantitative applications. In general, MIPAS caliliwatcan be divided in three steps: radiometric,
spectral and geolocation calibration. The radiometric settral calibrations convert the raw scene
into a limb radiance spectrum assigning absolute valugsetg-axis in nW / (cn? sr cnt 1) and to the
z-axis in wavenumbers (cm). The geolocation is the process of determining the tangkitade

of a particular measurement as well as its lat/lon positiorEarth. A detailed description of the
processing steps is given by Kleinert [2007] and a summdlgvis here:

The radiometric calibration is performed using deep spaca eold source and an internal cal-
ibration blackbody as a hot source. The deep space measuseare performed every four scans
in order to derive the instrument self emission (the majars® of offset in the spectra) which is
affected by thermal variations. This offset calibratioperformed separately for the forward and
reverse movement of the cube corner reflectors to cope withmgtries in the response of the inter-
ferometer. A combination of deep space and calibrationkblady measurements are used to derived
the gainG, as,

SBB
G= —"— 4.1
Lgp — Lps @1

where Spgp is the expected radiance due to the emission of the intetaaklmody, Ly and Lpg
are the observed radiance of the blackbody target and thespeee scenes. The gain calibration is
performed once per week.

An important aspect of the radiometric calibration is itestvity, normally expressed as the

noise equivalent spectral radiance (NESR). The NESR istédmelard deviation of a set of measure-
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ments for a well defined target (i.e. internal blackbody a¥pmepace) in order to be able to identify
the noise generated by the instrument itself. In simple $eitrepresents the measurement random
error in units of radiance and it is assumed to be uncoretlagtween spectral points.

In addition to the NESR derived looking at deep space or tternial blackbody, the NESR is
derived as well at each tangent height from the imaginary gfathe calibrated spectrum by taking
the standard deviation of the spectral points in 10 tiins.

The original NESR requirements for MIPAS operating at fealution are listed in table 4.1.
These requirements were designed to enable the retriegalefal species with high accuracy. Note
that these requirements were designed for unapodizedrapémt apodized spectra their values fall

for approximately a factor of 2.

Table 4.1: MIPAS NESR requirements [Fischer et al., 2000]

MIPAS  NESR requirement
band  [nW/(cm srcnT!)]

A 50
AB 40
B 20
C 6
D 4.2

[Dudhia, 2007] investigated the equivalent NESR valuesM&iPAS operating at the reduced
resolution. The effects of the shorter FOPD is that the NES#iRgraded by a factor qf0.4.

The spectral calibration is carried out using standard oreasents from the atmosphere between
29 to 35 km. From these scenes the wavenumber scale is de¢éekoning isolated spectral lines with
well known spectral postions. This calibration also casdor any Doppler shift induced due to the
relative movement of the spacecraft and the atmosphere.

The geolocation refers to the process of assigning anddtiand a lat-lon position to a given

tangent height spectrum derived from the line of sight pinangles and the spacecraft position.

4.1.1 Radiometric offset

The accuracy of the radiometric offset subtraction can tienaeted by analyzing if there is still an
offset in the calibrated spectra. Considering that at n@srsc heights the emission lines from most
gases are sparse and weak, after masking them, the remapenga can be treated as the residual
emission from the instrument itself.

The derivation of the offset starts by averaging apodizesttsp at each tangent height for a
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MIPAS simulated radiance contributions at 60 km
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Figure 4.1: Simulated and averaged spectra for the 12th December 2002 .white line in the top panel

represents the threshold level for identifying an emissilo®. Bottom panel shows the mesospheric “space
view” and the residual offset (see text).

whole day in order to improve the S/N ratio. Afterwards, diations of the most abundant gases
in the mesosphere are used to identify the emission linesemdve them leaving, theoretically, a
“space view”". These simulations were performed using thB1RRd assuming nonLTE midlatitude

conditions for the molecules listed in Figure 4.1. If a siatet emission line was greater than 1% of

NESR for the corresponding MIPAS band that measurement vaa&ed out.

Figure 4.1 displays the spectra simulated for each moletieaveraged spectra for the 12th
December 2002 at 60 km tangent height as well as the “spaeg dierived after the application of
the spectral masks. The residual offset is a smoothed veddithe “space view”. Although these
residual offsets are nonzero, they are below the MIPAS reisds. An unexpected emission feature
remains in band D around 1980 cry although the conclusions at the end of this section are not

affected by it because it will only affect a small sectiontwd bffset of band D.

Since the instrument offset is particularly sensitive targes in the instrument temperature,
despite the fact that it is determined around 20 times pet, aiimall deviations will be found along
the orbit. Figure 4.2 shows the mean derived offset orbigaiation for the band A at the tangent
height of 60 km for the 12th December 2002. Analysis of theat@ns of the derived offset may be
used to detect unidentified molecular emission (e.g. théamed around 1980 cm) or atmospheric

phenomena such as the emission of polar mesospheric clBiMiS)((chapter 5).
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Figure 4.2: Radiometric offset derived from the mesospheric “spacefer MIPAS band A along the 12th
December 2002.

As described previously, the offset calibration is perfediseparately for the forward and reverse
movement of the cube corners. The same analysis can bedfipiia average spectra of only forward
or reverse sweeps to investigate if there are any anomaligeidifferent calibrations. Figure 4.3
compares the radiometric offset derived for forward aneisy sweeps averaged over one day, for
full and reduced resolution operation.

As can be seen, there is a large systematic difference bettheeforward and reverse offset
for the full resolution operation. This behaviour was foundeveral days analyzed and is reported
in Kleinert [2007]. Theoretically, a systematic differenbetween the forward and reverse sweeps
can induce systematic oscillations in the atmospherigeretis because adjacent tangent heights are
measured with opposite sweep directions.

In the case of the reduced resolution operation there isrge tifference between the two offsets
derived. Although the offsets are smaller than 10% of the RBSeach MIPAS band, they are still
non zero. Furthermore, at mesospheric heights where tien@damplitude is significantly reduced
in magnitude this offset might induce an overestimationhe&f &tmospheric parameters unless the

retrieval fits the offset as well. Note that the ESA level Ziesals and MORSE fit a radiometric

offset in each of the microwindows.

4.1.2 NESR

As has been said the NESR quantifies the noise levels in tlae tdapractice, the NESR is impor-

tant because it determines the measurement error covanmatix (the weighting for each spectral
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Full Resolution radiometric offset
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Figure 4.3: Forward and reverse offsets for full and reduced resolufitve 12th December 2002 was analyzed
for the full resolution while the 7th June 2007 for the redlipesolution operation.

point) used in any of the retrieval schemes explained in@et2. Using a simple standard deviation
approach, the mesospheric “space view” measurements samalused to validate the NESR esti-
mate. Figure 4.4 shows the NESR reported in the L1B data andehved for a full and a reduced

resolution scan at 60 km for an apodized spectrum. In thie oalyy one scene (not averaging over
one whole day) is used to directly compare it against theegahi NESR in the L1B file.

Generally, these NESR estimates are in good agreement.u@iders “spikes” in the mesospheric
“space” derived values (for instance around 2250 &nis due to the smoothing over regions con-
taining masked values. In those regions atmospheric emnidsies were identified and therefore,
masked out. The NESR meets the requirements of the fullugsoloperation and the equivalent
requirements for the reduced resolution operation. Adogrtb Kleinert [2007] the most important
effect on the NESR is ice accumulation on the detector whiai worsen by a factor of 20% between

decontaminations.

4.2 Middle atmosphere calibration

In theory, the different MIPAS viewing modes only differ ihet tangent heights measured, that is
to say, all of them should be equally well calibrated. In gica; as will be shown, the radiometric

calibration of the middle atmosphere data differs consildigrfrom the nominal mode.
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MIPAS NESR Full Resolution data
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Figure 4.4: NESR estimated by the L1B processor and derived from the spésoic “space view”. The scan
analyzed for the full resolution is the first scan of orbit 841and for the reduced resolution operation is the
first scan of orbit 27540. Both orbits correspond to the firbitef the days used in Figure 4.3 respectively.

The test is based in comparing averaged radiances (betvdggarzd 20 N) of adjacent tracks of
consecutive days. Three adjacent tracks as displayed imd=5 are used. Two of them correspond
to NOM viewing modes and the other one to MA mode (either imiattety after or before the nominal

mode tracks).
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Figure 4.5: Three MIPAS orbit tracks in consecutive days used to comffeeMA calibration. The solid
circles show the scans between 20S and 20N. The orbit traeksodor coded according to the date, orbit
number and viewing mode.
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The difference between the NOM—NOM and the difference betwthe MA-NOM averaged
radiances should be comparable assuming that no signitidamdspheric change occurred during
those days. Figure 4.6 shows the MA—NOM and the NOM-NOM uéffiees at 18.87 km. Since
the spectra are at different engineering altitudes, the NspiCtra was interpolated to the lowest
engineering altitude of the MA data to avoid extrapolationthis case 18.87 km . As can be seen,
the difference found in the MA-NOM case is bigger than thainfb in the NOM-NOM case and

furthermore it displays some structure rather than beiogecto zero and flat.
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Figure 4.6: Averaged spectral difference between 20 S and 20 N for MA—N@Mts (top) and NOM—-NOM
orbits (bottom) at the lowest MA tangent height. The red litigplayed is the smoothed version of these
differences.

To investigate this further, Figure 4.7 shows the smoottitfdrences at several tangent heights
for the MA—-NOM and the NOM—-NOM cases. For these comparisaasmell as for Figure 4.6) the
nominal mode average radiances were interpolated to thage@ MA tangent heights between 18
to 70 km to avoid extrapolation. As portrayed in the Figutee MA-NOM smoothed differences
are always larger than the NOM—NOM ones and, in additionstheothed difference corresponding
to the tangent height at 18.87 km (lowest MA tangent heigtitliree) seems to have an anomalous
behaviour.

Several consecutive orbit tracks, as listed in table 4.2evemalyzed to investigate if the MA
calibration discrepancies were consistent with time. g8 shows the smoothed differences for the

MA-NOM and the NOM—-NOM cases at the lowest tangent heightesponding to the MA averaged
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Figure 4.7: Smoothed averaged spectral difference between 20 S and 28EMaaal tangent heights.

tangent height. As can be seen, when comparing the NOM-NGlekoaith the MA-NOM cases, it
seems that there is always an anomalous behaviour at tigisrtaheight. The smoothed differences
for the rest of tangent heights (not shown here) also shovgdhge behaviour as in Figure 4.7 (i.e.

always show a greater spread and not an almost flat difference

Figure 4.9 shows the MA—-NOM difference for the 29230-292dBsecutive tracks as well as the
pressure Jacobian treated with the same smoothing. As ceeele the similarity of the two curves

is remarkably good, suggesting that these anomalies aveiatsd with a pointing problem.

It is important to note that although the previous MA calttma analysis has been presented only
for scans between 20 S and 20 N, similar results are obtainel latitudes. As has been said, the
standard MIPAS algorithms fit a radiometric offset in eacttnmwindow and hence, presumably,

these MA calibration anomalies will not affect the retrilsva

Table 4.2: Consecutive orbit tracks used to compare the MA calibration

MA NOM NOM
2007/06/07 27541 2007/06/08 27555 2007/06/09 27569
2007/10/03 29230 2007/10/04 29245 2007/10/05 29259
2008/10/23 34756 2008/10/22 34741 2008/10/21 34727
2009/02/25 36545 2009/02/24 36531 2009/02/23 36517
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4.3 HIRDLS mesospheric radiances

Due to the main aperture blockdgélIRDLS radiances are subject to several corrections. dori
these corrections subtract the Kapton emission from thesuned radiance leaving only the atmo-
spheric emission. So far, the HIRDLS scientific team has mao correct the radiances around
the upper troposphere and the stratosphere, however nousb attention has been given to the
mesospheric radiances. In the following, an analysis oHtRDLS mesospheric radiance behaviour
is presented.

Much insight can be gained by simply looking at averagedarachs. Figure 4.10 displays the
result of this averaging for each channel for the 15th Jagn@@N6. The version used was 4.00

(also known as 2.04.19) which is the latest released vergksncan be seen, the mean radiance of

Mean radiance for HIRDLS channels
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Figure 4.10: Averaged radiance for HIRDLS channels (for reference sgerEi3.7) for the 15th January 2006.
Each channel is represented by a different colour.

all channels becomes negative towards upper levels. This®because during one of the multiple
correction processes the radiances are forced to be zezda@nhcheight. Presumably, above this level,
the radiances are considered “space view” and thereforkingke correction blockage algorithm as
explained in section 3.2.

The altitude of this forced zero height is fairly consisteantime for all the channels except for
number 8 (the HN@channel). Figure 4.11 shows the mean radiance for chanoelsg¥eral days in
2006. It seems that the radiances become negative in a raBg&m depending on the day, below the

forced zero height. Since channel 8 is the only one that ptess anomalous behaviour regarding

explained in section 3.2.
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the forced zero crossing when comparing it with the rest efd¢hannels, it was recommended to
the HIRDLS scientific team that the correction of this chdanwes verified. Figure 4.11 also shows
the mean radiance for channel 11 to illustrate the behav¥murd in the rest of the channels. It can

be noted that the radiances become negative practicalheaame height every day analyzed. The
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Figure 4.11: Averaged radiance for HIRDLS channels 8 and 11 for sevens @a2006. Each day is repre-
sented by a different colour.

mean radiances of channel 11 (ap¢hannel originally designed to sound well into the mesosghe
are shown because, in addition to the forced zero height,display a hump where the secong O

maximum lies (section 1.4).

To see if the peak around 90 km in channel 11 coincides witls¢itend @ maximum, simula-

tions of the HIRDLS radiances were performed using MIPAS sueaments.

4.4 HIRDLS simulations

To simulate the HIRDLS radiances with the MIPAS data, therfilinction of the HIRDLS channel
11 was interpolated onto the MIPAS spectral grid. The filessponse and the MIPAS spectral range
are shown in Figure 4.12.

Unfortunately, the MIPAS measurements only partially taqgmwith the filter width because the
HIRDLS channel 11 spectral range coincides with the gap é&etthe MIPAS A and AB bands,

therefore, a correction factor for the broader HIRDLS s ctoverage was developed.

This correction factorp, was defined as the ratio between the channel 11 response NiFRAS
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measured pari§y;, and the response to the whole spectral coverdgefor a given tangent height.

_ Sm

o= (4.2)

Simulations of both responses were generated using the RRbse simulations were performed
using midlatitude conditions and assuming that onfyednits in that spectral range. This correction
factor tends toward one as the height increases becausartha the HIRDLS channel not measured
by MIPAS corresponds to the tail of the filter and furthermitre O; emission lines are weak in that

region (as illustrated in Figure 4.12).

O, simulations at 69 km
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Figure 4.12: (Top) O; simulated spectra at 69 km. (Bottom) HIRDLS channel 11 fiésponse.

Once the filter is interpolated, the integrated HIRDLS—M&»adiance can be found using,
Lu=¢Y Lu(i)F(vi)Av (4.3)

whereLy is the simulated HIRDLS radiancé,; is the MIPAS measured radiance for the wavenum-
berv;, F(v;) is the HIRDLS filter function at the corresponding wavenumdoed Av is the MIPAS

spectral interval (0.0625 cm). Also, ¢ will vary depending on the tangent height integrated.

A unit scaling was also applied to convert from the MIPAS sifitW / (cn?sr cnt )] to the
HIRDLS units [W / (nm?sr cnt!)]. The different latitude coverage of the instruments wlae &aken
into account: MIPAS data north of 80N and south of 65S wereadded.

Figure 4.13 (left) shows the result for this simulation foe 22nd of April 2007 when MIPAS
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and HIRDLS mesospheric measurements were available. ®espgi obvious offsét the HIRDLS
radiance profile resembles well the vertical structure efrédiances derived with MIPAS and also
the radiance peaks coincide at 85 km. Furthermore, the HIRBhd MIPAS data can be divided
into day and night measurements to show the ozone decredrg day time. These results are also
shown in Figure 4.13 (right) and they strongly suggest thatHIRDLS mesospheric radiances may

contain useful atmospheric information despite the maértape blockage.
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Figure 4.13: (left) HIRDLS channel 11 mean radiance and HIRDLS simulatezhsurements using MIPAS
data for the 22nd of April 2007. (right) Same analysis as ipuesly but dividing the data into day and night
measurements.

Although this analysis has been presented for channel Thnitbe used on any other channel
providing that there is a considerable overlap with the MBP&easurements. Another technique
to validate HIRDLS measurements using MIPAS was develoged/@ymark [2009]. It consists in
feeding a radiative transfer model with MIPAS retrievalules to simulate the full HIRDLS spectral

range. These simulations are then integrated into thegmrreling HIRDLS filters functions.

4.5 Conclusions

In this chapter a technique to use the MIPAS mesospheriamadito derive the radiometric offset

and to validate the noise estimates was introduced. Fouthee$olution data, a discrepancy between

the forward and reverse sweep was found, this discreparecglba been noted by Kleinert [2007].
Moreover, a technique was introduced to evaluate the eaidm between adjacent tracks of con-

secutive days. This technique was used to compare theat#ibrof the MIPAS middle atmosphere

2This offset is presumably induced by the main aperture lagelor by the correction algorithm.
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viewing mode in comparison to the nominal viewing mode. Iswcovered that the MIPAS middle
atmosphere radiances seem to suffer from a pointing problem

Also, HIRDLS radiances were studied to investigate thelirav@our at mesospheric heights. Un-
fortunately, as part of the Kapton correction algorithne, iIRDLS radiances are forced to cross zero
at a given height (around the lower mesosphere) and theyoareatibrated above this level. Never-
theless using MIPAS measurements to simulate the HIRDLi@mads it was found that the HIRDLS
radiances show clear signatures of the secon@éak suggesting that if the forced zero level height

can be risen up above the mesosphere the HIRDLS radiancé® aemed for mesospheric studies.
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CHAPTER 5

Polar Mesospheric Clouds

Noctilucent clouds (NLCs) are cloud-like phenomena satfiiat they can only be observed visually
during twilight hours (i.e., when the sun is below the honizbuminating the cloud against a dark
background). The first public records of these phenomena imet885 by Leslie [1885] and Back-
house [1885] and two years later their height was deternimée around 82 km using photographic
triangulation [Jesse, 1887]. By the beginning of the 20thtwey it was established that they occur
mainly during the summertime in both hemispheres at latdugreater than S0and that they are
geometrically confined to a 1 km to 3 km layer [Thomas, 1991].

These clouds are composed of water ice particles [Hervid.eR@01]. Hence, their spatio-
temporal restrictions are due to the requirement of exthetoes temperatures to produce water ice
saturation. These temperatures are only observed in thesupolar mesopause region as explained
in section 1.1.

Thomas et al. [1989] suggested that their appearance inh@§have been due to the increase
of CH, following the start of the industrial revolution considegithat in the middle atmosphere ¢H
oxidizes to HO, hence, enhancing the water vapour available for the slguowth. That is to say:
NLCs are one of the first atmospheric manifestations of huactimities.

When viewed from space these clouds are termed Polar Mesasiouds (PMCs) and have
been detected mostly measuring scattered solar radiatioer én the visible or in the UV part of
the spectrum [Thomas and Olivero, 1989; Hervig et al., 200h;Savigny et al., 2004; Bailey et al.,
2005; Petelina et al., 2006]. Thomas and Olivero [1989Fradinalyzing nine summer seasons of
satellite data, concluded that the PMC season starts atidtighdes about 20 to 40 days before the
summer solstice (mid-March), that the maximum occurrenas feund 3 weeks after the solstice

(around mid-July) and that no PMCs where detected about @®afeer the solstice (mid-August).
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5.1 PMC detection by MIPAS

The PMC detection in the thermal infrared is challenging ttuthe low signal associated to the ex-
treme low polar summer temperatures. Nevertheless, Geosset al. [2006] detected PMC spectral
signature around 833 cm by averaging limb emission spectra recorded by the CRyodafrared
Spectrometers and Telescopes for the atmosphere (CRIF@¥8riment which flew in August 1997
on the Space Shuttle mission STS-85. Hence, the MIPAS raatitroffset derived (as discussed in
section 4.1.1) around 833 crhshould be affected by the PMC infrared emission.

Figure 5.1 (left) shows the averaged offset derived betv@@&nand 860 cm! at three different
latitude bins (90S-60 S, 20S—-20 N and 60N-90 N) for two hdigldls (one where PMCs are sup-
pose to exist~82 km and one where no PMCs are expecté&dd km). As can be seen, both offsets
(~82 km and~96 km) display a seasonal behaviour in the polar bins, witregimum around their
corresponding summer season while neither offset in thatedal bin displays any seasonality. This
suggest that the main seasonality in the polar offset i<éseal with the constant illumination around

the polar summer areas rather than PMCs.
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Figure 5.1: MIPAS radiometric offset in the MA mode averaged over 80B-86*.

Figure 5.1 (right) also displays the difference betweerBthkm offset and the 96 km (i.e., at and
above the PMCs altitude) for each latitude bin. As portrayleere is a clear enhancement around the
PMC season in the 60 N—90 N bin, while there is no enhanceme&hei20S—20 N bin and a hint of it
in the 90 S—60 S bin suggesting that it is possible to deter@miRMC signature in the data.

To corroborate that the enhancement found correspond®tBMC season, it was overplotted

(Figure 5.2) with the SCIAMACHY cloud frequency and the ML8&tsation over ice frequency
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for the 2007 and 2008 north polar summers. In this Figure offset corresponds to the latitude
bin between 60N and 80N to match the other datasets. The @tegdency is simply the ratio
of the SCIAMACHY scans flagged as cloudy and the total scaesmMd@en 60N and 80 N). The
SCIAMACHY PMC detection algorithm specifics can be found an\Savigny et al. [2004]. The
supersaturation with respect to ice frequency was derigetyuMLS temperatures and water vapour
concentrations The supersaturation with respect to ice frequency is ttie od the scans where
supersaturation exist against the total amount of scatwélea 60 N and 80 N also). The saturation
vapour pressures were derived using the Marti and Mauaysbét993] results for temperatures
between 170K and 250 K and using Mauersberger and Krankoj26i8] results for temperatures

below 170 K.
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Figure 5.2: PMC frequency (SCIAMACHY), ICE super saturation frequeyLS) and MIPAS radiometric
offset difference averaged over 800-860¢nbetween 60 N and 80 N.

As shown in Figure 5.2, the SCIAMACHY cloud frequency, the $lice saturation frequency and
the offset enhancement rise, peak and fall in the same masuggesting that this offset enhancement
really is due to the PMC emissién

In order to investigate further the possibility of detegtiPPMCs not just on a day by day basis but
scan by scan, Figure 5.3 shows polar stereographic plotedidrizontal distribution of the MIPAS
averaged radiance between 800 and 860'c(the difference between the 78-84 km minus the 93—
99 km as before) which is assumed to be an indicator of absermresence of PMCs. It also displays

the supersaturation derived from MLS temperature and wafsour dataset.

The MLS dataset was used instead of the MIPAS MA dataset bedhe MIPAS HO values retrieved seem anomalous
as will be shown in Chapter 6.

2A similar scheme to detect PMCs using MIPAS data was deriyelddpez-Puertas et al. [2007] at the same time that
this method was being developed.
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As can be seen, there is some correlation between the ejakiigh values in the MIPAS radio-
metric offset and the supersaturation plots considerimg tiie two instruments measure the atmo-
sphere at two different local times. Hence, this again sstggiat PMCs emission can be detected
in the MIPAS radiances, however, it should be emphasizedPMEs signature is smaller that the

instrument noise and several false positives using thimnigoe are presumably expected.
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Figure 5.3: Stereographic plots of MIPAS radiometric offset differeramd MLS ice supersaturation.

5.2 NLC viewing mode

In addition to the MIPAS viewing modes introduced in sectioh, MIPAS can measure using viewing
modes specifically designed to search for a given atmogphkigmature such as the influence in the
stratosphere of volcanic eruptions or PMCs (as previouggtioned, also called NLCs). As with the

MA mode, the so called NLC viewing mode measures the limb f8&to 102 km with 3 km spacing
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but with three extra tangent heights at 79.5, 82.5 and 85,®kersampling the heights where PMCs

are expected to occur.

Table 5.2 lists the days when MIPAS used the NLC viewing mode.

Table 5.1: NLC viewing mode days

Date

Date

2005/07/19
2005/07/20
2005/07/21
2007/07/04
2007/07/05
2007/07/14
2007/07/15
2008/07/05

2008/07/06
2008/07/07
2009/01/05
2009/01/06
2009/01/07
2009/07/05
2009/07/06
2009/07/07

To investigate the usefulness of this special viewing médgre 5.4 displays mean profiles of
the averaged radiance between 800 and 860'cfor cases with PMCs present or absent. It was
assumed that a PMCs was present when the averaged radiaweem&00 and 860 cmi between
81 and 84 km was greater than the averaged radiance betwesmmd%® km by 30%. These mean
profiles were created using three NLC viewing mode days (@605 — 20090607) and using three
MA viewing modes for comparison (20090715, 20090716 an®QdQ5).

NLC mode MA mode
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Figure 5.4: Mean MIPAS radiance profile averaged over 800 and 860'cfar conditions where PMCs were
either detected or absent for three days either in the NL@imgemode or the MA viewing mode. The number
of profiles averaged for each line is shown at the top cornére$ubplots.

As can be seen in Figure 5.4 the two profiles (one for the NLCaaredfor the MA mode) where

PMCs were present show an enhancement around 82 km (thet ndighe most of the PMCs are
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supposed to occur), while no obvious signature can be foulei two profiles where PMCs were
absent. Furthermore, comparing the two profiles where PM&s wdetected, it can be seen that the
one derived with the NLC viewing mode shows more structues tthe one derived using the MA
viewing mode due to the extra heights added to the NLCs vigwinde. Hence, it is suggested that
at least during the northern hemisphere summer the NLC n®dsed instead of the MA viewing

mode to sample more the PMCs expected heights.

5.3 Conclusions

This chapter proves that the PMCs emission can be detect®lRAS radiances between 800—
860 cnt ! despite their low emission due to the extremely cold tentpezeof the mesopause. Good
agreement was found between an enhancement of the radiorofiset and PMCs detection by
the SCIAMACHY instrument as well as the ICE supersaturafrequency derived from MLS data.
However, it is expected that the technique introduced hélteagult in several false positives when
using to detect PMCs scan by scan.

PMCs need to be studied further and therefore it is suggéiséédhe NLC viewing mode is used

instead of the MA viewing mode during the summer of (at lets#)northern hemisphere.
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CHAPTER 6

Middle Atmosphere data

Intercomparison

Several satellite instruments have been measuring thes enésosphere to produce global maps of
temperature and trace constituents of this region for @&#anf reasons such as radiative balance

estimates, meteorological and climatological requirasieatynamical studies, etc [Beig, 2002].

Furthermore, mesospheric datasets are becoming impdtottre climate change debate because
its predicted impact [Roble and Dickinson, 1989] will be @fraater magnitude and detectable sooner
that at tropospheric altitudes. However, before applyirege data to any further analysis, it is impor-
tant to have an idea of their quality. The purpose of this tdrais to compare the different datasets
of the current instruments measuring at least part of theaspd®re against the MIPAS middle atmo-

sphere (MA) mode retrievals using MORSE.

In general three approaches are used when comparing diffeatellite datasets: (1) Comparisons
of zonal means over daily or seasonal timescales, (2) Casgparof almost coincident profiles from
two datasets which implies the definition of a window in tinmtelaspace and (3) Comparisons of
profiles with a broader time — space window using a model to omeprofile (time and location) into

the other (known as the data assimilation technique).

The comparisons presented here use the first approach Zdady means and zonal sections) to
easily gain an idea of the state of the data and the secondrbooate the conclusions drawn from

the first.
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6.1 Considerations

Comparisons for all the MIPAS MA products were made agairtstraf the mesospheric instruments
(MLS, OSIRIS, SMR, SABER, HIRDLS, SOFIE, ACE and GOMOQOS) dlethin chapter 3 to verify

the quality of the datasets. The parameters compared fariesttcument are listed in table 6.1.

Table 6.1: Parameters compared for each instrument. The questionsyarkols are used for products that
are either under development, or not yet public.

Tem HO O; HNO; CH; N,O NO, CO
MPAS | Y Y Y Y Y Y Y Y
MLS Y Y Y Y Y Y
OSIRIS Y Y
SMR Y 2?2 Y ?
SABER | Y Y

HRDLS| Y 2 Y Y ? ? ?
SOFIE | Y Y Y Y

ACE Y Y Y Y Y Y Y Y
GOMOS| 2 2 Y

Figure 6.1 displays a timeline of these satellite obsesuati Note that this timeline was built
on the basis that only one day of data was needed through tfesponding month to consider that
there was data available on that particular month. Alsce tiwdt although the MIPAS measurements
are available since 2002, in this thesis the data used is ttdlenatmosphere observations only
available since 2005 and regularly (around 3 days per maitice April 2007. The days used in

these comparisons are listed in Table 6.2.

Mesospheric measurements

MLS 2

SMR | | >

HIRDLS ]
ACE =
GOMOS Il Il Il Il Il Il Il Il

Il
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
date

Figure 6.1: Timeline of satellite mesospheric measurements. The arindicate that the instruments are
currently (December 2009) collecting data. The gray timetlisplays the availability of the MIPAS nominal
viewing mode which extends up to the lower mesosphere. Taekhimeline displays the availability of the
MIPAS MA viewing mode data here discussed.

Each of the comparisons is structured in three parts:
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Table 6.2: MIPAS MA viewing mode days used in the comparisons.

20070412| 20070824| 20080225| 20080814| 20081202
20070422| 20070903| 20080306| 20080824| 20081212
20070504| 20070913| 20080316| 20080903| 20081222
20070514 20071003| 20080326| 20080923| 20090101
20070525| 20071104| 20080603| 20081003| 20090111
20070607| 20071209| 20080616| 20081013| 20090205
20070622| 20071229| 20080625| 20081023| 20090215
20070725| 20080108| 20080715| 20081102 20090225
20070804| 20080126| 20080725| 20081112 20090307
20070814| 20080215 20080804| 20081122

(1) For each limb viewing satellite, the zonal mean of theesponding parameter for the 7th
June 2007 will be shown. This date was selected becauseatistiuments offered almost complete
global coverage. Their relative difference or their petaga difference will also be shown depending
on whether the comparisons are for temperature or for gaseotration respectively. As a reference,
the zonal mean derived from climatology will be displayed.

Figure 6.2 shows the geographical coverage for the 7th J0@é &f each of the limb viewing
instruments used in these comparisons.

MLS SABER

. 3% &3

4» »00406

i

.......

OSIRIS

Figure 6.2: Geographical coverage of the limb viewing instrumentslier7th June 2007.

(2) For each solar occultation satellite (ACE and SOFIE)pmat section of the corresponding
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parameter for the 15th of July 2008vill be shown for the winter hemisphere rather than for the
summer hemisphere since there is more zonal structure qletetary waves. On this date data from
all sunrise/sunset occultations were available which sstiat these measurements spread over the
whole longitude circle in order to provide a complete zoredt®n. As for the zonal mean plots,
their relative difference or their percentage differenepahding on whether the comparisons are for
temperature or for gas concentration are displayed. Figashows the geographical coverage for

the 15th of July 2008.

ACE SOFIE

Figure 6.3: Geographical coverage of the solar occultation instrusifatthe 15th July 2008.

ACE SOFIE GOMOS

Figure 6.4: Geographical coverage of the solar/star occultationunsénts for the 25th July 2007. In the
GOMOS subplot open circles corresponds to measuremengnifstars (magnitudes greater than 2) while
closed circles corresponds to bright stars (magnitudesridivan 2).

For the Q@ comparison a zonal section for the 25th of July 2007 will bewah because these
were no GOMOS measurements on the 15th of July 2008. Thisoffets GOMOS measurements
of bright stars in a suitable latitude range. Figure 6.4 shtive geographical coverage for the 25th
of July 2007. Note that this date is only used for thed@mparison due to the ACE lack of complete
longitudinal coverage. For the rest of the comparisonsgtrature, HO, ... ) the 15th of July 2008

is used instead.

This date is not used for the limb sounder zonal mean congrakiscause HIRDLS data is not available for that day.
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In addition to the occultation instruments, a zonal sectibhlIPAS and MLS will be shown for
comparison. MLS was chosen among the other instrumentaigecas can be seen in Table 6.1, it
offers more overlapping among the species compared caomgjdenly officially released products

and because it is generally considered to be of reliablatgual

(3) The last graph shown for each parameter is a seasonalacizmp of coincident profiles be-
tween the MIPAS dataset and all the other instruments. Fesetttomparisons, two profiles are
considered to be coincident if they are within a 500 km radiog 6 hours. The seasonal bins com-
pared correspond to latitude bins between 90 S-50 S, 20 Safd B0 N-90 N and sorted into winter,
equatorial and summer according to the date of the profiles@lbins were selected to try to cover

the full range of atmospheric variability.

In addition to the seasonal biases, these comparisons ladso the standard deviation of the
profiles compared to gain an idea of the variability in theadaurthermore, the MIPAS expected
systematic and random errors are shown. These expecteasyst and random errors are those
computed as part of the microwindows selection as descabddrocessed by Dudhia et al. [2002].
Under this scheme, the random errors refer to the locallyetaied (due to the apodization of the
spectra) component of the measurement error, while thersgsic errors refer to other sources of
errors such as: climatological variability, uncertaistia the retrieved temperature and pressure, un-
certainties in the radiometric gain, spectral calibratigmectroscopics uncertainties and deficiencies

in the forward model (horizontal temperature gradientsiLii&e emissions and C{ine mixing).

To asses the magnitude of the bias as well as the magnitutie observed scatter, the expected
climatological variability of the atmospheric parametempared is shown. These variabilities are

those given in the IG2 climatology [Remedios et al., 2007¢i@information in section 6.2.10).

Before averaging, all the retrieved profiles were interfgalao the pressure grig, given by,

10i/12
=00

[hPal] (6.1)

wherei = 0, ... 48 in one step increments.

Note that for each instrument, all the data were used exclgtenuser guidelines were provided.
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6.2 Data Sources

6.2.1 MORSE

The MORSE retrievals used here are those processed by Oa@bi] which correspond to MORSE
version 1.0. These data can be downloaded from:
ftp://ftp.atm ox.ac. uk/ pub/user/dudhi a/ m pl 2/

These data are stored as IDL sav files (one file per day) andecamgbsted into IDL by simply
using the “restore” function.

Note that the MIPAS MA scenes where the measurements hawggmificantly improved the
priori uncertainty were masked out. This implies that, even thabhghMIPAS MA retrievals extend
to about 0.01 hPa, for some molecules there is not enougmatmn in the radiances to achieve

retrievals without significara priori contribution at these high altitudes.

6.2.2 HIRDLS

The HIRDLS products used here correspond to version 4 (albedcversion 2.09.14). Temperature,
03 and HNQ, have been validated [Gille et al., 2008; Kinnison et al.,&09ardi et al., 2008] and
are the only official products of this version, the rest of $pecies are work in progress. These data
are publicly available and can be downloaded from:
http://mrador. gsfc.nasa. gov/index. shtm

Itis in the Hierarchical Data Format Release 5 (HDF5) ancetiaee routines available for ingest-
ing and analyzing the data. Routines to ingest AURA data (IR, MLS, TES and OMI) into IDL
or Fortran are available from:

http://ww. eos. ucar. edu/ hirdl s/ dat a/ access. shtni

6.2.3 MLS

The MLS geophysical products used here correspond to vepsiv[Livesey et al., 2006] following
the usage guidelines described in the data quality docufhemisey, 2007]. HNQ, CO, H,0, O;
and temperature have been subject to an extensive valhd&mntee et al., 2007; Pumphrey et al.,
2007; Barnes et al., 2008; Froidevaux et al., 2008; Schvedt., 2008].

These data are publicly available and can be download frenséime webpage as the HIRDLS

data. Itis also in the HDFb5 file format. Note that the HIRDL§ést routines also read MLS data.
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6.2.4 SABER

Although version 1.6 has been validated [Remsberg et a)3]20/rsion 1.7 includes nonLTE pro-
cesses in the retrieval algorithm leading to, presumabbyeraccurate results and hence the SABER
products used here correspond to the new version.
These data are publicly available and can be downloaded from
http://saber.gats-inc.com
It is in the Network Common Data Form (NetCDF) and there aii-lsuroutines in IDL and

MATLAB to ingest it.

6.2.5 SMR

The SMR products used here correspond to version 2.1. Nateotily products of the summer
mesosphere viewing mode are used because these viewingwasdakesigned to extend into most of
the mesosphere and pressure is retrieved which made thexdsons straightforward.
These data can by downloaded after registration from:
http://odin.rss.chal mers. se/
It is formatted in the Hierarchical Data Format - Earth Obs®y System (HDF-EOS) format and

routines for ingesting this data into IDL and MATLAB are algmvided in the same webpage.

6.2.6 OSIRIS

The OSIRIS products used here are those processed by that&aslkalgorithm [Bourassa et al.,
2008]. This algorithm does not report pressure but rathté@udée. For the comparisons these alti-
tudes are converted into pressure by converting them fitstgaeopotential height using the relation
given by Houghton [1986] and interpolating them to pressisiag the CIRA-86 geopotential height
climatology.
These data can be downloaded with previous registration at:
http://eopi.esa.int/esal esa

It is saved in the HDF5 format and it can be ingested by thdmesitto ingest AURA data.

6.2.7 SOFIE

The SOFIE products used here correspond to version 1.02&1gyoet al., 2009]. These data are

publicly available and can be downloaded from:
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http://sofie.gats-inc.com sofie/index.php

It is saved in the NetCDF format and an IDL ingestion routimeriovided on the same webpage.

6.2.8 ACE

The ACE products used here correspond to version 2.2 (ar@@zone version 2.2 updated) following
the usage guidelines described in the file format level 2rgagm document [Walker et al., 2006].

These data are only available to the ACE science team andraadtl users. The ACE data
(version 1.0) is available from:

http://ww. ace. uwat er | 0o. ca/ dat a. ht m

6.2.9 GOMOS

The GOMOS products used here correspond to the softwarenér90. As explained in section 3.3
the quality of these data varies according to the star obderwn this comparison, in order to ensure
good quality data, only bright stars (magnitude lower th&)) @ere used.
These data can be downloaded with previous registration at:
http://eopi.esa.int/esalesa
These data can be ingested with the Basic Envisat Atmospfiedlbox (BEAT) available for
downloading at:
http://ww. st corp. nl/beat/

Unfortunately for the days here compared onlydata was available.

6.2.10 Climatology

Two climatologies are used in these comparisons. The fget] anly for the temperature comparison,
is the COSPAR International Reference Atmosphere (CIRAvdtGch provides empirical models of
atmospheric temperature as recommended by the Committ8pawe Research (COSPAR) [CIRA,
1988]. The second, used for the trace gas concentrationga@uns, is the IG2 seasonal climatology
for MIPAS produced by Remedios et al. [2007]. This climatplds used as initial guess (IG) in the
ESA operational and the MORSE retrieval schemes.

CIRA-86 climatology is used for temperature because it iaendetailed climatology (monthly
5° latitude resolution rather than 4 seasons and 6 latituddd)am\s can be appreciated in Figure
6.5, it also resembles more the expected thermal structihe atmosphere. For a direct comparison

against observations see Figure 6.6
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Figure 6.5: Temperature values for June for the CIRA-86 and the 1G2 ¢tingies showing inconsistencies
particularly in the winter pole< 50S).

6.3 Temperature comparison

Figure 6.6 displays temperature zonal mean profiles of MIMSS, SABER, HIRDLS, SMR and
climatology data. As can be seen, the absolute values obereations resemble the structure found
in the CIRA-86 climatology with a higher stratopause overwhinter pole & 50°S for this particular
day) and extremely cold temperatures in the upper mesaspineund the summer pole GO°N).

The difference subplots show that, for pressure levelstgreéan 5 hPa, the difference between
the datasets is relatively small. For smaller pressuresMiPAS—MLS shows a series of maxima
and minima (also hinted in the HIRDLS differences), the MB2ASMR difference presumably shows
an overestimation of the temperature by the SMR dataset.offtez recurrent difference in most of
the comparisons is the MIPAS overestimation of the summiar ppesopause temperatures.

Figure 6.7 displays a temperature zonal section for theewimemisphere for the ACE, SOFIE,
MLS and MIPAS data. As can be seen in the absolute plots, tHe, MLS and MIPAS observations
agree in the temperature structure of the zonal sectionamittaximum around 50E and 0.2hPa. As
shown in the difference subplots, there is more variabititthese differences than in the zonal mean

differences. These large differences are probably indbggalanetary waves.

Figure 6.8 shows temperature seasonal comparisons ofid@emarofiles between MIPAS and
the other satellites, as well as the standard deviationlifhecatter) of such comparisons. The first
thing to note is that all the biases are between the expeeteddrature variability implying that all

are carrying new information about the state of the atmagphe

Most of the biases encountered in the winter bin are betw&dtdifference at all pressure levels,
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Figure 6.7: Temperature zonal section (southern,i.e. winter hemig)fier the 15th of July 2008. The top row
displays the ACE (62 S), SOFIE (67 S) and MLS (65 S) resultdanthie bottom row displays the MIPAS (65 S)
results as well as the absolute difference between the \aigmrs. Note that the contours in the difference
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the MIPAS-SABER comparison being the exception which shows clear afiem(also shown in
the high standard deviation of this comparison). Note thatsharp feature in the MIPASHIRDLS

is presumably an artifact induced by the Kapton correctigorighm (section 3.2) rather than a real
feature (this feature appears in the following HIRDLS congmns and it will not be commented
further) .

The differences encountered in the equator bin are alsanndtK for the three instruments com-
pared in this region. The reason for small number of coimtigeofiles for each instrument in this bin
is because by the nature of the observations it is easierdddinporal matches near the poles where
the local solar time changes than near the tropics. Noteatttadugh the MIPAS SABER compari-
son seems to be normal in this seasonal bin, the standaratidevof this comparison is greater that
the one found either in the MIPASVILS or MIPAS—HIRDLS comparisons.

As can be seen, the comparisons for the summer bin are nobdsgdhe other two seasonal bins.
All these comparisons show differences smaller than 3 Kedqure levels greater than 5 hPa but for
lower pressure levels show differences up to 10 K with a aleaximum near 0.1 hPa. Furthermore,

the standard deviation at upper mesospheric pressuress# tomparisons is the greatest found in

the three seasonal bins.
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Temperature conclusions

Comparisons with coincident profiles suggest that MIPASpermtures are retrieved within a 3K
range difference for pressure levels between 100 and 0®&1héer polar winter and equatorial and
polar summer conditions, being the only exception an urstienation by up to 15K around 0.1 hPa
for polar summer conditions.

During these comparisons it was also revealed that SABERdestures present anomalous be-
haviours under polar winter conditions and that SMR overedes the temperature between 3 hPa

and 0.1 hPa under polar summer conditions by around 7 K.

6.4 H,O comparison

The H,O zonal mean comparisons are shown in Figure 6.9. As can beéS and MIPAS display
roughly the same structure for pressures greater than @,With a gradual increase in stratospheric
H,0O peaking between 0.5 hPa and 0.1 hPa over the equator. Tiasiber is also shown, although
greatly smoothed, in the IG2 climatology. This is consisteith the theory that the principal strato-
spheric source of water vapour is the oxidation of methamag&ur and Solomon, 1986]. Since
practically all the the tropospheric water vapour freezesiiad the cold tropopause and nearly all
CH, is oxidized for pressures greater than 0.5 hPa (see fonicstaigure 6.15) the $0 peak should
appear around this pressure level.

Even though this localized maximum is present in MLS and MBPthe MIPAS & 9 pmmyv) and
MLS (~ 8 ppmv) retrievals show higher values than climatology&ppmv). Another discrepancy
between these two datasets is the MIPAS underestimatidmeof/ater vapour concentration around
the polar summer mesopause $0°N). The increase of water vapour around this area is a conse-
guence of the upward transport around the polar summermedgtbat also causes the temperature
to drop) and therefore the MLS observations may be more .valiis appears in the MIPASMLS
percentage difference as an underestimation of the wapeuvdor pressures lower than 0.1 hPa for
latitude poleward 505. This relatively high HO concentration over the summer polar region is absent
in the IG2 climatology. The HIRDLS and SMRJ® concentrations seem unrealistic at practically
all pressure levels.

The H,O zonal section (winter hemisphere) for the ACE, SOFIE, Mib8 MIPAS datasets is
shown in Figure 6.10. The ACE, SOFIE and MLS agree roughltrincture and in magnitudes (as

seen in the percentage difference subplots). Note that E@rielsents some clear anomalies for pres-
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sure greater than 10hPa. The MIPAS values do not resemblef émg other datasets, the percentage
differences show that for most pressure levels, MIPAS isastanating the KO concentrations up
to 60%.

Figure 6.11 shows D seasonal comparisons of coincident profiles between MHEPAIShe other
instruments as well as the standard deviation of such casgpe. Most of the biases displayed in the
winter seasonal bin are within the expected variability astrpressure levels, the exceptions being
the HIRDLS comparison at all pressure level, the ACE, SOFI& 8MR comparisons for pressures
greater than 10 hPa which display an overestimation up to B@¥shown in the MLS comparison)
and the SMR comparison which shows an underestimation upttobetween 10 and 1 hPa. Outside
these ranges the biases shown are within a 20% range evepeaatrapsospheric pressures.

In the equatorial seasonal bin only coincident profiles ftRBILS and MLS were found. From
among these comparisons only the MLS one is within the ergdeadriability, being the biases less
than 10% for pressures greater than 0.1 hPa and up to 30% &tlespressures.

The MLS, ACE and SOFIE comparisons in the summer seasonahow biases within a 10%
range difference for pressures greater than 0.2 hPa anchédles pressures show a clear underestima-
tion by MIPAS of the HO concentrations (also shown in the SMR comparison.) Trderestimation
of the water vapour is probably due to the lack of relativeayhhvalues of HO in the polar summer
climatology (as shown in Figure 6.9) in addition to the cansillumination of the region which may
be triggering nonLTE effects not taken into account in theent MIPAS algorithm.

Note that at the three seasonal bins, the MIPABRDLS standard deviation is greater than the

other standard deviations implying more variability in tHERDLS results than in the other datasets.

H»O conclusions

Comparisons with coincident profiles suggest that MIPAStsaving within less than 20% differ-
ence range under polar winter equatorial and polar sumnmelitbons for practically all the pressure
levels, being the exception the polar summer bin for preskwels smaller than 0.1hPa where MI-
PAS is clearly underestimating the,8 concentration by more than 100%. This underestimation of
the water vapour under polar summer conditions is probaldytd the lack of a propexpriori or due
to nonLTE effects.

During these comparisons it was noted that th©HG?2 climatology need a revision to more ac-
curately represent the real atmosphere, that the HIRDL$a0sons seem unrealistic, and that SMR

is overestimating the $D concentration (at least under polar winter and polar suncareditions) by

64



more than 50% around 4 hPa.

6.5 O; comparison

As shown in Figure 6.12, all the Qlatasets resemble the IG2 climatology with the maximum ezon
concentration at the equatorial stratosphere and the atexiteward the poles. In addition, the three
datasets show thes@scent in the winter polar regior:60°S) not evident in the IG2 climatology.

The difference subplots show that, in general, there is gapdement between MIPAS, MLS,
SABER and HIRDLS datasets for pressures greater than 1 HiRaSWIR and OSIRIS comparisons
reveal that presumably SMR is underestimating the@ncentration at around 10 hPa while OSIRIS
is overestimating at pressures greater than 10hPa andestideating for smaller pressures. For
pressures greater than 1hPa there is no agreement betvegeertentage difference subplots.

When comparing against HIRDLS, SABER and SMR for pressuetaden 1 hPa and 0.1 hPa
there seems to be a clear underestimation §b®MIPAS while for smaller pressures (comparing
only against SMR and SABER) it seems to be an overestimalibis. overestimation is also present
in the MLS comparisons.

The O; zonal section (winter hemisphere) for ACE, SOFIE, GOMOS Sviind MIPAS is shown
in Figure 6.13. As can be seen in the percentage differengglats, the MIPAS results seems to
be overestimating the {cxoncentration for pressure levels smaller than 0.1 hPa whberparing to
ACE and SOFIE. However, it seems to be underestimating gheo@centration when comparing it to
GOMOS. For greater pressures, ACE, GOMOS, MLS and MIPAS@ncentrations agree roughly
in structure as well as in magnitude.

Figure 6.14 shows 9seasonal comparisons of coincident profiles between MIRASIze other
instruments as well as the standard deviation of such casgues. Most of the biases in the winter
seasonal bin are within the expected variability being tteeptions the OSIRIS comparisons at all
pressure levels, the SABER comparison between 20 and 2 iPhetxGOMOS comparison around
20 hPa. Without considering these exceptions, the biagsasior pressure levels greater than 0.3hPa
are within a 20% range difference. For smaller pressuréisoayh all the comparisons indicate an
overestimation of the ©@concentration by MIPAS they do not agree in the magnitudgingrfrom
30 to 70%.

In the equatorial seasonal bin only coincident profiles farSVIHIRDLS, SABER, OSIRIS and

GOMOS were found. From among these comparisons only the MIIBDLS and SABER are
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Figure 6.12: O3 zonal mean for the 7th June 2007 for different instrument® f©p row displays all the data sources (except MIPAS) vihéebottom row displays the MIPAS
results as well as the percentage difference between tlevations (MIPAS-satellite). Note that the contours are not equally spaced.

66



‘padeds Ajjenba 10u aie SIN0IUOD BY) 1ey) S10NEASLES]0 a1 Usamiag adualayip abeiuadlad ay) se [[om BB (S G9) SVYdIIN aUl SAe|dsip moJ wonog ayl ajiym synsal
(S599) SN pue (S02) SONCEBY) I140S ‘(S ¥9) 30V ayi sAejdsip mol dol 8y L *200z AInCge g3 104 (19ydsiway Jajuim 8°1'uIdYIN0S) UONISS [euoz €0 :gT"9 ainbiy

apnubuol apnubuo) apnubuol apnubuoj apnubuoj
00T 0 00T- 00T 0 00T- 00T 0 00T- 00T 0 00T- 00T 0 00T-

0ST-
OET-

OTT-

00°0T

00T

[%6] @ouaIayIp
0
[equ] ainssaid

0T'0

01T
0€T

oGT ... Lo L L 100
SN - SYdIN SONOD - Svdl 3140S - SVdIN 30V - SVdIN SVdIN

000
0S0
00T
0S'T
00'¢
0S¢
00'€
0s’e
00
0S'v
00'S
0S's
009
059
00°L
05,
008
00T
0¢tT
oYt T T N NI i e e Lol

SN SONOS J140S 30V

00°0T

00'T

[Awdd]

[equ] ainssaid

0T0

T10°0

67



Equator

0.01" asss-a ‘
0.10¢ 3
T
o
<
[¢)]
= 1.00+ ]
7))
7]
o
o
10.00¢ :
100.00 \\N\\ b e A b TNAN e
-100 -50 O 50 100 -100 -50 O 50 100 -100 -50 O 50 10
[%0] [%] [%0]
MLS: 3171 MLS: 43 MLS: 3294
ACE.: 119 ACE: 0 ACE: 98
HIRDLS: 1019 HIRDLS: 728 HIRDLS: 1114
SMR: 147 SMR: 0 SMR: 505
GOMOS: 1151 GOMOS: 446 GOMOS: 270
0.01 T IR I I R R T =
0.10+
T
o
= :
[¢)]
e 100
[7)]
7]
o
o
10.00F
100.00 L. I I ! ! RAY ! T e

PRI I I R T L
0 20 40 60 80 100
[%]

Figure 6.14: Seasonal © biases (top) and scatter (bottom) between MIPAS and eigltasdes
(MIPAS—satellite). The gray dotted lines show the expectgdv@riability over the corresponding season.
The dashed black lines display the systematic (top) andahéam (bottom) errors expected for the MIPAS
measurements. The number of profiles averaged is shown mittdde row. The Winter, Equator and Summer
bins correspond to latitudes 96-S0 S, 20 S-20 N and 50N-90N sorted according to the day analyzed.

e b b
0 20 40 60 8
[%]

68

0 1000

20 40 60 80 100
[%]



within the expected variability and, furthermore, withire@% range difference for pressure levels
greater than 0.02hPa. For smaller pressures only SABER axdsops were available and therefore
no conclusions were drawn.

Most of the biases displayed in the summer seasonal bin #nenveixpected variability being the
exceptions the SABER comparison for pressures greaterteamPa and the GOMOS comparison
around 20 hPa. Disregarding these exceptions, the resedfitises are within a 20% difference for
pressures greater than 0.1 hPa. For smaller pressures,ttas winter seasonal bin, it seems that

MIPAS is overestimating the £concentration varying the magnitude of this bias from 30%G&6.

O3 conclusions

Comparisons with coincident profiles suggest that MIPA®iseving within a 20% range for pres-
sures between 100 and 0.1 hPa under polar winter, equagiadabolar summer conditions. For pres-
sure smaller than 0.1 hPa MIPAS seems to overestimate jlw@i@entration varying the magnitude
of this bias from 30% to 70% depending on the dataset compared

During these comparisons it was noted that the OSIRIS casgreyr are non-physical, that the
GOMOS data present an anomaly around 20 hPa for polar consliind that it overestimates thg O

concentration under equatorial conditions by more tha®d.00

6.6 CH, comparison

Figure 6.15 displays the CHzonal mean comparisons (for this molecule only MIPAS, HIFAnd
climatology). As can be seen, both datasets resemble mptighlsame structure found in the 1G2
climatology with high values around the equator reflectimg tapid vertical motion of the Hadley
cell [Brasseur and Solomon, 1986] and a concentration deertoward the poles. However, the
HIRDLS dataset seems to have extremely high values compatiedypical tropospheric concentra-
tions (~2 ppmv).

The CH, zonal section (southern,i.e. winter hemisphere) for ACBFE and MIPAS is shown
in Figure 6.16. As shown in the absolute plots the three degatisplayed seem to agree in structure
with decreasing values with height. The percentage diffegesubplots indicate an underestimation
by MIPAS at all pressure levels when comparing against AGE hinted in the SOFIE comparison.

Figure 6.17 shows Clkeasonal comparisons of coincident profiles between MIPASHRDLS,

ACE and SOFIE as well as the standard deviation of such casgpes. In the winter seasonal bin,
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Figure 6.15: CH4 zonal mean for the 7th June 2007 for two instruments. Thedepdisplays the Climatol-
ogy and HIRLDS data while the bottom row displays the MIPASults as well as the percentage difference
between the observations (MIPASatellite). Note that the absolute subplots are in a semilthgnic scale to
make better use of the colour range.

the three comparisons are within the expected variabitillpressure levels, except for the SOFIE
comparison between 20 and 80 hPa. Furthermore, outsidetige, the three comparisons are within
a 20% difference range for pressure greater than 0.2 hPasniralter pressures only comparisons
against SOFIE were available and they display either anrestimation by MIPAS or the equivalent
overestimation by SOFIE.

Unfortunately in the equatorial seasonal bin, only congms against HIRDLS were possible.
The bias shown is inside the expected variability which fastrof the pressure levels compared (for
this comparison only for pressures greater than 2 hPa) iberttzan 20%.

In the summer seasonal bin, the comparisons shown are withiexpected variability at all
pressure levels and within a 20% difference range for presgteater than 0.06 hPa. For smaller
pressures only comparisons against SOFIE were possibie cdmparison indicates, as in the winter
bin, an underestimation of the GHtoncentration by MIPAS (or the equivalent overestimatign b
SOFIE). However, in this case, the ACE comparison follovesely the SOFIE comparison up to that
level suggesting that this bias is due to an underestimafitiee CH; concentration by MIPAS rather
than an overestimation by SOFIE.

Note that at the three seasonal bins, the MIPABRDLS standard deviation is greater than the

other standard deviations implying more variability in tHERDLS results than in the other datasets.
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Figure 6.16: CH, zonal section (southern, i.e. winter hemisphere) for tht 86July 2008. The top row dis-
plays the ACE (62 S) and SOFIE (67 S) results while the botmmdisplays the MIPAS (65 S) results as well
as the percentage difference between the observations tiNgitthe absolute subplots are in a semilogarithmic
scale to make better use of the colour range.

CH, conclusions

Comparisons with coincident profiles show that MIPAS isiestng CH; concentration within a
20% range difference for pressures between 100 and 0.1 itRau@h it seems that MIPAS CH
concentration is at all pressure levels around 20% low) skaller pressures the comparisons suggest

that MIPAS is underestimating the Gldoncentration particularly under polar summer conditions

more than 100%.

6.7 HNO; comparison

The HNG; zonal mean comparisons for MIPAS, MLS and HIRDLS are showRigure 6.18. The
three satellite datasets follow the structure found in &2 tlimatology with low concentrations
around the equator and high concentrations around the pifles® maximum over the winter pole.
In addition, they also show the denitrification in the winpetar vortex [Santee et al., 2004].

As depicted in the difference subplots, the MIPAS retris\sdem to consistently underestimate

the HNQ; concentrations at all latitudes and pressure levels. Thierestimation is more pro-
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Figure 6.17: Seasonal Cll biases (top) and scatter (bottom) between MIPAS and thrdasels
(MIPAS—satellite). The gray dotted lines show the expected @étiability over the corresponding season.
The dashed black lines display the systematic (top) andahéam (bottom) errors expected for the MIPAS
measurements. The number of profiles averaged is shown mittdde row. The Winter, Equator and Summer
bins correspond to latitudes 96-S0 S, 20 S-20 N and 50 N-90 N sorted according to the day analyzed.
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nounced around 10hPa over the equator.

The HNO; zonal section (winter hemisphere) for the ACE, MLS and MIRFsEasets is shown in
Figure 6.19. As can be seen in the absolute value subpldisshtllite instruments present a similar
structure and magnitudes for HN@oncentrations. As can be seen, while the ACE comparisan ind
cates an underestimation at most pressure levels, the S®FRigarison indicates an overestimation.

Figure 6.20 shows HNOseasonal comparisons of coincident profiles between MIPAISWLS,
ACE and HIRDLS as well as the standard deviation of such coisgas. Unfortunately, although
the MIPAS HNGQ, retrievals extend up to around 0.2 hPa only comparisons 8jmnRa were possible.

The three biases shown in the winter bin are within the exgoeeariability and furthermore within
a 20% difference range. However, inside this margin, thedsialoes not seem to agree, showing at
the smallest pressure level a negative value for the ACE eoisgn and a positive value for the
MLS comparison. In the equatorial seasonal bin, only commpas against MLS and HIRDLS were
possible. Both biases are within the expected variability @ithin a 20% difference range. In the
summer seasonal bin, the three biases shown are within trextexi variability and within a 20%
difference range. As in the winter seasonal bin, the ACE ahd Mias show opposite trends at the
smallest pressure level.

Note that at the three seasonal bins, the MIPABRDLS standard deviation is greater than the

other standard deviations implying more variability in tHERDLS results than in the other datasets.

HNO3 conclusions

Although the MIPAS retrievals extend up to 0.2 hPa, compasswith coincident profiles were only
possible between 100 hPa and 3 hPa. Within this pressure,rab@f the comparisons are within a
20% range difference. However, inside this margin the Bialgenot agree and hence no conclusion

can be drawn.

6.8 N,O comparison

The N,O zonal mean comparisons are shown in Figure 6.21. As shovgeneral, the three satellite
observations follow the ND latitudinal structure found in the IG2 climatology withetmaximum
concentration in the equatorial stratosphere as with Elde to the upward transport in this area) and
the decrease toward the poles. As shown in the percentdgesdife subplots, the MLS comparison

is practically at all pressure levels within a 20% rangeedéhce while the HIRDLS difference shows
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Figure 6.18: HNO3 zonal mean for the 7th June 2007 for different instrumentse p row displays all the
data sources (except MIPAS) while the bottom row displagsMhPAS results as well as the percentage dif-
ference between the observations (MIRAsAtellite). Note that the absolute subplots are in a seliltignic
scale to make better use of the colour range.

values up to 120%.

The N,O zonal section (winter hemisphere) for the ACE, MLS and M3Pdatasets is shown
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Figure 6.19: HNO3 zonal section (southern,i.e. winter hemisphere) for thia ©5 July 2008. The top row
displays the ACE (62 S) and MLS (62 S) results while the bottomdisplays the MIPAS (62 S) results as well
as the percentage difference between the observations tingtthe absolute subplots are in a semilogarithmic
scale to make better use of the colour range.
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Figure 6.20: Seasonal HN@ biases (top) and scatter (bottom) between MIPAS and threasels
(MIPAS—satellite). The gray dotted lines show the expected HN@xriability over the corresponding sea-
son. The dashed black line (bottom) displays the systeraatics expected for the MIPAS measurements. The
number of profiles averaged is shown in the middle row. Thet®vjiiEquator and Summer bins correspond to
latitudes 90 S-50 S, 20 S-20 N and 50 N-90 N sorted according to the day analyzed.
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Figure 6.21:N>O zonal mean for the 7th June 2007 for different instrumertte. top row displays all the data
sources (except MIPAS) while the bottom row displays the A8Pesults as well as the percentage difference

between the observations (MIPASatellite). Note that the absolute subplots are in a semilthgnic scale to
make better use of the colour range.
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Figure 6.22: N>O zonal section (southern,i.e. winter hemisphere) for thig Df July 2008. The top row
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in Figure 6.22. As can be seen in the absolute value subgldfseasatellite instruments present a
similar structure. However, the percentage differenc@kathindicates an underestimation by MIPAS
of N, O concentration by up to 40%.

Figure 6.23 shows MD seasonal comparisons of coincident profiles between MEBABMLS,
ACE and HIRDLS as well as the standard deviation of such coismas. In the winter seasonal bin,
the three biases shown lie within the expected variabilitydutside the 20% difference range. From
among these comparisons, the ACE and the MLS biases présesdiine structure with a minimum
around 10 hPa but do not agree in magnitude.

In the equatorial seasonal bin, only comparisons betwedPARland MLS and HIRDLS were
available. The MLS comparison is within the expected valitgbat all pressure levels and within
a 10% difference range up to 2hPa. Between 2 and 1 hPa the MibBarson suggests either an
overestimation by MIPAS or an underestimation by MLS. Th&HLS bias is outside the expected
variability for pressures greater than 10 hPa and withirsfoaller pressures.

In the summer seasonal bin, the three comparisons displgedithin the expected variability.
Between 100 and 2 hPa the ACE and MLS comparisons agree veithotlaer suggesting and under-
estimation of the BNO concentration by MIPAS. For pressures smaller than 2 h€sethlwo biases
disagree, while the ACE bias still shows negative valuesSNMias displays positive ones.

Note that these comparisons display in general large stdnldaiations showing the signification

variation among the observations.

N>O conclusions

Comparisons with coincident profiles indicate that for ptges greater than 10 hPa MIPAS is re-
trieving N,O concentrations within a 20% difference range. BetweenriD lahPa the ACE and
MLS comparisons suggest an underestimation by MIPAS betve®& up to 100%. For smaller

pressures the comparisons disagree and hence no conslasiote drawn.

6.9 NO, comparison

Figure 6.24 shows the Nzonal mean comparisons for MIPAS and HIRDLS. OSIRIS is nedus
in this comparison because it can only measure during dayand due to the NOstrong diurnal
variation comparisons of day and nightime data against dajgyime data are not useful. The MIPAS

and HIRDLS data in general follows the structure shown irnclireatology, with a NQ stratospheric
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Figure 6.23: Seasonal MO biases (top) and scatter (bottom) between MIPAS and threasets
(MIPAS—satellite). The gray dotted lines show the expectg® Nariability over the corresponding season.
The dashed black lines display the systematic (top) andahéam (bottom) errors expected for the MIPAS
measurements. The number of profiles averaged is shown mittdde row. The Winter, Equator and Summer
bins correspond to latitudes 96-S0 S, 20 S-20 N and 50 N-90 N sorted according to the day analyzed.
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maximum (due to NO photodissociation), and an another maximum over the potaer mesopause
(due to NG descent from the thermosphere). Note that the local maxioven the polar summer
mesopause as shown in the climatology is also present in IRAMdataset with a significantly

reduced magnitude.
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Figure 6.24: NO, zonal mean for the 7th June 2007 for several instruments.tdgeow displays Climatol-
ogy and HIRDLS data while the bottom row displays the MIPASults as well as the percentage difference
between the observations (MIPASatellite). Note that the countours of the absolute subgot not equally
spaced.

Figure 6.25 shows the N{xonal mean comparisons for MIPAS, HIRDLS and OSIRIS daytime
observations. As can be seen, the HIRDLS comparison regithés and underestimation of the NO
concentration by about 20% or the equivalent overestimdiipHIRDLS. The OSIRIS data do not
resemble either the MIPAS or the HIRDLS data.

The NGO, zonal section (southern, i.e. winter hemisphere) for th&e/A@d MIPAS datasets is
shown in Figure 6.26. As in Figure 6.25 only daytime data isduto compare directly the two
datasets. As can be seen in the absolute value subplotsgbe/ations do not agree either in magni-
tude or in structure.

Figure 6.27 shows NDseasonal comparisons of coincident profiles between MIRASACE,
OSIRIS and HIRDLS as well as the standard deviation of suchpasisons.The three biases shown
in the winter seasonal bin are within the expected varighilut are outside a 20% difference range.

As shown they do not agree neither in structure nor magnitude

In the equatorial seasonal bin, only comparisons againRDHE and OSIRIS were possible.
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Figure 6.25: NO, zonal daytime mean for the 7th June 2007 for several instntsnghe top row displays Cli-
matology, HIRDLS and OSIRIS data while the bottom row digpldne MIPAS results as well as the percentage

difference between the observations (MIPAstellite). Note that the countours of the absolute submot
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Figure 6.26: NO, zonal daytime section (southern, i.e. winter hemispheyejHe 15th of July 2008. The
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Figure 6.27: Seasonal N@ biases (top) and scatter (bottom) between MIPAS and two sdtta
(MIPAS—satellite). The gray dotted lines show the expected, N&iability over the corresponding season.
The dashed black lines display the systematic (top) andatheéam (bottom) errors expected for the MIPAS
measurements. The number of profiles averaged is shown mitltde row.The Winter, Equator and Summer
bins correspond to latitudes 96-S0 S, 20 S-20 N and 50 N-90 N sorted according to the day analyzed.
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For pressures greater than 3hPa the HIRDLS comparison lisnvifie expected variability mainly
because it is huge. This comparison indicates either arestigration of the N@ concentration by
MIPAS up to 50% for certain pressure levels or the equivalemterestimation by HIRDLS. The
OSIRIS comparison is unrealistic at all pressure levels.

In the summer seasonal bin the three comparisons shown Hia wie expected variability for

most of the pressure levels, however they do not agree éitts¢ructure nor in magnitude.

NOs conclusions

Although most of NQ agree within the expected variability (but not within a 20#ftedence range),
practically no agreement was found between the biases arue m® conclusions can be drawn.
During these comparisons it was noted that the;NG2 climatology needs a revision to more

accurately represent the real atmosphere and that the @ &Rlilts seems non-physical.

6.10 CO comparison

The CO zonal mean comparisons are shown in Figure 6.28. Abeaeen, the MLS and MIPAS
datasets show, in broad terms, the structure shown in thetlogy with an increase in CO con-
centrations with altitude around the upper mesospherealpbdtolysis of CQ. However, it should
be noted that while the climatology shows an increase of tBecGncentration around the upper
mesosphere at all latitudes, MLS and MIPAS display it onlyuaid the polar winter region. These
high values around the polar winter mesosphere are relai@d descent inside the polar vortex. The
MIPAS—MLS percentage difference shows either an overestimatiaheoCO concentration by the
MIPAS data or the equivalent underestimation by MLS.

The CO zonal section (southern, i.e. winter hemispherefhi®ACE, MLS and MIPAS datasets
is shown in Figure 6.29. As can be seen in the absolute vahy@ats the ACE and MLS observations
agree in the structure and roughly in magnitude while MIP&ifevals are up to 80% higher at upper
mesospheric pressures and extremely lower (outside thye rplotted) between 10 and 1 hPa (as
shown in the percentage difference subplot).

Figure 6.30 shows CO seasonal comparisons of coincidefitgsrdoetween MIPAS and ACE
and MLS as well as the standard deviation of such comparidarthe winter seasonal bin, the two
comparisons indicate an overestimation of around 100%e€® concentration by MIPAS.

Unfortunately, in the equatorial seasonal bin only congmariagainst MLS were possible. The
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Figure 6.28: CO zonal mean for the 7th June 2007 for two instruments. Tphedw displays the Climatol-
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Figure 6.29: CO zonal section (southern, i.e. winter hemisphere) forlthia of July 2008. The top row
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bias shown displays an underestimation between 9 and 2 lPanaoverestimation of around 100%
for lower pressure of the CO concentrations by MIPAS (or tipgiv&lent for MLS).

In the summer seasonal bin the two comparisons shown agsteiature between 2 and 0.05 hPa
indicating an overestimation up to 75% of the CO concemnally MIPAS. Outside this range the
two comparisons disagree.

The significant overestimation of CO by MIPAS is probably tluthe strong influence of nonLTE

processes in CO observations above the stratosphere assdiddy Walker [2008].

CO conclusions

Comparisons of coincident profiles show that in general AiBverestimates the CO concentrations
at all pressure levels by around 100%. This significant @tenation is presumably due to nonLTE
processes.

During these comparisons it was noted that the CO IG2 clilngyoneeds a revision to more

accurately represent the real atmosphere.

6.11 Conclusions

An estimation of the quality of the MIPAS MA MORSE retrievadsd other instruments has been
performed. In order to do this, comparisons in the zonal nfeathe limb viewing instruments were
presented as well as the relative (for the temperature casapa or percentage (for the composition
comparisons) differences. In these comparisons, the wiogical values were also displayed as a
reference. It was noted that the 1G2 climatology for tempgea H,O, NO, and CO need a revision
to more accurately represent the atmosphere.

For the solar/star occultation instruments a zonal seafdhe winter hemisphere was shown to
compare the zonal structure induced by planetary waveszadia section of MIPAS and MLS was
also shown for comparison.

The last comparison shown was a seasonal comparison ofideimarofiles between MIPAS
and all the other instruments. Two profiles were consideogacadent within a 500 km radious and
6 hours. The seasonal bin compared correspond to latitude datween 90S50 S, 20S-20N
and 50 N-90N and sorted into winter, equatorial and summer accorttirthe date of the profile.
Table 6.3 summarizes the general results while Table 6.4rmuimes the MIPAS MA results of these

comparisons.
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Table 6.3: Summary of the comparisons. ‘Y’ indicates that the data neyded for scientific studies (i.e. a
3K or 20% difference), £’ indicates that at certain pressure levels or under cegeasonal conditions the
data should be used with caution, *?’ indicates that the dat®ailable but no agreement was found between
the datasets and ‘N’ indicates that the data is still notslet for scientific studies.

Tem HO O; HNO; CH; N,O NO, CO
MIPAS | Y + + Y T+ + 2 N
MLS Y Y Y Y Y Y
OSIRIS N N
SMR Y + v
SABER | + +
HRDLS | Y N Y Y + 2
SOFIE Y Y Y +
ACE Y Y Y Y Y Y 2?2 Y
GOMOS +
IG2¢clim.| + N Y Y Y Y + o+

Table 6.4: Summary of the MIPAS comparisons. ‘'Y’ indicates that theegiparameter is within a 3K or a
20% range difference, ‘+’ or ‘-’ indicates an overestimatimr an underestimation respectively, ‘W’,'S’ indi-
cates that a given overestimation or underestimation amuyrunder polar winter or polar summer conditions
respectively and ?’ indicates that no agreement was fonrtldé comparisons.

hPa | Tem HO O3 HNOs; CH; N,O NO, CO
001 Y + + - +
0.03| Y + +S -S +
0.1 -S + +S -S ? +
0.3 +S Y Y Y -WS ? +
1.0 Y Y Y Y -W ? +
3.0 Y Y Y Y Y -W ? +
100 Y Y Y Y Y Y ? +
300 Y Y Y Y Y Y ? +
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CHAPTER 7

A ‘non-iterative’ linear retrieval

As explained in section 2.2, the inversion of atmospheriaraces into atmospheric parameters is
the basic problem in science of fitting a model to observatisubject to errors. In this case, the
model is usually nonlinear and the inversion requires amtitee approach to be solved. At each
iteration the forward model is run using the atmospherigveges from the previous iteration until
given convergence criteria are fulfilled. As an example, ldast squares solution to this type of
problem is given by:

Xit1 = X; + (Kz'TSeflKi)_l KT, (y — F(x:)) (7.1)

wherex;; andx; are the current and previous atmospheric estimgtase the measurements, is

the Jacobian matrix and whe® is the measurement error covariance matrix.

However, assuming that the forward model really is linear:
F*(x) = F(Xo) + Ko(X — Xo) (7.2)
the inversion can be solved without iterations, that is {9 gest solving:
X = X0+ (KIS 'Ko) T KES ! (y — F(x0)) (7.3)

or a constrained version of it. This implies that the simedaspectraR(x,)) and the Jacobian&()

only need to be calculated once. Hence, an inversion unésetbonditions should be able to in-
corporate all the spectral points corresponding to theetgsgrameters without worrying about the
computing speed limitations associated with re-runnirgfétinward model. This should theoretically

lead to better precision than the iterative schemes thdbeced to use only subsets (i.e. microwin-
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dows) of the spectra.
This chapter describes a (non iterative) linear retriechkeme for the inversion of MIPAS limb
radiances but the results should be equally applicablehter itnb viewing spectrometer instruments.

7.1 Linearized forward model

As detailed in section 2.1, the atmospheric limb monochtammadiance leaving the atmosphere at a

given tangent height (see Figure 2.1) is given by equati@rm@re rewritten as ,

L=> B(T))

k=i—1 k=i
exp (— > m) —exp (— Zm)] (7.4)
k=1 k=1

where the stratified atmosphere is assumed to be in BIE;) is the Planck function at temperature
T; of a given stratified layef and where the transmittance, has been expressed in terms of the
optical thicknessy from the satellite to the stratified lay&r

Assuming that the path is optically thiy (< 1), equation 7.4 can be approximated by,

k=i—1 k=1
L ~ Y B(T)|1- ) Xk_<1_ZXk>] (7.5)
7 k=1 k=1
k=i k=i—1
ZB(Ti) ZXk_ Z Xk] (7.6)
7 k=1 k=1

Z B(T})x (7.7)

12

12

which implies that in the optically thin case the contribatiof each atmospheric layer to the total
radiance is independent of the others layers or, rephragiag the rest of the atmosphere becomes
transparent.

Furthermore, substituting equation 2.7 here reprinted

bi
Xi = RTZ_lz‘ZUz‘jUz‘j (7.8)
J

wherep is pressureR is the universal gas constantis the length along the path anglando; are
the absorber volume mixing ratio and the absorption coefiicof the absorbef respectively; into

equation 7.7, the radiance received at the satellite wrealkorption is weak becomes,

Z Di Z
L ~ B(E)RT lz Uijgij (79)
i vy
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This equation implies that when the path is optically thivg torward model is linear with respect
to the gas concentration. For instance, assuming that tineci@ture and the pressure are known and
observing an spectral region where the radiation is mamoiynfone gas, the only remaining unknown

in equation 7.9 will be the gas concentration, allowing #gsiation to be expressed as,
L~ o (7.10)
%
whereq is a constant determined by the rest of the terms in equatfn 7

7.1.1 VMR forward model linearity

To test the validity of the linearity of the forward model diwevVMR changes, simulated Ghspectra
were used. These spectra were simulated for §béctral points for midlatitude conditions for the
MIPAS band B (1206-1500 cnm 1) with MIPAS reduced resolution (0.0625 crh), ILS and FOV.

As an example, Figure 7.1 shows the modelled spectra at 3&90 km.

A
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Figure 7.1: CH, spectra for midlatitudes conditions.

Figure 7.2 (left) shows the mean valueRgk) —F(x() (the actual difference) wherecorresponds
to an increase of 1, 5, 10, 20 or 50% xf (midlatitudes conditions). In addition, it also shows
a scaling (the estimated difference) of the 1% actual difiee to show how well both differences
agree. The vertical structure displayed (for instance tarimum around 54 km) is due probably due
to the varying absorption coefficient dependence of presand temperature values for the spectral
points averaged. As expected, Figure 7.2 (right) showsthigatleviation between the actual and the
estimated difference grows agleparts fromxg.

To continue on testing the linearity of the forward modelmrersion of the previously computed

spectra was performed. This retrieved values were obtaisied a linear least squares fit constrained
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Figure 7.2: (left) Actual (solid) and estimated (dashed) mean spep&aientage difference for GHemission
lines. (Right) Actual- estimated difference

by a Twomey-Tikhonov regularisation. That is to say, s@waguation,
X = X0+ (KIS, 'Ko + 77 'R) T KIS, (y — F(xo)) (7.11)

rather than equation 7.3. This regularisation was addeddi artifacts at high altitudes induced
by numerical noise inside the radiative transfer calcoieti This humerical noise appears as con-
sequence of the small numbers involved in the calculatiothefJacobians when looking at low
altitudes but perturbing at high altitudes. Hence, in addito the Twomey—Tikhonov regularisation,
only Jacobians near the tangent heights were used.

For these simulated retrievelf§x) was used as measurements and the measurement error covari-
ance matrix was set to the identity matri.(= 1). Figure 7.3 (left) shows the CHetrieved values
for different increases of the initial guess CMMR concentration. It also shows (right) the differ-
ence between the actual and the retrieved values. Notelthatigh in theory radiances become more
linear with altitude, the retrievals worsen. This deteat@n is probably due to numerical noise due
to the small numbers involved in these calculations.

As can be seen in the difference subplot of Figure 7.3 thatityeassumption holds up to a 20%
difference between the initial guess and the actual valte a2% margin of error. However, in any
practical implementation, this accuracy will be reducedh®ypresence of noise.

Note that although there is no attempt here to discriminatevéen optically thin and optically
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Figure 7.3: (left) CH,4 concentration retrieved linearly for several VMR concatitm increments of the initial
guess. (right) Percentage difference between the actdakameved value

thick lines, the Jacobians will weight the optically thiakds lower. That is to say, effectively masking

them out.

7.1.2 Pressure forward model linearity

The forward model (equation 7.9) is not as linear with respepressure as for the VMR changes due
to the pressure dependence of the absorption coefficieriheArl relationship between the radiance
and pressure or temperature can be obtained by applyinger Expansion around a given profitg
(the linearization point) assuming that is close to the prgdile x. When this is the case, the higher
order terms in the expansion can be truncated leaving oellirtbar term (effectively equation 7.3).

In this case, the simulations performed to test the lingartthe forward model were of CO
spectral points in MIPAS band A (68®70 cnt!) with the MIPAS resolution, ILS and FOV as in
the previous section. As an example, Figure 7.4 shows theslleddspectra at 30, 60 and 90 km.

Figure 7.5 (left) portrays the linearity of the forward mbtte changes in pressure in the same
manner as Figure 7.2. In addition, Figure 7.5 (right) alsowghthe linearly retrieved and actual
values for the same pressure increments.

As can be seen from the forward model linearity subplots,ettenated spectra agrees within
a 1% error margin up to a 20% increase in pressure, for the B@¥eadse the actual estimated

difference is less than 5%. These values translate in tef@scaracy in the retrieved values to better
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Figure 7.4: CO, spectra for midlatitudes conditions.
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Figure 7.5: (left) forward model linearity with respect to changes iegsure (equivalent to Figure 7.2) (right)
Pressure linearly retrieved values for several pressareiinents (equivalent to Figure 7.3)

than 3% up to a pressure increment of 20% of the linearizatont.

7.1.3 Temperature forward model linearity

Analyzing briefly equation 7.9 will show that temperaturettie least linear parameter due to the
temperature dependence of the Planck function and theptlmsocoefficient. Figure 7.6 (left) shows
the difference linearity of the forward model with respecthanges in temperature. In this case, the
CO, spectra averaged correspond to temperature increase$,df@,,20 and 50 K.

As expected, temperature is the more non-linear paramétee dorward model. For instance,
for changes up to 10K of the initial temperature, the actuestimated spectral difference is up to

5%. This spectral difference translates to an differentedsen the actual and retrieved temperature
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of up to 3K (Figure 7.6 right). However, it should be notedtttias difference is localized only
near the stratopause (i.e. where the temperature gradianges sign) and outside this region the
actual-retrieved difference is practically zero.

Forward model linearity Retrieved Values

w”wmH‘w”w”w”w T T T T " [ A A A T
;h\ | — Actual
80 {I"w“ i ’l" - ~ Retrieved] |
I |
1“ ol
‘1\ I e 1K
M‘ I
—_ 1 (! ® 5K
£ | IR |
£60“ I
) [ I ® 10K
2 | !
= | \
© I
I
40+ it
I
! |
| I
| I
| |
[ I
20HJH\HH\mmm\mmmmm TP P O IS B RSN NNV NN NPURN D P N PR RPN [ PPV \YSvSTEvY VT Ovvrs e eYSTRTY PO ORI IOV
0 100 200 300 0 20 40 60 80 100 200 250 300 350 0 10 20 30 40 50

difference [%] actual - estimated temperature [K] difference [K]

difference [%]

Figure 7.6: (left) forward model linearity with respect to changes imgeerature (equivalent to Figure 7.2)
(right) Temperature linearly retrieved values for sevegaiperature increments (equivalent to Figure 7.3)

Planck function simulations

To try to improve the linearity of the forward model due to Bbas in temperature, rather than re-
trieving temperature directly, Planck function can beiegtrd instead.

To convert the temperature Jacobian generated by theivediagtnsfer model into a Planck func-

tion Jacobian, the following formula is applied

oL 0L dT
OB(T) ~ 0T dB(T) (7.12)

wheredT corresponds to a temperature change of 1K @BdT") is the corresponding change in
Planck function at a fixed wavenumber chosen to be in the midbithe spectral region of interest.
Once the retrieval is complete, the retrieved Planck fonctian be converted back to temperature.
Figure 7.7 displays the retrieved and actual values for #meestemperature increments of the
initial guess as in Figure 7.6. As can be seen the linearitgeproblem improves considerably when
retrieving temperature via the Planck function. Note thatforward linearity graph will be the same

as in Figure 7.6 (left) because the same temperature inatsraee used.
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Figure 7.7: (left) Temperature concentration retrieved linearly vlariek Function for several temperature
increments of the initial guess. (right) Difference betw#ge actual and retrieved value

The results shown so far suggest that the retrievals of gaseotration, pressure and temperature
can be treated linearly up to a difference between the lirjti@ass and the actual profile of 20% in
CH, concentration for a 2% error margin, up to a 20% pressurerdifice for a 3% error margin
and up to a 10K difference for a 3K error margin near the gpi@ise and less than 1K elsewhere.
However, so far, signal to noise limitations, overlappimgisgsion by other molecules and nonLTE
effect have been avoided. Also, the perturbations have ivesle over the whole profile rather than
level by level. Before the linear algorithm can produce ukgefsults in a practical application, the

influence of these factors needs to be properly taken intoutc

7.2 pT Practical considerations

The techniques to retrieve temperature and pressure frisaréd emission measurements are based
on the observations of radiation from a well mixed gas or avgitsa known distribution. By doing
this, the only remaining unknowns are the temperature aesspre which can be inverted by mea-
suring at least two different spectral points. In the irdcaregion the spectral region used is usually

the CQ, band around 700 c.
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7.2.1 Emission from other gases

As a first step to simulate more realistic data,laprofile was simulated using all gases listed in table
3.1 for MIPAS band A and not only C{ines. This is needed to include the signal contributions of
these interfering gases in this spectral region. For this thepT" profile corresponds to the same
profile used to compute the forward model simulations and#&cebians in order to isolate the effects

of increasing the concentration of the interfering species

Figure 7.8 displays the temperature difference betweerathgal value and the retrieved val-
ues for three different cases. First, for comparison, tiered profile when the forward model
simulations are also used as measurements is shown (b&)e limthis retrieved profile, since the
concentration of interfering species matches the conagortr of the initial guess no temperature dis-
crepancies are induced to th& values (effectively is as if all concentrations were knowmhen,
to show the effect of the overlapping emissions, the saffig@rofile with a 50% increased VMR
concentration for the overlapping species was simulatddetnieved (red line). As can be seen if the

overlapping emissions are not taken into account the vetliealues are greatly influenced.
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Figure 7.8: Simulated retrievals showing the influences of the emissioother gases in thgT" retrievals
when not taken into account

The last retrieved profile shown (orange line) correspoondbld simulations as the previous pro-

file but when the overlapping emissions were masked out. peetial points assumed to be due to
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“pure” CO, emissions were selected using,

L
0.9 < CO2
L(c0,,H,0,05,HNO3)

<11 (7.13)

whereLco, is a CQ—only simulated spectrum argco, 1,0,0,,HN05) IS @ general simulated spec-
trum.

As depicted in the Figure, the difference between thiseetd values and the actual values is
again practically negligible showing that the influencehaf bther species has been almost completely

removed.

7.2.2 nonLTE emissions

Although most gases depart from Local Thermodynamic Buoyiiim (LTE) at low pressures, so far
the emissions considered in the retrievals have been gimauéssuming LTE at all heights. Hence,
in a practical implementation the upper mesospheric ketisewill be affected from departures from
LTE conditions.

Figure 7.9 shows the difference between the actual anevetipT'profiles for three different
cases. As previously, the actyal’ profiles is the same as the initial guess to isolate the sffaeict
the nonLTE emissions. First, as reference, the differerfoervthe simulated measurements gnd
the forward model simulations$=(x)) are in LTE is shown. As expected there is no difference at any
height. Then, the difference when the simulated measurenaea affected by nonLTE processes.
As potrayed in the figure, the upper mesospheric retrievigkesaare significantly influenced. Note
that this difference is the expected error due to assumirig aff midlatitudes. The same type of
simulations can be used to estimate the error due to assumiBgnder for other latitudes.

At last, the difference when spectral masks has been apglisdlect spectral points for vibra-

tional band less influenced by nonLTE effects. This speatia@ks were constructed using,

L
0.9 < CO2(nonLTE)

<11 (7.14)
L(co,(vrE)

where Lco, montE) @Nd Lico,rE) are CQ—only simulated spectra either innLTE or in LTE
respectively.

As shown, the differences between the actual and the rettiprvofile have improved, however,
some nonLTE influence is still present. In order to propegtyuce the influence of nonLTE emissions

in the retrievals, either the vibrational temperaturesiniede retrieved as part of the retrieval scheme
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Figure 7.9: Simulated retrievals showing the effects of nonLTE emissiat high altitudes

(currently too computationally expensive) or a nonLTE @tology needs to be developed.

7.2.3 Hydrostatic constraint

ThepT retrievals can be constrained using the engineering détarmgthe line of sight (the pointing
information at each tangent height) as an indirect measemenf the state vector. Assuming hydro-
static balance, these engineering altitudes can be usezhstrain the temperature and pressure via

the hydrostatic equation,

il — 2 = <_> ’+2 s log< b > (7.15)
g Pi+1

wherez correspond to two tangent point altitudésaqd: + 1) with associated temperaturésand
pressure®, R is the specific gas constant for dry air apds gravity (as a function of height and

latitude).

This constraint is implemented by incorporating the engiiimg altitudes as part of the measure-
ment vector (with their corresponding uncertainties) apddnstructingpT” Jacobians by differenti-
ating Equation 7.15 with respect to either pressure or teatpe. These scheme is also used by the

operational ESA level 2 retrieval described by Ridolfi e{2000].
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7.2.4 Measurement noise

In this case, the measurement noise will account for mosteoétrors in the retrieved parameters. In

the linear retrieval scheme these errors are computed latieqw2.24 here rewritten,
S, = (KTS;'"K +~7'R) ™" (7.16)

whereK is the Jacobian matrixX$, is the measurement error covariance matsixs a factor that

determines the strength of the regularisation magrix

Since the linear retrieval uses entire emission bandsrréthe just microwindows, the analysis
of a single tangent height involves several thousand sgambints. Thus, inverting the apodization-
induced correlated error covariance matrix becomes a tonsuwming process (computationally ex-

pensive as running the radiative transfer model in thetitergchemes).

This processing time can be reduced by noting that the aatializonly correlates adjacent spec-
tral points and therefore the error covariance matrix is rdb@atriX. Hence, the matrix can be
inverted storing only the non-zero values saving a lot of GRBBlge. However, this inversion is still

too computationally expensive to process the MIPAS dataatiosally.

Although an easy solution will be to neglect the apodizatimtuced correlations (i.e. the co-
variance matrix will be just a diagonal matrix), it has beaown that neglecting the effects of the
apodization could induce systematic discrepancies [Barad., 2002]. As an alternative, the al-
most negligible MIPAS NESR variation through the day can xgated. That is to say, the error

covariance matrix can be inverted just once each day allpfanthe minor changes in each scan by

—1
—1 —1( €
S =8, <—> (7.17)

€0

whereS, is the updated error covariance matt$, is the error covariance matrix constructed with

the error of the first scark(), ande is error associated with the current scan.

Figure 7.10 displays the error estimate of the ling@rretrieved values corresponding to the
characteristic noise present in MIPAS radiances for dfferapproximations of the measurement
error covariance matrix. As can be expected, the errordeftir pressure or temperature) increases
with height due to the signal lost attributed to the expoia¢tecrease of the pressure and the cold

temperatures of the upper mesosphere.

A sparse matrix whose non-zero values are around the majorti
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Figure 7.10: Error estimates for pressure (dotted line) and temperésolil line) values retrieved linearly for
different approximations to the error measurement comaganatrix. Midlatitude conditions were used for the
Jacobian calculations

As shown, the error computed when taking into account theelaiions among adjacent points is
a compromise between the estimated error for a unapodizggial noise vector and the estimated
error for a apodized diagonal noise vector. It should bedhtitat in this error estimate it is assumed
that there is no influence of nonLTE emissions, hence, wheatirdewith real data theT" error

estimates for upper mesospheric altitudes will be optimist

7.3 pT retrievals

As an example, the scan 14 (around 38 N during daytime) ot @&800 (an orbit on the 3rd of
September 2007) will be linearly retrieved and comparedhatithe MORSEYT results. In this case
the lower limit is given by the lowest level (18 km) of the MIBAMA mode and the upper limit was
set to 90 km where the temperature and pressure errors anedaBd< or 5% respectively (matching
also the MORSE MA altitude range). For the initial guess sations midlatitude conditions were
used. Spectral masks were used to isolate €ission lines.
To illustrate some of the practical considerations disedss section 7.2, Figure 7.11 shows the

retrieved values for three different constraining coidis on top of the corresponding MOR$E

retrievals and the initial guess profile (midlatitude cdiois). It also shows the difference between
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MORSE, the IGs and the linearly retrieved values. Note thadifference between MORSE and the
IG is less than 10 K up to around 1 hPa and up to around 20 K faed@nressures, which implies that,
according to the estimates performed in section 7.1.3jrikality should hold within an error margin
of 3K.

The first retrieved profile shown (Linear) corresponds totaeneal performed assuming a con-
stant and uncorrelated noise across the measurementaitdtmphydrostatic constraint. This profile
follows closely the MORSE result up to 0.03 hPa where the tratpre suddenly drops. At this level,

the pressure retrieved was also nonphysical.
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Figure 7.11: pT retrieval at different stages to see the improvements ohtlazostatic constraint and using
the full measurement error covariance matrix. The MORSE‘aiméar w hydrostatic constraint & updated
S/’ errors are also shown. The gray dotted line shows eithelGharofile (left) or the difference between the
IG and MORSE (right)

The following profile shown corresponds to a retrieval perfed assuming the same noise but
using the pointing information to hydrostatically consirgéhe pT" retrieval (Linear w hydrostatic
constraint). As can be seen, the retrieval improves coradifle not only avoiding the temperature
drop out above 0.03 hPa but also reproducing better therésataund in MORSE temperature (such
as the stratopause at around 1hPa).

In order to improve the linear retrieval, an appropriat®ecovariance matrix needs to be used to
properly weight the least square fit. The last profile shovgpldiys the result of using the appropriate
error covariance matrix and the hydrostatic constrainh€br w hydrostatic constraint and updated

S.). As can be noted, the linear retrieval improves considgrathigh altitudes.
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Note that theoretically the linear retrieval is more precis

7.3.1 pT linearization points

So far, it has been shown that th&' linear retrieval agrees with a giveri’ MORSE results when
the hydrostatic constraint and a proper covariance matexused. However, the scan retrieved was
chosen to be close to the initial guess (midlatitude comalj and, obviously, the linearity depends
on the proximity of the solution to the linearization poifto the next question to answer is whether
the linear retrieval can use climatological profiles asdnmeation points to retrieve true profiles.
Figure 7.12 shows the temperature variation against a giaban profile for the MIPAS MA
viewing mode days available in June, July and August for 2@008 and 2009. These months are
expected to exhibit the largest atmospheric variation (thee polar winter and the polar summer

temperatures). It also shows the variation encounteredtabanean profile for 60and for 30

latitude bins.
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Figure 7.12: Temperature variation about a Global (left)’@niddle) and 30 (right) latitude bin profiles for
June, July and August for 2007, 2008 and 2009

As can be seen an IG for every<3i8 needed in order to have a variation in each bin of equal or
less than the 10K proximity that seems to be required for aessful linear retrieval (section 7.1.3).

Figure 7.13 shows the pressure variation. This also sugdfest the pressure retrieval needs an
initial guess for every 30to ensure that the difference between the IG and the atmosiate is
less than the required 20% proximity. Unfortunately thisdiignatology has not been yet created,

instead, an IG ensemble has been used to study further goisthim.

101



global mean 60° mean 30° mean

80 wC/

65

55
1 45
35

25
15

60

[%]

-15
-25
-35
-45

-55
-65

altitude [km]

40

20 A

50 0 5 50 0 5 50 0 50
latitude latitude latitude

Figure 7.13: Pressure variation about a Global (left)?&fiddle) and 30 (right) latitude bin profiles for June,
July and August for 2007, 2008 and 2009

7.3.2 Multiple linearization points

It should be noted that there is no intrinsic limit to the n@nbf different initial guesses that can
be used. Within an initial guess ensemble, the initial gilas minimizes ay? function (i.e., the
square of the residuals between the measurements and #etexkgpectrum for the linearly adjusted

profile) can be used. The? function suggested for this purpose is,

2= = FO) + K (x xOmTysTeyl Y — [F(x0) + K (x = %o)] (7.18)

where they”y term is needed to weight the residuals according to eactetarfieight radiance
strength and where the error covariance matrix is appraeidhasS, = ol (only for the selection

process).

The current implementation of the linear retrieval usesf&& corresponding to equator, midlat-
itude day, midlatitude night, polar summer and polar wimenditions. Figure 7.14 shows the I1Gs
selected for the 7th June 2007 using equation 7.18.

As shown, this criterion is selecting for the south pole ryoste polar winter IG while for the
north pole mostly the polar summer IG which are the expedteites. For equatorial and midlatitude
conditions this criterion is selecting a mixture of the daight midlatitude and the equatorial IG. It
seems that this criterion needs to be improved (for instamsiag the Solar Zenith angle information

to weight the criterion towards the corresponding 1G prfile

In order to add more linearization points, simulated speatould need to be created first. This
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Figure 7.14:1Gs selected within an IG ensemble (equatorial, midla&tddy, midlatitude night, polar summer
and polar winter profiles) using equation 7.18 for the re@i®f 7th June 2007.

implies simulating LTE general spectra (including mostha infrared emitting gas), and spectra for

the molecule of interest in LTE and nonLTE (for the maskingaasss) as well as the Jacobians.

7.4 pT evaluation

To gain an idea of the performance of the linear retrievaliféd.15 shows a zonal mean comparison
for the 7th June 2007 between the linear retrieval and MORS#S0 displays the CIRA climatology
for that period.

The linear retrieval results display the structure showthaclimatology data and in MORSE
with cold temperatures in the polar summer mesopau&® (\ for this day) and a higher stratopause
in the polar winter £50 S). However, as seen in the absolute difference subplotpared to MORSE
the linear retrieval seems to overestimate the tempesafargressure between 0.1 hPa and 0.03 hPa
at all latitudes and underestimat the temperature for @mphessures. For pressures greather than
0.1hPa there seems to be in general no significant differbatgeen the linear and the MORSE
results.

Figure 7.16 shows a comparison of of coincident profiles betwthe linear retrieval and MLS,

HIRDLS, SABER, SMR, ACE and SOFIE datasets following the meblogy established in chap-
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Figure 7.15: Temperature zonal mean for the 7th June 2007 for climatoM@RSE and the linear retrieval.
The top row displays climatology and MORSE while the bottem displays the linear retrieval results as well
as the absolute difference between the two retrievalsgitinRlORSE).

ter 6.

Most of these biases are within the expected climatologiaaability (following Remedios et al.
[2007]) for the three seasonal bins, the line&ABER comparison being the exception which show
clear anomalies in the winter and summer bins and which &leasa high variability in the standard

deviation subplots.

In the winter seasonal bin, most of the biases (disregarttiagSABER bias) are within a 3K
difference at all pressure levels. One exception is thefbiasd when comparing against MLS which
shows positive values up to around 10K around 0.03 hPa. ledbetorial seasonal bin, the three
seasonal bias shown are within 3K at practically all the areslevels, the exception again being the

MLS bias again at 0.03 hPa.

For the summer seasonal bin, most of the biases displayeé agthin 3K up to 0.3hPa. The
SMR bias is the exception displaying an underestimatiowden 0.2 hPa and 0.1 hPa. For pressures
lower than 0.3 hPa, most of the ACE, SOFIE, SMR and MLS biaséisate that the linear retrieval
is overestimating the temperature by 5 K when comparingaiaCE and by 10 K when comparing

against SOFIE, SMR and MLS.
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A comparison of Figure 7.16 and Figure 6.8 (the equivaleotilprby profile comparison between
MORSE and the other instruments) shows that the biases fotwied using the linear retrieval are
similar to those found when comparing the MORSE results, itee linear retrieval agrees more
closely with MORSE that other instruments.

To summarize the difference between the linear and MORSevalt results, Figure 7.17 shows
a profile by profile comparison between the linear retrieval 8IORSE for the same days as in
Figure 7.16 divided in seasonal bins. The seasonal bins eastructed exactly as before (either
Figure 7.16 or Chapter 6).

As in the zonal mean comparison for the 7th June 2007 (Figur®),7there seems to be an
overestimation of the temperature by the linear retriavaéihe three seasonal bins for pressures lower
than around 0.1 hPa. This overestimation is around 3 K fomtinéer and equator and up to around

10K for the equatorial and summer one. For greater prestiuedsias found is less than 3 K.

7.4.1 Equatorial tide

To investigate the linear retrieval sensitivity at uppersospheric pressures, Figure 7.18 shows the
day—night difference of mean profiles between 5S and 5N for MORMES and the linear retrieval.
As shown, the tide signatures derived from MORSE and theatfimetrieval data are remarkably
similar up to 0.5hPa. Within this pressure levels, the Mld® tsignature is also similar, the small
differences are probably just a consequence of the difféoenl solar times of the observations.

For smaller pressures while MLS shows the expected behagéosinusoidal wave with an ex-
ponential increase), MORSE and the linear retrieval displdd values. MORSE seems to be losing
sensitivity presumably due too using to muagtriori information and the linear retrieval, although it
seems to be retrieving the right structure the maxima arayopér mesospheric heights seems to be

to high presumably as a consequence of the regularizatieoh us

7.5 VMR practical considerations

Once theyT conditions of the scene are known the gas concentrationsmestrieved since the only
remaining unknown in the radiative transfer model equaisotne VMR concentration. Hence, the
gas of interest can be retrieved selecting an spectralragiere it is the principal emitter or where
the emissions of the other gases are already accuratelyrknow

In order not to avoid running the radiative transfer modelirdy the linear inversion scheme,
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Figure 7.16: Seasonal temperature biases (top) and scatter (bottomeéetlinear retrieval six datasets
(Linear—satellite). The gray dotted line (top) shows the expectetbrature variability over the correspond-
ing season while the gray dashed line shows a 3K differerfoe Winter, Equator and Summer bins correspond
to latitudes 90 S50 S, 20 S-20N and 50 N-90 N sorted according to the day analyzed.

106



Equator Summer

0.01[ ‘ ‘
_ 010 it
[o]
o
<,
(0]
g 100 it
(2]
(%]
0
& 1000¢ it
100.001... ed b o
-20 10 20 -20 10 20
0.01
_010¢ SO |
3]
[a
= .
[0} B
e 100 it
>
(%]
0
= 1000¢ 1t
100.00 I I I I I I \ | |
0 5 10 15 0 5 10 15 0 5 10 15

(K] (K] LN

Figure 7.17: Seasonal temperature biases (top) and scatter (bottomgéetlinear retrieval and MORSE
(LMR—MORSE). The gray dotted line (top) shows the expected teatpes variability over the corresponding
season while the gray dashed line shows a 3K difference. TiheeWWEquator and Summer bins correspond
to latitudes 90 S50 S, 20 S-20N and 50 N-90 N sorted according to the day analyzed.
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Figure 7.18: Day—night difference between 5S and 5N for MORSE, MLS and thealimetrieval revealing
the equatorial solar tide as retrieved by each instrument.
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the precomputed forward model simulations and Jacobiaatsvibre calculated for givepT 1G
conditions and have then to be adjusted togptheonditions of the scene. These two adjustments (one

for the forward model simulations and one for the Jacobians)etailed in the following sections.

As for thepT retrievals, the VMR retrievals will be influenced by ovepapg emissions of other
gases and by nonLTE processes. The influence of the formdrecamduced using spectral masks
as described in section 7.2.1 while the influence of the n&emissions could be reduced using

spectral masks as described in section 7.2.2.

The measurement noise can be treated as described in sé@idrand it will be the factor that
determines the random error in the retrieved gases. FigliBeshows the error estimate for several
gases retrieved linearly using the noise present in MIPAfBarzes (using an apodized correlated
measurement error covariance matrix). As can be noted, ofitisese gases reach a 30% error near
the upper stratosphere lower mesosphere region. Theseatestimates are the upper limit of the
linear retrieval. Above these altitudes, the retrievedi®@alare dominated by noise. Although coaddi-

tion? could be used to retrieve gases concentrations at uppersptesic altitudes, this approach is

not pursued here.

VMR error estimate

® H,0
® HNO,

®CH,

altitude [km]

® N\,0

® NO,

0 10 20 30
error [%)]

Figure 7.19: Random error estimates (assuming an apodized correlat@slmanent error covariance matrix)
for different gases retrieved linearly when using midlaté day-time conditions for the Jacobian calculations

2For instance, retrieving the products an averaging aftefsvar averaging the radiances and then performing the re-
trievals.
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7.5.1 VMR linearization points

As with temperature and pressure Figure 7.20 shows thev@Hation against a global, 8@&nd 30
latitude bin mean profiles for the MORSE MA mode days avadlahl June, July and August for
2007, 2008 and 2009. As can be seen, even forraB®atology the variability may be up to 60%.
Unfortunately, according to section 7.1.1, in order to agéd less than a 2% error margin due to the
linearization of the forward model, the difference betwt#enactual profile conditions and the initial

guess needs to be less than 20%.
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Figure 7.20: CH, variation about a Global, 6030° and 20 latitude bin profiles for June, July and August for
2007, 2008 and 2009.

This Figure also shows the variation against al2@itude bin mean profile. As can be seen, & 20

climatology will be needed to ensure the required proximity

7.5.2 VMR multiple linearization points

Currently, the VMR linear retrieval uses the same IG as sateas the best fit during thd retrieval.
However, if a climatology is built, retrievals for differe@H, concentrations simulated for a given
pT" conditions (matching the ones used for @€ retrievals) can be performed selecting the best fit

using equation 7.18 as criterion.

109



7.5.3 VMR forward model pT" adjustment

The simulated spectra can simply be modified using the testyoer and pressure Jacobian of the

corresponding spectral range, i.e.,
F*(X) = F(Xo) + K1y (T = To) + Kpy (P — Pp) (7.19)

where F*(x) is the corrected spectrum for the actyél scene conditionsp(T), F(x) is the IG
simulated spectrum ariit, andK p, are the IG temperature and pressure Jacobians respectively

Figure 7.21 shows (left subplots) the linearity of the forevenodel for CH spectral points due
to changes in temperature (testing ther, (T — Ty)’ term of equation 7.19). For these simulations
CH,4 concentrations remain constant while temperature vafiegortrayed, for changes up to 10K,
the actual — estimated spectral difference is less than 10%.

This Figure also displays (right subplots) the Clihear retrievals for such temperature incre-
ments. As shown in the actual — retrieved graph, for changéas 0K, the difference are less than
20% practically at all heights. For a 20K increment the es&d values are nonrealistic, for this

reason, the retrieved GHtorresponding to a 50 K increment is not shown.
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Figure 7.21: (left) forward model linearity with respect to changes imfeerature when adjusting the GH
spectra (equivalent to Figure 7.2) (right) Cldoncentrations linearly retrieved values after the adjesits
(equivalent to Figure 7.3)

Figure 7.22 is the equivalent Figure for pressure increméesting theKp,(p — py)’ term of

eqguation 7.19). As can be seen (left subplots) in the actaatimated spectral difference for changes

up to 20% of the initial guess the spectral difference is ths® 2%. This linearity can also be
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appreciated in the corresponding retrieval subfigurestppts). As shown in the actual — retrieved

graph for changes up to 20%, the retrieval difference arenfust of the heights less than 2%.
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Figure 7.22: (left) forward model linearity with respect to changes iegsure when adjusting the Glpectra

(equivalent to Figure 7.2) (right) CHoncentrations linearly retrieved values after the adjesits (equivalent
to Figure 7.3)

Figures 7.21 and 7.22 suggests that the VMR forward modallationsp7" adjustment given
by equation 7.19 may be valid as long as the temperatureetiife and pressure difference between
the scan conditions and the IG are not greater than 10 K anda2@#rdingly. Hence, as shown in

section 7.3.2 a 30bin climatology would be needed to ensure this proximity.

7.5.4 VMR JacobianspT adjustment

As the forward model has been adjusted to the temperatur@rasdure of the scene, in a similar

manner, the VMR Jacobians can be adjusted using,

K}, = Koy +H7(T —To) + Hy(p — py) (7.20)

whereK? is the adjusted VMR Jacobian for the actual scgfieconditions p,T), Ko, is the VMR
Jacobian for the IG conditionp(, T) and whereH corresponds to the changes of the VMR Jacobian

with respect to either temperature or pressure, that isyto sa

oK, A 27 .
.0 <3L2> 0 L; 7.21)

Tk =0T, 9T, \0v; ) 0Tx0v,
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0K, o0 [(0L; 0L,
Hpii — o Y t) — v 7.22
Pijk Opp. Opp. <8?)j> Opr.0v; ( )

wherei corresponds to the measurement tangent height whded & correspond to perturbing

heights. Theoretically, these matrices ranksrare n x n but it should be noted that (from equation

7.9),
K, = ‘;5] ~ B(Tj)Rp—%jzjaj (7.23)
and hence , ;
8%2;, aikgzj =0 if k#j (7.24)
L PLi £0 if k=] (7.25)

0T 0v;” OpOv;

which reduces the size &f to m x n.

Although these matrices can be computed by perturbing hbigheight the temperature or pres-
sure profiles and then subtracting the original VMR Jacabias computed by the RFM, here a
simpler technique was implemented. Noting that, while thdR/Jacobian at the scene conditions

will be given by equation 7.23, the IG VMR Jacobian will beagivoy,

_ OLy;
- 8?}]'

~ B(Ty;) 2L 10 (7.26)

K
0v RTy;

Hence, the IG VMR Jacobian can be modified togfiescene conditions by,

B(T;)p; Ti
K3 =Koy |: ( ])p] _0:|

(7.27)
B(To;)poj T}

The efficiency of this simple adjustment can be appreciateBigure 7.23. This Figure (left)
shows the actualretrieved differences for different temperature increasken the VMR Jacobians
used theyT' IG conditions. Note that the only parameter that it is vagyim these simulations is the
temperature dependence of the VMR Jacobian to isolateféstefin the retrieval. As portrayed, the
actual-retrieved difference for a 10 K change betweenjiielG and scan conditions are up to 30%

and for a 20 K change more than 40%.

This Figure also shows (right) the actuaktrieved differences when the VMR Jacobians (that
used thepT' IG conditions) were adjusted using equation 7.27. As careba the actualretrieved
differences are significantly reduced less than 10% for up¢hange of 20 K and for 50 K change,

less than 20%.

112



Retrievals using Retrievals using

IG Jacobians adjusted Jacobians
— T T L [T
| ]
°
8ol 1 i | ®1k
| 4
/ o 5K
; ]
(
_ ) 1@10K
e L JL -
=3 60 | Y
(4]
©
g | |
% | |
| |
40+ | “4F | *
| |
| |
| |
| |
| |
| |
20"\H‘\H‘\H‘\Hmf"m”m”m‘\Hmf
-40 -20 0 20 40 -40 -20 0 20 40
actual - retrieved actual - retrieved
difference [%)] difference [%)]

Figure 7.23: Difference between the actual and linearly retrieved,€bhcentrations for different temperature
increases when using the 1G Jacobians (left) and when audjuste 1G Jacobians to the new temperature
conditions (right).
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Figure 7.24: Difference between the actual and linearly retrieved,€bincentrations for several pressure in-
crements when using the IG Jacobians (left) and when adgigte IG Jacobians to the new pressure conditions
(right)

Figure 7.24 is the equivalent Figure for pressure incremehs can be seen the actual-retrieved
difference when the VMR Jacobians are adjusted tpfieonditions (right) of the scene are much

smaller than when the VMR Jacobians are not adjusted (left).
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7.6 VMR retrievals

As in section 7.3, the scan 14 of orbit 28800 were be lineatyiaved and compared against the
MORSE CH, results. For CH retrievals, the lower limit was set to the lowest level of MEPAS
MA mode (18 km) and the upper limit was set to 60 km where therasraround 10% (as shown in
Figure 7.19).

To illustrate some of the VMR retrieval practical considienas discussed in section 7.5, Figure
7.25 shows the Cllinearly retrieved values for three different cases withdbrresponding MORSE

CHy results and the IG values (midlatitude conditions).
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Figure 7.25: (left) CHy VMR retrieved linearly and (right) percentage differend#QRSE-other). The
MORSE and ‘Linear w F(x) and Kadjustment’ errors are also shown.

The first profile (Linear no adjustments) corresponds toealimetrieval performed when neither
the forward model simulations nor the VMR Jacobians has bégrsted to theT scene conditions.
The percentage difference between MORSE and this profileiate 50%. The following profile
shown (Linear F(x) adjustment) corresponds to a retrieealopmed when the forward model sim-
ulations have been adjusted to thiE scene conditions using equation 7.19 but still using the VMR
Jacobian for the IG conditions. This profile resembles virdigtructure shown in the MORSE profile
and the percentage differences were reduced to less thafid2@fbst of the pressure levels.

The last profile shown (Linear F(x) arkd, adjustment) displays the GHoncentration retrieved

when the forward model simulations have been adjusted @sjogtion 7.19 and the VMR Jacobians
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using equation 7.27. As can be noted for most pressure Ig&velsesult does not change much
when implementing the VMR Jacobiafl” adjustment and furthermore at some pressure levels the
percentage difference has worsened. Note that theolgtibal linear retrieval is more precise.
Although as shown in Figures 7.23 and 7.24 the Jacopiaradjustment should theoretically
improve the retrievals, it seems that the forward modelstdjent is not correcting properly the pres-
sure and temperature dependence of the simulations, middrigzcobian pT adjustment unnecessary
under the current linear retrieval algorithm. Hence, tHiewang section will discuss the linear GH

retrievals adjusting only the forward model to fhiE scene conditioris

7.7 VMR evaluation

Figure 7.26 displays the zonal mean G¢dmparison between the linear retrieval and MORSE for the
7th June 2007. It also displays the IG climatology for thatque The linear retrieval shows structure
found in the climatology and in MORSE, however, as seen impt#reentage difference subplot, the
linear retrieval seems to overestimate the,Qidncentration by around 20% for pressures between
10 and 1 hPa.

Figure 7.27 shows a profile by profile comparison betweenitieat results and ACE, SOFIE and
HIRDLS as well as the standard deviation of such compariséasn Figure 7.16, two profiles were
considered coincident within 500 km and 6 hours and the sehdins were defined by the same
latitude and the date criteria.

For pressures lower than around 5 hPa, the biases displaybé winter bin are within the ex-
pected variability. However, the biases encountered atdiap to 50% overestimation at certain pres-
sure levels. For pressures greather than 5hPa the ACE hias €1100% difference, the HIRDLS
bias up to 50% while the SOFIE bias drops beled00%.

Unfortunately, in the equatorial seasonal bin, only consoas against HIRDLS were available
and hence no conclusions can be drawn from this comparidongeneral, this bias is within the
expected variability and furthermore within a 20%.

In the summer seasonal bin comparison, most of the bias&gthie the expected variability and
in general are within a 20% difference. This seasonal binéonly one where the standard deviation
of the comparisons is within the expected variability, ia tther two the standard deviation is always

higher denoting the high variability of the linear resulésssfnaller standard deviation was found in

3Note that this decision was not taken based only in this el@amp
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Figure 7.26: CH, zonal mean for the 7th June 2007 for climatology, MORSE ardittear retrieval. The top
row displays climatology and MORSE while the bottom row thgs the linear retrieval results as well as the
absolute difference between the two retrievals (lirRddORSE).

the equivalent profile by profile comparison between MORSiEtha other instruments.)

A comparison of Figure 7.27 against Figure 6.17 shows thatbibses in the equatorial and
summer seasonal bins are really similar to those found iIlMBG&SE comparison. Unfortunately,
it seems that the Linear retrieval is not retrieving well engolar winter conditions because the
standard deviation in this seasonal bin is large and the thieses (without taking into account the
SOFIE anomaly also present in the MORSE comparison) doesesetble the one found in the

MORSE comparison.

To summarize the difference between the linear and MORSIevat results, Figure 7.28 shows
a profile by profile comparison of these two approaches fosdnee days as before. Asin Figure 7.27
the biases found in equatorial and summer seasonal binoaamly within the expected variability
but also, in general, are less than 20%. The winter bias @ within the expected variability but
its magnitude around 0.5hPa is up to 50%. Note that the Liretdeval is always overestimating
the CH, concentrations. This overestimation may be due to not lgaaiolose enough linearization

point.

Note that although the current linear VMR retrieval is piolganot as good as MORSE, its results
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20S-20N and 50 N-90 N sorted according to the day analyzed. The number of psadiveraged is shown in

Equator

(00 ) N I A B U R
P S
| . |
[ [
| |
010’ ~. N | Sl
N \
L \
| |
I . |
1.00+ ‘\; [ 1F
P4e |
: [
[
|
10.00F 1F
100.00‘\‘ku"'x\;:uwuum wHH\HH:‘\EHH\HHM T TS
-100 -50 0O 50 100 -100 -50 O 50 100 -100 -50 O 50 10
[%] (%] [%]
ACE: 109 ACE: 0 ACE: 92
HIRDLS: 1015 HIRDLS: 743 HIRDLS: 1109
0.01
0.10" ; — it
1.00¢ 4 it
10.00 f it
10000F .0 oo e A S T
0 20 40 60 80 O 20 40 60 80 O 20 40 60 80
(%] (%] [%0]

the middle row.

117



are close enough to the MORSE solution that potentiallyningnthe linear retrieval as a first iteration

of MORSE (or any iterative scheme) should reduce the comguitne considerably.
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Figure 7.28: Seasonal CH biases (top) and scatter (bottom) between linear retrieval MORSE

(Linear—MORSE). The gray dotted line (top) shows the expected Gtiability over the corresponding sea-

son. The Winter, Equator and Summer bins correspond tadizs 90 S50 S, 20S-20N and 50 N-90N
sorted according to the day analyzed. The number of profileaged is shown in the middle row.

7.7.1 Correlations

Correlations between the linear retrieval, MORSE and thé&S been performed (Figure 7.29) to
investigate if the overestimation of GHk due to the IG not being close enough to the solution.

As can be seen in the GHorrelation, most of the extremely high values (being eittteund the
top of the retrieval £ 0.2 hPa) or near the stratopause) of LinddlORSE difference are outside the
required proximity of the IG to the solution.

This figure also shows the correlation between the, Ghear retrieval performance against the

proximity of the temperature IG to its solution. Again, mosthe high values of the LineaMORSE
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CH, correlation cross correlation
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Figure 7.29: Correlations between the linear retrieval, MORSE and thélGCH, and cross correlation for
the 7th June 2007.

difference are outside the 10K required proximity for theafard modelpT" adjustment (section
7.5.3)
These correlations suggest that when a |G climatology fimeam 80 latitude is constructed, the

performance of the linear retrieval should improve consitl.

7.8 Retrieval speed

An important feature of the linear retrieval is its speednc8ithere is no need to run the radiative
transfer model, once the error covariance matrices aretet¢only needed once a day), the main
time consuming processes are ingesting the data into thievadtand inverting the multiple7" lin-
earization points (five in the current configuration of theesoe). Using the same computer to run
MORSE and the Linear retrieval, it has been discovered ligdiriear retrieval is faster than MORSE
at least by a factor of 20 (i.e. for a day of MA data reducingrfreveeks to a couple of hours) when
retrieving pT and CH,. It should be noted that speed of the linear retrieval canrprdved by re-
trieving only some of the linearization points selectingrthaccording to the time and latitude of the

scene. Further speed may be gained by coding the lineagvatin Fortran rather than in IDL.

7.9 Conclusions

An alternative algorithm to retrieve temperature, pressurd gas concentrations from limb viewing

spectrometers has been introduced. This algorithm ezglod linear properties of an optically thin
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path making it possible to perform the inversion withoutruwening the radiative transfer model as
long as the initial guess is close enough to the scene conglitiThis new algorithm uses the whole
spectral band of the molecule rather than a small subset (tfiét microwindows) and therefore,
theoretically, leads to a higher precision.

It was shown that the retrievals of pressure, temperatut@as concentration (CHn particular)
can be treated linearly up to a difference between the 1G haddtene conditions of 20% in GH
concentration for a 2% error margin due to the linearizatiérihe problem, up to 20% pressure
difference for a 3% error margin and up to 10K difference f8raerror margin near the stratopause
and less than 1K elsewhere. In order to fulfill these re#rst it was found that a 30latitude
bin climatology was needed fgiT' and a climatology with finer resolution for GHAnN alternative
scheme was also presented using multiple IGs and sele@eaxmhéhthat fits better the residuals.

This retrieval scheme was implemented using MIPAS radsacel compared to the results of
several mesospheric instruments as well as the result® dfettative scheme MORSE. These com-
parisons revealed that thd” linear retrieval is within a 3K range difference most of timad for
pressures greater than 0.01 hPa. For lower pressures #@re $o be an overestimation of the tem-
perature by the Linear scheme varying from 3 up to 10 K depegndn the season analyzed.

Unfortunately, the CHhllinear retrieval comparison revealed an overestimatioarofind 20% at
all pressure levels at any seasonal bin. This overestimagems to be caused by difference between
the IG and the scene conditions outside the required proxinti should be noted that the current
implementation of the linear retrieval only uses five IGsugqrial, midlatitude day, midlatitude
night, polar summer and polar winter conditions) and hehedinhear retrieval performance should
improve considerably once the required I1G climatology isstrnucted.

Even if the linear retrievals are not as good as needed duetartifacts induced by being far
from of the IGs used, the results may be used as the firstideraf the iterative schemes, thereby

reducing the processing time.
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CHAPTER 8

NonLTE model validation

The inversion of temperature, pressure and gas concemsafiom infrared measurements usually
relies among other things on the assumption that the equisijrecies are in local thermodynamic
equilibrium (LTE) [Gille and House, 1971; Rodgers, 19760@D This assumption implies that
their populations are determined by the Boltzmann distidiouat the local kinetic temperature and
therefore the source function of the emission is given byPfaeck function at this temperature.

In general, LTE conditions occur when collisions betweeretes thermalize the energy level
populations. Hence, at high pressures where collisioes &t high, LTE conditions tend to predom-
inate. However, in the middle and upper atmosphere, whdlisions decrease due to low pressures,
several studies (for instance, Caledonia et al. [1985i@&oh et al. [1986]; Kaye and Kumer [1987];
Kerridge and Remsberg [1989]; Lopez-Puertas and Tay®89]) have shown that most of the in-
frared emission departs from LTE.

At low pressures, the energy level populations are comtlotly radiating mechanisms and the
source function is no longer given by the Planck Functionrhthier by the general source function
(equation 2.3) and furthermore the absorption coefficiemiso altered.

Following Lopez-Puertas and Taylor [2001] the LTE caltiolas can be related to the nonLTE

guantities by
J = Br, <9> (8.1)
g

where.J is the general source functiom, is the Planck functiom,, is the nonLTE to LTE population
ratio of the upper level and /o is the ratio of the LTE absorption coefficient to its nonLTHuea

This factor is given by
o 1 1-T
e o] ©2)
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wherer; is the nonLTE to LTE population ratio of the lower level ands the Boltzmann exponential
factor given byl = (g;/g.) exp (—hvo /ET) .

Models have been developed to compute the nonLTE energlypepelations needed to relate
the radiative transfer calculations to its nonLTE formsigsequations 8.1 and 8.2 and hence properly
interpret the radiances affected by nonLTE emissions. 8 hexdels solve the equations that describe
the population balance between energy level due to callisithe statistical equilibrium equation)
and the radiative transfer equation for the transitionsegoed by them.

The statistical equilibrium equation accounts for the &twn and deexcitation processes such
as thermal collisions or collisions with molecules alreadynonLTE while the radiative transfer
equation considers the incoming solar flux (as well as thea&ftl one), the transfer of photons
between atmospheric layers and spontaneous emissions.taedediscussion of the methods to
solve these equations is outside the scope of this thesahute found in Lopez-Puertas and Taylor
[2001].

Normally, nonLTE models express the nonLTE populationgims of a vibrational temperature

- AE
! klog (nl.gu/nugl)

(8.3)

whereAL is the energy difference of the upper and lower level. Thés@ational temperature are a

convenient input for the radiative transfer models bec#iuseatio of nonLTE to LTE populations for

Ty = exp <A—kE <Ti — %)) (8.4)

which can be computed if the vibrational and kinetic tempees are known [Edwards et al., 1993].

the levelx is given by

This type of scheme has been implemented into the RFM. [By@gi0Z].

In general, the vibrational temperatures used to estinfeendbnL TE radiances in the MIPAS
retrievals algorithms either for the microwindow selesti@s in the case of MORSE) or for the
selection of emission lines less affected by nonLTE prae&ss in the Linear retrieval) are provided
by the Generic RAdiative traNsfer AnD non-LTE populatiorgétithm (GRANADA) [Funke et al.,
2002]. The purpose of this chapter is to use MIPAS middle aphere measurements to validate
these vibrational temperatures (i.e. the modelling of el E distributions).

In the following sections a technique to validate the diunuLTE effects rather that the absolute

nonLTE emission is introduced. This technique relies onélie of the daytime to nighttime radiance

INote that the-, r., anda /o are unity under LTE conditions.
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assuming small nighttime nonLTE effects. Even though tbkrigjue presented here can be applied
to any molecule, for clarity it will be explained first for GGand then it will be applied to other

constituents.

8.1 Methodology

The MIPAS instrument measures the atmosphere around 16¢20 time on the descending and
around 22:30 on the ascending part of its orbit. The diffeedmetween descending (day) and ascend-
ing (night) zonal mean spectra results from diurnal vasigtiin gas concentrations, temperature and
nonLTE effects. When observing the emission of a gas withinmdl variation such as CQthe
ratio between the day and the night radiances will dependhersinall diurnal variation of kinetic
temperature and on the nonLTE effects (e.g. the upper erevgy of the vibrational transition is
pumped by the solar radiation during day but not during nighthis measured ratio can be compared
against the ratio predicted by nonLTE models. Comparingdties rather than absolute differences
allows any variation between the atmospheric and modetikitemperature and volume mixing ratio
to be eliminated hence leaving mainly the nonLTE effects.

The simulated data are created using the RFM fop @Dthe same tangent heights measured by
MIPAS for day and night midlatitude climatological profile§hese profiles include the vibrational
temperatures calculated by the GRANADA nonLTE model fosthevo conditions and use the same
kinetic temperature as well as G@oncentration for both scenarios.

The analysis starts by sorting the MIPAS middle atmosphpuoelized spectra for midlatitudes
north or south (ie. 3N to 60°N or 60°S to 30'S). This latitude range is used because it avoids the
equatorial region where there is a significant diurnal tede] it avoids high latitude regions where the
atmosphere is more variable and, furthermore, becausedaglyand night vibrational temperatures
for midlatitude conditions were available. These sortedd&ed spectra are then separated into
day time and night time data using the Solar Zenith Angle (Bibformation. Both data sets are
then averaged height by height to produce representatiyearmid night mean MIPAS radiances for

midlatitude north and south conditions.

8.1.1 Spectral masks

As already mentioned, MIPAS wide spectral range enableglthification of the emission from a

particular constituent in different parts of the spectras shown in Figure 8.1, CQOemissions are
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significant in the spectral regions corresponding to the B,ahd D MIPAS bands. To demonstrate
the nonLTE effects the simulated night nonLTE emission amgpotted on top of the simulated day

nonLTE emissions.

Simulated CO, nonLTE emission at 54km
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Figure 8.1: Simulated nonLTE C@day and night emissions at 54 km for the day atmosphere

Spectral masks for each tangent height are used to isolatisgdiens from C@in the correspond-
ing bands. These spectral masks are created in a similarenasrfor the linear retrieval (section

7.2.1). For this analysis, nonLTE emissions were not exadud

8.1.2 Day/night ratio

These spectral masks were applied to the average midtitag and night spectra to discriminate
the day and night C®emission from the emission of the rest of the molecules obseby MIPAS
and the ratio of these two “pure” GGpectra was taken. This ratio is calculated using a weighted
mean of the lines to minimises the influence of noise. The oreasent ratio-, is given by
D i MdiSni
R 8.5

o Zz MniSni ( )
wheremyg; andm,,; correspond to the measured radiance ofithépure” CO, day and night midlati-
tude MIPAS emission feature arg; correspond to the radiance of tith CO, spectral line predicted
by the nonLTE model using the night climatological profile.

This measurement ratio can be compared against the raticciae by the nonLTE model. This
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simulated ratia is given by

re = Zz Sdizsni (86)

i Sni
wheresy; corresponds téth CO, spectral line predicted by the nonLTE model when using the da

climatological profile.

8.2 CO, results

Figure 8.2 displays the result of the analysis for midlatétsi north and south for GOWhen the day
and night emission is in LTE or when the nonLTE emissions ataffected by solar illumination the
expected result for the day/night ratio is one. Differengdevere analysed in order to allow for the
effect of some SZA variation. Table 8.1 displays the mean $Aéountered in midlatitudes south
and north for the day (d) and night (n) cases. In additionsio dists the day number relative to the

summer solstice to the show the expected annual variatesettiays cover.

Table 8.1: Mean SZA variation

Date Day no. relative Midlatitude Midlatitude
to summer solstice North South
20070422 70 d:39.8/n:118.0 d:64.8/n:141.6
20070607 24 d:32.0/n:107.7 d:72.8/n:150.3
20070824 -54 d:42.5/n:118.3 d:62.4/n:141.6
20071013 -104 d:57.7 /n:137.1 d:43.8/n:124.2
20080215 136 d:63.8/n:118.3 d:44.5/n:117.5

The first result that can be noted from Figure 8.2 is that thasumed ratio does not change much
between midlatitudes north and south. It also can be seethth& G, emission from bands A and D,
is in general, well modelled: the simulated ratio falls betw the atmospheric variability encountered
in the measured ratio. A small deviation from the simulaggtbris visible around 63 km for band A
for all days at both midlatitudes. The AB simulated ratideti$ significantly against the AB measured

ratios.

8.3 Transitions

The analysis presented in the previous section can be eddodope not only with the emission of
CO, at different MIPAS bands, but also with the emission fronfadlént vibrational transitions for

COs,. This implies identifying inside the already G@asked spectra the lines which correspond to
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Figure 8.2: Simulated and measured day/night ratio for{d0r several days for midlatitude North and South
scenarios. Dashed lines with different symbols repregbetmeasured ratio for different days while the solid
line corresponds to the simulated ratio. A gray dashed Bpeasents the position at which the day/night ratio
is equal to one.

different transitions.

Once the strongest transitions were identified, transiipectral masks were created using the

same procedure as before in order to use them on top of theuhalepectral masks built previously.

Figure 8.3 displays the result of this extended analysisnfmfiatitudes south. The top panel
shows the individual transitions identified for @@ MIPAS band A, AB and D. The bottom panel

shows the measured day/night ratio for the same days asumneR82.

Practically all the transitions in Figure 8.3 are in genevall modelled. The exceptions are the
transitions CQ(5:9) in band A and the transition G(3:9) in band AB. Both transitions have upper
level “9” which suggests that discrepancy is a problem withrionLTE model because the population
of the upper level determines the emission from the tramsitiThese transitions show a significant
difference in magnitude below around 70 km and in both mageitand trend above 70 km. The same

results are found when analyzing the average midlatitudes madiances.

Table 8.2 lists the standard HITRAN spectroscopic notgdfwthman et al., 1987] corresponding
to these CQ HITRAN global quantum indices. This spectroscopic notattmnsists of quantum
numbers (bands) denoted by ‘vﬂ’ twhich represents the contribution of a given band to theuéarg
rotation and ‘r’ which locates the level in the Fermi resangroup. A detailed discussion can be

found in McClatchey et al. [1973].
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CO, transitions @ 54km
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Figure 8.3: (top) Simulated C@transitions and (bottom) simulated and measured day/négjiot for midlati-
tude south scenario. Dashed lines with different symbgisasents the measured ratio for different days while
the solid line corresponds to the simulated ratio. The numb#éthin brackets correspond to the HITRAN
global quantum indices, for the HITRAN spectroscopic riotasee table 8.2

8.4 Other molecules with no diurnal variation

Inside the MIPAS spectral range the molecules with littlenordiurnal variation and which have
a reasonable S/N ratio for at least some heights a®,HHNO;, CHy, NoO and CO. For these
molecules, as in the case of ¢@he only difference between the day and night simulatedtspare
the vibrational temperatures given by the nonLTE model hinfollowing subsections, the analysis
results correspond to the midlatitude south data but theesamclusions can be drawn from the

midlatitude north data.
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Table 8.2: CO,

HITRAN global HITRAN spectroscopic
quantum indices notation [McClatchey et al., 1973]
V1 Vo QQ V3 I

1 00001

2 01101

3 10002

4 02201

5 10001

6 11102

8 11101

9 00011

14 12201

15 20001

23 10012

24 02211

25 10011

8.4.1 H,O results

In the case of KO, its emission spreads over the complete MIPAS spectrgerahlowever, strong
“pure” lines required for this analysis appear mainly in MiBAS bands B, C and D. $D emission
in these spectral regions correspond mainly to the tramsitbO(1:2). Figure 8.4 shows that the
behaviour of the MIPAS data is consistent from spectralaegp spectral region. It can also be noted
that the model predicts the observed ratio to within 10%.r&lea discrepancy around 40 km where
the model ratio is greater than one while the measured atiwiays lower than one.

Table 8.3 lists the standard HITRAN spectroscopic notatmmesponding to these)@ HITRAN

global quantum indices. Note that these global quantuntésdalso apply for N@and Q.

Table 8.3: H,O NO, O3

HITRAN global HITRAN spectroscopic
quantum indices notation [McClatchey et al., 1973]
Vi Vo V3

000

010

020

100

001

110

011

101

002

111

B
B RROE~NO A WN R
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H,O transitions @ 54km
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Figure 8.4: (top) Simulated HO transitions and (bottom) day/night ratios as found in taaddashed lines)
and in the simulations (solid line). The numbers within tiets correspond to the HITRAN global quantum
indices, for the HITRAN spectroscopic notation see tabe 8.

8.4.2 HNG; results

Figure 8.5 displays the transitions identified for HNOThese transitions are shown for a lower
altitude than previously because there are no transitibiN®3 above 10% of the NESR expected
for the MIPAS reduced resolution measurements above 50 km.

For this molecule strong “pure” lines required for this aséd appear only in MIPAS band A. The
right panel shows the day/night ratio results. The analyais only be extended up to about 40 km
because at higher levels the S/N ratio is poor. At this lovellethermal collisions are assumed to be
frequent enough to maintain the emission in LTE and theegftbre simulated ratio is equal to one.

However, the measured ratio seems to be less than one atZthkot and abruptly more than one
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around 42 km. This behaviour is found in the transitions yaread in practically all the days.
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Figure 8.5: (left) Simulated HNQ transitions and (right) day/night ratios as found in thead@iashed lines)
and in the simulations (solid line, in this case 1 everywhef@e numbers within brackets correspond to the
HITRAN global quantum indices, for the HITRAN spectrosaopotation see table 8.4

Table 8.4 lists the standard HITRAN spectroscopic notatiomesponding to these HNCHI-
TRAN global quantum indices. Note that since these vibraiaquantum numbers cover whole
bands they have been designated by indices to provide fastsibility for applications such as

nonLTE applications [Rothman et al., 1986].

Table 8.4: HNOs

HITRAN global HITRAN spectroscopic
quantum indices notation [Rothman et al., 1987]
14 ground
18 V5
19 V9
21 2V9
23 3V9

8.4.3 CH, results

Figure 8.6 displays the results for GH-or this molecule strong “pure” lines required for this lgsis
appear only in MIPAS band B. The right panel shows the dakitnigtio results. As in the O
day/night ratio there is an anomaly around 40 km where theetni@dio is greater than one while
the measured ratio is always lower than one. Above thisidkitthe simulated ratio falls within the
variability encountered in the measured ratio.

Table 8.5 lists the standard HITRAN spectroscopic notatmmesponding to these GHHITRAN

global quantum indices.
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CH, transitions @ 33km CH band B
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Figure 8.6: (left) Simulated CH transitions and (right) day/night ratio as found in the dd&shed lines) and
in the simulations (solid). The numbers within bracketsespond to the HITRAN global quantum indices,

for the HITRAN spectroscopic notation see table 8.5

Table 8.5: CH,

HITRAN global
guantum indices

HITRAN spectroscopic
notation [McClatchey et al., 1973]

viva v By vy 0]

00000000
00000111
01100001
00000202

A WNPF

8.4.4 COresults

Figure 8.7 displays the results for CO. Below 60 km, the satad ratio falls inside the variability

encountered inside the measured ratio, however, it seefiesttavards the high values. Above this

altitude the simulated ratio always overestimates the oredsatio.

Table 8.6 lists the standard HITRAN spectroscopic notatmmesponding to these CO HITRAN

global quantum indices.

Table 8.6: CO
HITRAN global HITRAN spectroscopic
guantum indices notation [McClatchey et al., 1973]
Vi
1 0
2 1
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CO transitions @ 33km
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Figure 8.7: (left) Simulated CO transitions and (right) day/night eatias found in the data (dashed lines)
and in the simulations (solid line). The numbers within tiets correspond to the HITRAN global quantum

indices, for the HITRAN spectroscopic notation see tabte 8.

8.4.5 NO results

Figure 8.8 displays the §O results. In band B, the nonLTE model seems to assume LT kiisied
ratio equal one) while the measured ratio is negative up taand then abruptly becomes positive

at around 50 km. In band D, the simulated ratio falls insigehthge variability shown in the measured

ratio.

Table 8.7 lists the standard HITRAN spectroscopic notatmmesponding to these; HITRAN

global quantum indices.

Table 8.7: N, O
HITRAN global HITRAN spectroscopic
quantum indices notation [McClatchey et al., 1973]
Vi Vo QV3

1 0000

2 0110

4 0220

5 1000

8 1110

12 1220

14 0001

19 0111

8.5 Molecules with diurnal variation

The interpretation of the result of this analysis for gases present a clear diurnal variation is not

simple because the ratio will depend of the difference irddaye-night concentration as well as in the
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N,O transitions @ 33km
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Figure 8.8: (top) Simulated NO transitions and (bottom) day/night ratios as found in taaddashed lines)
and in the simulations (solid line). The numbers within tiets correspond to the HITRAN global quantum
indices, for the HITRAN spectroscopic notation see table 8.

nonLTE effects. Nevertheless the analysis was applied tg,INOQ and Q,

In the case of N@and NO, the day and night climatological profiles used to asephe sim-
ulated spectra include a diurnal variation and therefoeesiimulated ratio and the measured ratio
should show relatively the same behaviour. In the casesoft@ day and night climatological pro-
files used to computed the simulated spectra are identiegakfore, while the measurement ratio will
reflect the nonLTE and day-night differences in concemnatthe simulated ratio will only reflect

the nonLTE day/night effects predicted by the model.
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8.5.1 NGOG results

Figure 8.9 displays on the results for M@ can be seen that even though this molecule has a strong
diurnal variation the simulated ratio shows the same trexithe variability encountered in the data.
The worst case is around the lowest altitudes where thereifée between the simulated ratio and

the measured ratio is about 30%.

NO, transitions @ 33km NO, band: C
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Figure 8.9: (left) Simulated NQ transitions and (right) day/night ratios as found in thead@ashed lines)
and in the simulations (solid line). The numbers within tets correspond to the HITRAN global quantum
indices, for the HITRAN spectroscopic notation see table 8.

The standard HITRAN spectroscopic notation corresponttiijese N@ HITRAN global quan-

tum indices are listed in Table 8.3.

8.5.2 NO results

Figure 8.10 displays the results for NO. Again, as for the;Ni@y/night ratio results, the simulated
ratio shows the same trend as the measured ratio, howewéhiganolecule the offset encountered
between the measured ratio and the simulated ratio is huge.

Table 8.8 lists the standard HITRAN spectroscopic notatmmesponding to these NO HITRAN
global quantum indices. Note that since these vibrationahtym numbers cover whole bands they
have been designated by indices to provide fast accessituiti applications such as nonLTE appli-

cations [Rothman et al., 1986].

8.5.3 O results

Figure 8.11 displays the results fog OAs can be seen, the simulated transitional ratios predict n

diurnal variation in the nonLTE effects. The measured riatioand A and AB shows clear signatures
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NO transitions @ 33km NO band: D
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Figure 8.10: (left) Simulated NO transitions and (right) day/night oatias found in the data (dashed lines)
and in the simulations (solid line). The numbers within tiets correspond to the HITRAN global quantum
indices, for the HITRAN spectroscopic notation see tabfe 8.

Table 8.8:NO
HITRAN global HITRAN spectroscopic
guantum indices  notation [Rothman et al., 1987]
1 X3/20
2 X3/21
11 X1/20
12 X1/2 1

of the diurnal variation concentration with less ozone wigirilaytime than during nighttime due to
its destruction by UV solar radiation. However, the meaduatio in band D shows the opposite
behaviour suggesting that some nonLTE effects are preSbate nonLTE effects are not reflected in
the simulated data and therefore assumed to be not modElate 8.11 also shows the ratio (black
line) of the day nonLTE and the day LTE simulated radiancehtmasthat there are some nonlLTE
effects predicted by the nonLTE model. This ratio is donélie entire signature of the molecule
rather for a particular transition. The same ratio is fourigevanalyzing the night nonLTE and LTE
simulated radiances explaining why the simulated rationis. o
The standard HITRAN spectroscopic notation correspontiingese NO HITRAN global quan-

tum indices are listed in Table 8.3

8.6 Conclusions

A method to test the nonLTE model results is introduced. Teshod was used to analyze the main

transitions of gases with no diurnal variation as £ 8,0, HNOs;, CH,, N,O and CO, as well as
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Figure 8.11: (top) Simulated @ transitions and (bottom) day/night ratios as found in thiaddashed lines)
and in the simulations (solid line). The ratio between thglanLTE and the day LTE is shown in black. The
numbers within brackets correspond to the HITRAN globalruen indices, for the HITRAN spectroscopic
notation see table 8.3

gases with diurnal variation such as NOIO and Q. In order to allow for the effect of some SZA
variation, different days were analyzed.

The analysis of C@transitions inside the MIPAS spectral range revealed aajisacy in the
modelling of the upper level “9” (00011) of the HITRAN globgliantum indices, encountered in two
different transitions, (5:9) in band A and (3:9) in band ABig discrepancy suggests that there is
a problem with the nonLTE model for this particular level @ese the population of the upper level
determines the emission from the transition. The rest ofdBe transitions seem to fall inside the

atmospheric variability encountered in the measured.ratio

The analysis of HO vibrational transition (1:2) revealed that the MIPAS dataonsistent be-
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tween spectral regions. It also displays a discrepanci@sndr40 km where the simulated ratio is
always greater than one and the measured ratio is always hae one. The same kind of dis-
crepancy was found in the analysis of HNGCH, and N,O which suggests that this might be a
temperature error rather than a nonLTE modelling discrepan

The results of N@ and NO prove that even though the ratio for these moleculestisnly de-
pendent on the nonLTE diurnal variation, the measured eatibthe simulated ratio shows relatively
the same behaviour offseted by the diurnal variations amdl Tl differences between the simulated
and the measured radiances.

The analysis of @shows clear signatures of the diurnal variation in the mmeabratio in band A
and band AB while the measured ratio in band D suggest tha¢ smmLTE effects are affecting the

measured ratio but not modelled in the simulated ratio.
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CHAPTER9

Summary and conclusions

The mesosphere is gradually gaining attention in the cérochinge debate due to its predicted cool-
ing as a result of greenhouse emissions. The purpose ohegsstwas to investigate the feasibility
of using satellite infrared remote sensing to retrieve terajure, pressure and composition at meso-
spheric heights; in particular, to assess the quality oatheospheric data retrieved with the Michel-
son Interferometer for Passive Atmospheric Sounding (MiPAnd the High Resolution Dynamics
Limb Sounder (HIRDLS).

To this end, the quality of the mesospheric measurementstofibstruments was analyzed (chap-
ter 4). Inthe case of HIRDLS, this was necessary becauselRBILS radiances are subject to several
correction algorithms to remove the radiation from a p&itin which is obstructing its field of view.

It was discovered that, although the HIRDLS radiances sHear signatures of the secondary O
peak, they are not calibrated and hence not suitable fontfodestudies for pressures lower than
around 0.1 hPa.

In the case of MIPAS, this was necessary because the MIPA&eradimosphere observations are
not the nominal viewing mode and hence they have not beerllyraaed for scientific studies (i.e.
not retrieved with the ESA operational processor). As phthis analysis, a technique to evaluate
the calibration of MIPAS different viewing modes was intneed. Although in theory the different
viewing modes should only differ in the tangent heights raeas (i.e. all viewing modes should
be equally well calibrated), this technique revealed ardigman the MA viewing mode calibration
presumably due to pointing problems.

Also, a technique to use the MIPAS mesospheric radiance rivedhe radiometric offset and
to validate the noise estimates was introduced. The radianafset derived between 86860

cm~! was used to detect the PMCs emission despite their low emiskie to the extremely cold
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temperatures of the polar summer mesopause (chapter 5} &peement was found between an
enhancement of the radiometric offset and PMCs detectidBGAMACHY as well as ice supersat-

uration derived from MLS data.

Once established that the MIPAS radiances are suitabledsogpheric studies, an estimation of
the quality of the MIPAS MORSE middle atmosphere retrieeasvell as other mesospheric datasets
was presented (chapter 6). In general, for pressure gréter0.1 hPa the MORSE retrievals are
within a 3K or a 20% range difference. For lower pressureis, data may be used with caution
depending on the molecule. Among the other instrumentsyith®, ACE and SOFIE datasets have
the most potential to become an important source of mesdspdiadies. For a complete summary

of the results of these comparisons see table 6.3 and 6.4.

Next (chapter 7), an alternative algorithm to retrieve terafure, pressure and gas concentrations
from limb viewing spectrometers was introduced. This atgar exploits the linear properties of
an optically thin path making it possible to perform the isien without re-running the radiative
transfer model as long as the initial guess is close enoudghetscene conditions. The required
proximity was established to be 20% for pressure and gasotration (CH in particular) and 10K
for temperature which may be achieved with a climatologyatifude resolution finer than 30An

alternative scheme is also presented using multiple IGeatablishing which is the best.

This new retrieval scheme was implemented using MIPAS MA enatliances. Currently the
linear retrieval uses an ensemble of IGs corresponding tategal, day and night midlatitudes,
polar summer and polar winter conditions. This new algaritises the whole spectral band of the
molecule rather than small subset of it (the microwindows]) therefore, theoretically, leads to a

higher precision.

Finally, a method for validating the modeled vibrationahfgeratures used in the MORSE and in
the linear retrieval as part of the selection of spectrahisoiised (chapter 8). This validation relies on
the ratio of the daytime to nighttime radiances assumingdhiang nighttime the nonLTE processes
are negligible. This validation was performed on the maamgitions of CQ, H,O, HNO;, CHy,
N-O, CO, NG, NO and Q for midlatitudes. In general, most of the transitions aret/fall inside
the atmospheric variability encountered in the measurésnéime main discrepancy being the £0
upper level 00011 of the HITRAN spectroscopic notation (tpeer level of the laser band) which

vibrational temperatures are now undergoing revision.
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9.1 Suggestions for further work

e The MIPAS MORSE middle atmosphere retrievals need to beyaedlfurther for pressures
lower than 0.1 hPa to determine whether the overestimatiamaerestimation at this pressure
levels can be improved with better climatological value# abetter knowledge of the nonLTE

processes affecting the corresponding radiances is needed

e Once the MIPAS HO retrievals at upper mesospheric pressures is improveps ofdace sat-
uration derived from MIPAS data can be directly comparedwiiaps of the 800860 cn1!

radiometric enhancement to investigate how the PMCs evolve

e The MIPAS MORSE middle atmosphere retrievals need to beeevin conjunction with the

MIPAS nominal mode retrievals to improve consistency betwihe datasets.
e A better climatology needs to be constructed to fully analye potential of the linear retrieval.
e The linear retrieval of gas concentrations could be extendéncorporate more molecules.

e A radiometric offset needs to be fitted as part of the lineareneal scheme to reduce its influ-

ence especially around mesospheric heights.

e A vibrational temperature climatology may be constructsthg monthly averaged MIPAS
radiances to retrieve them using monthly ACE, MLS and SOFRta @s kinetic temperatures

and concentrations.
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