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This thesis discusses the retrieval of atmospheric cortippsrom the MIPAS
satellite instrument, concentrating on four trace spe€&sS, Sk, SO, and NH;.

A space-borne Fourier transform infrared spectrometePA®, is used to measure
atmospheric limb spectra at high spectral and spatialuéeal Retrieval theory, con-
centrating on the optimal estimation approach is used tievetprofiles of trace gases.
The signal of species chosen for detailed investigatiormania, carbonyl sulphide,
sulphur dioxide and sulphur hexafluoride, are at the limM&PAS detectability. This
necessitates careful use of retrieval diagnostics to agsesile quality, followed by
statistical methods to determine useful profiles. Methda®mbining measurements
before, during and after the retrieval process are alsstigaged. Finally, automation
of quantitative assessments of retrieval quality, on aividdal profile basis, have en-
abled large data volumes to be processed, giving insightioth global and seasonal
processes.

Monthly mean fields for OCS are shown, with tropospheric v@hreund 500 pptv
and zonal and vertical structure that agrees with spardedmaimeasurements. The
stratospheric lifetime is calculated at 10 years with alsutdoading of 0.48 Tg. A
clear interannual trend of 0.30 pptvyris demonstrated for $Fwith mean tropo-
spheric values around 4.8 pptv for 2003. These results & tasderive age profiles
for the atmosphere. SGshows anthropogenic enhancement in the northern hemi-
sphere of over 400 pptv with a mid stratospheric minimum ofpp@, in line with
model distributions. There is a strong interhemispheritatity. Ammonia shows a
strong vertical gradient with a mean value of around 10 ppévkan.
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Chapter 1

Introduction

The aim of this thesis is the investigation of optimal methtmretrieve concentration
profiles of minor species using data from the Michelson fetemeter for Passive

Atmospheric Sounding (MIPAS).

It starts with a description of the MIPAS instrument and igsgnt satellite before
considering the principles of the interferometer, rag@transfer and molecular spec-
troscopy. Subsequently, Chapter 2 will cover the basic ehsnef retrieval theory,
concentrating on the optimal estimation method. New anaf pvork relating to coad-
dition is then discussed, considering the advantages aadivhntages of combining

measurements before, during and after retrieval (Chapter 3)

The retrieval of a series of trace species, in order of mettwdplexity is then
considered, starting with carbonyl sulphide, OCS (ChapterTjis is a significant
precursor in the pathway leading to sulphuric acid aerostiie stratosphere, respon-
sible for a strong radiative forcing on the atmosphere. TWuosk will then consider
sulphur hexafluoride, SHChapter 5) which is a useful tracer species with applica-
tions in model dynamics validation. Sulphur dioxide,;3Ohapter 6) is then studied,

requiring more complex retrieval methods. It too is invalwe the formation of strato-

1



spheric aerosols. The final species, ammoniaz KEhapter 7), is a basic and highly
soluble species, which is complementary to the acidig &@l involved in its removal
from the atmosphere. A more detailed discussion of eachiespappears in their

respective chapters.

1.1 MIPAS

MIPAS is one of the instruments aboard the European SpacedkgeEnvisat satellite.
The 8000 kg satellite and its associated payloads were lteahan an Ariane 5 rocket
from Europe’s space port in French Guiana, énMarch 2002. The sun-synchronous
polar orbiting satellite has an altitude of 800 km and a geabone hundred minutes,
giving approximately 14 orbits per day. A diagram of Envisad its payload is shown
in Figure 1.1. The Envisat mission and the MIPAS instrumeatlaoroughly described

in special European Space Agency (ESA) publications (EB803,b; Envisat, 2001).

AATSR

MIPAS

MERIS . e SCIAMACHY
| i/

MWR

Ka-band
Antenna

DORIS

X-band
Antenna

.
==

hhhhh ; e S - [ ASAR
B ! Antenna

Figure 1.1:The Envisat instrument payload, (ESA, 2000a).



MIPAS is an actively cooled Fourier transform atmosphdrermal emission limb
sounder, making observations between 685 and 2410 cwhich corresponds to a
wavelength range of 14.5-4/m. This range enables the remote monitoring of a
wide variety of trace species. The nominal altitude rangeeoled by MIPAS is is 6—
68 km, covering the upper troposphere / lower stratosphgre$) region to the lower
mesosphere. A complete limb scan sequence consists of ti#espean unapodised
spectral resolution of 0.025 crhwith tangent points at 68 km, 60 km, 52 km, 47 km,
42 km and downward to 6 km in 3 km steps. (ESA, 2000b). Thisshady considers
data aquired using this measurement regime and resolut&an before hardware

problems forced a change in April 2004.

1.1.1 Background and History

A Fourier transform infrared (FTIR) instrument, such as M&4s ideal for obtaining
complete, high resolution, infrared (IR) spectra with goedsstivity.

FTIR instruments have a long history, giving good knowledtjaeir behaviour —
an essential prerequisite of flying an instrument in spadeerd are aircraft, balloon
and ground-based instruments but few FTIR instruments Aavwa in space prior
to MIPAS. This is, in part, due to the demanding optical perfance and platform
stability required.

The drawback of an FTIR is its mechanical complexity. It @ms optical elements
that must be guided with high precision over extended digtanIn addition, a very
high alignment stability is required for all optical commns in the interferometer.
For MIPAS, the alignment constraints are unusually diftiad the optics are cooled
down to -70C to reduce the thermal self-emission.

Figure 1.2 shows the region of the electromagnetic spectampled by MIPAS,

along with the band positions of some of the major atmosploemstituents.



Figure 1.2:The measured data set covers a wide spectral range (685ton2410 cnt!) at
high spectral resolution, (ESA, 2000b).

1.1.2 Hardware

The spectral coverage of MIPAS itself is split up into five dssummarised in Table
1.1. Bands A-B make use of a photoresistive type of detecadrdiguires a correction
to be applied to the spectra after measurement to accoutttgaron-linear response
to both the wavelength and the intensity of incident radratin contrast, bands C and

D use a photovoltaic detector without such a limitation.

Table 1.1: MIPAS spectral bands.

Band Spectral Range [crh]

A 685-970
AB 1020-1170
B 1215-1500
C 1570-1750
D 1820-2410

Figure 1.3, shows the positions of the spectral featuresmkesof the species that
are found in these bands. The complexity of this plot emgeasine large amount of
information available in each spectrum.

The radiometric requirements on MIPAS are highly demandiAggood radio-
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Figure 1.3: MIPAS bands and typical radiance contributions from various atmogpher
species, calculated for a tangent height of 21 km (A. Dudtees. comm.). The Noise Equiv-
alent Spectral Radiance engineering requirements are shown asitentadfines.

metric sensitivity is essential to allow detection of weak@aspheric signals without
additional averaging. Radiometric sensitivity is expredsere by the noise equivalent
spectral radiance (NESR), which characterises the instiun@se in terms of inci-
dent radiance. The achieved design specifications of th&BlIRstrument required a
sensitivity of <50 nW/(cn? sr cn!) at the long wavelength side, decreasing#.2
nW/(cn? sr cntt) at the short wavelength side (ESA, 2000b; ABB BOMEM, 2002).
The NESR results are shown in Figure 1.4. The radiometrigracy requirement was
equally stringent and the calibration accuracy was repaatebeing well below one
percent (Birk et al., 2002), an impressive achievement eseground-based instru-
ments. Such accuracy is necessary because a good absawledge of the received
radiance is important to the retrieval of the atmosphemepierature of the emitting

layer — a key parameter in the retrieval process.
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Figure 1.4:Comparison of the required engineering NESR against the launch adidtpce
end of life noise values (ESA, 2004). This shows how much better tharesigrdspecification
the actual noise performance of the instrument was. The NESR is an impootesideration
in this thesis.

1.1.3 Geometry

MIPAS is designed for limb observations to balance maximemsgivity and good
vertical resolution. The instantaneous field of view is 3 kighhto achieve a good
vertical resolution, but 30 km wide to collect sufficient eme This is shown in Figure

1.5.

1.1.4 Interferometry

The atmospheric radiance is collected by the front-endsgihainly steering mirrors
and a telescope) and is directed to a Michelson interferem@the second interfer-
ometer input port is closed with a cold black body to supptessanted IR radiance.
This black body information is used as part of the radioraetalibration. The input
radiance is divided at the beamsplitter into two beams oflairmtensity. They are di-
rected to the moving retroreflectors — corner cubes — whitirmehem to the beam
combiner. The optical layout is shown in Figure 1.6.

Here the beams are superimposed and interfere, so thasthliéng intensity in the
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Figure 1.5:Viewing geometry of MIPAS. The instrument is capable of performing measur
ments in two pointing regimes, (ESA, 2000b).

output ports varies as a function of the optical path difieee At equal path length in
both arms, there is ‘zero-path difference’ (ZPD) betweenttdam paths and thus con-
structive interference in the first output port increasesithiensity to approximately
twice the average value, while destructive interferendb@other port reduces the in-
tensity there to virtually zero. As the optical path diffiece changes, this interference
causes the intensity to fluctuate between the two outpus pariportantly, however,
the sum of the intensity in both ports stays constant. Thefetence-modulated sig-
nal as a function of optical path difference is an interfeang, and forms the basis of
the raw data that MIPAS sends to Earth.

This interferogram is related to the spectrum of the incaynadiation by a Fourier
transform. Therefore, the spectrum can be reconstruoted fine recorded interfero-
gram by the inverse Fourier transform. For MIPAS, this pssaay step is performed
in the Envisat ground segment, providing maximum flexipilit the algorithms and to
allow use of state-of-the-art processing hardware. Theyidg theory is described

in Section 1.3.
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Figure 1.6:Diagram of the folded design of interferometer, (ESA, 2000b).

The spectral resolution of a FTIR is mainly determined byrtteximum path dif-
ference (MPD) achievable in the particular interferometée MIPAS MPD of about
40 cm should give, in theory, a resolution of 0.025 ¢nthis is the grid on which the
spectra are supplied) but this theoretical resolution ggatded by convolution within
the instrument with the ILS (instrument line shape). The ik 8ot in reality a perfect
sinc function (see below) as the FOV is finite which resultthem incoming rays not
being parallel. Some of them travel a slightly differenttpat the instrument, and so
the interferogram is not sampled by an ideal boxcar functiam MIPAS, the obtained

spectral resolution is about 0.035 thFWHM (Full width half maximum).

Due to the folded nature of the instrument design, the 40 dimglifierence corre-
sponds to a mechanical motion of each corner cube of arounth0

To record a useful interferogram, the modulated output bdsetsampled at ex-

tremely regular optical path difference intervals (theuieed sampling accuracy for

MIPAS is about 30 nm). This is usually done with help of a laseam transmitted in



the same optical set up, which is used to trigger the sampliectronics behind the

detector at precise values.

1.1.5 Ground Segment

The steps in the chain leading from measurement to data imafeable to the science
community may be split into two conceptual pieces — the ‘8p@egment’ and the
‘Ground Segment’. Following acquisition of the interferam, a lossy compression is
applied (‘decimation’) and the data is split into packewdyefor transmission to the
ground stations. On arrival at the ground station(s) itrstee data processing chain.

The data processing chain contains the following prodwetise

e Level O: Time-ordered satellite ‘packet’ data.

Level 1A: Reconstructed interferograms.

Level 1B: Radiometrically and spectrally calibrated geotedsspectra.

Level 2: Profiles of atmospheric pressure, temperatureracd species.

Level 3: Assimilated, global species fields (not handled BAE

Of these, Level 1B and Level 2 are the ones made availableetogér community
from ESA. They are split into ‘Near Real Time’ (NRT) and ‘Offihdata products,
where the NRT data is typically available hours after adtjarg but is less well cal-
ibrated and geolocated. The ‘Offline’ data is designed foregal use and is the only
type archived. This thesis deals almost exclusively withltbvel 1B data, making use

of ‘Offline’ products for the results presented.
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1.2 Molecular Spectroscopy and Radiative Transfer

The determination of atmospheric structure and compaositiom satellite instru-
ments, such as MIPAS, requires a detailed understandingeofinderlying physical
processes occurring in the atmosphere. The viability obteraounding techniques is
based on the fact that the atmosphere emits, absorbs atersed¢ctromagnetic radi-
ation in a manner that is dependent on the molecules prddanty molecular species
have characteristic spectral signatures — ‘fingerprintsinthe infrared (vibrational
transitions) and microwave (rotational transitions) oeg. The strength and position
of individual transitions depends on a complicated intiéoacof temperature, molec-
ular symmetry/geometry and the individual masses of thenehs that make up the
molecule. Measurements of infrared thermal self-emissiag be used to determine
atmospheric temperature and composition.

The absorption coefficienk, of a line centred at wavenumbey, is a function of

the line strength$, absorber density/abundangeand the line shape function;
k(l/,T,,O) = S(T)g(l/—VmT’p) (11)

Spectral lines are broadened by molecular motion with r@dpethe point of ob-
servation (the Doppler effect) and by collisions with otheslecules (Lorentz broad-
ening). Doppler broadening dominates above 40 km and isaalsoction of temper-
ature. Lorentz broadening dominates below about 10 km aadusction of pressure
and temperature. Although included in the modelling of ttmasphere, a full discus-
sion is beyond the scope of this thesis.

Application of radiative transfer techniques allows thawliation of the expected
radiance for a known state. The atmosphere absorbs andrediasion in the infrared

according to its temperature and mix of constituent gasks.radiance leaving the at-
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mosphere, and hence measured by the satellite instrunaerntherefore be calculated.
For a more in-depth textbook coverage of the theory of radidtansfer, see Goody

and Yung (1989).

The radiance reaching the instrument from a certain atnevgppath consists of
the radiance transmitted from one end of the path, and tlambalbetween absorbtion
and emission along the path to the instrument. If scattasimggligible (a reasonable
approximation at infrared wavelengths in the absence afd)land the atmosphere is
in Local Thermodynamic Equilibrium (LTE), then the emittedliation is given by the

Planck function:
2hc2?
exp(hev/kgT) — 1

B(w,T) = (1.2)

wherev is wavenumber is the Planck constant,is the speed of light]” the temper-

ature and: i is the Boltzmann constant.
The monochromatic transmittance between a source and arvebss given by:

T (V, s, Tops) = €XP (— ./%bs Yiki(v, x)pi(x) dx) (1.3)

Ts

The sum is over absorbers,with monochromatic absorption coefficieh{v, x)
and absorber number densityx). The source is at position, and the measurement

is taken atrs.

The radiancd. at the satellite as a function of wavenumbey ihay be expressed

as

OT(V, T, Tops)

ox
= L, )7 (0,20, s) + [ BT ()70, 2, 200) Siki(v, ) pi() o (15)

L(v, ops) = L(v, x6)T(V, s, Tops) + /Q:Obs B(v,T(x)) dr (1.4)

For a limb viewing instrument, it is helpful to be able to de¢ tbackground ra-
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diance (the term transmitted through the whole view volume) z) to zero, as the
limb viewer sees cold space through the atmosphere.

Infrared spectroscopy is based on the vibrational-ratafitransitions in gas molecules
which gives rise to the spectral lines we observe. The postisizes and shapes of
the spectral lines are determined by the type and abunddrtbe anolecule and its
temperature. To obtain the final observed line, externabfaare included, such as

the instrument optics and the effect of pressure.

1.3 Fourier Transform Spectroscopy

The interference-modulated signa(z) as a function of the optical path difference
() measured by the detectors after the input radiance hasgp#ds®ugh the Michel-
son optics is called an interferogram. It consists of a sesfecosine waves, one per

spectral point — about 60,000 for MIPAS.

G(z) = /+OO F(v) cos(2mvzx) dv (1.6)

The Fourier transform is used to recover the radiance spact’(v), observed by

the instrument

Fv) = %/:O G(z) cos(2mvx) dx (1.7)

~ F(G(x)) (1.8)

However, the optical path difference is finite in extent aedde the integral trans-
form of a continuous function must be approximated by a discFourier transform

that makes use of a summation (Beer, 1992). For a number ofspihiat is a power
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of 2, the fast Fourier transform (FFT) is used to massivetijuce the number of com-
putations required (Griffiths and de Haseth, 1986). Norynadidding of the measured
interferogram (‘zero-filling’) is used to achieve this pows# 2, although it does not

add any information. The discrete transform and its inverag be written as

I(mdzx) = i\f: F(kov) exp(2mikdv - mox) (1.9)
k=0
N
F(ndzx) = % > 1(jov) exp(—2mindy - jox) (1.10)
=0

| | | | l |
-0.1 0.0 0.1 -0.1 0.0 0.1

Figure 1.7:Sinc function (left) and apodised sinc function (right) with Norton—Beesngjr
apodisation.

A finite path difference is mathematically equivalent to pneduct of a continuous
(infinite) interferogram with a boxcar functio®3(x), of the same width as the MPD
(i.,e. B(x) = 1for 0 < z < MPD). Multiplication in the interferogram domain is
equivalent to the convolution of the spectrum with a sinaction (the Fourier trans-
form of a boxcar) in the spectral domain. This has the efféshwearing out the fine
structure in the spectrum. In fact, the width of the sinc tiorcdetermines the spectral

resolution of the instrument (as it is proportional to theeirse of the MPD).
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FW)os = F(G(x)B(x)) (1.11)

= F(v)xF(B(x)) (1.12)

The sinc function (Figure 1.7) is essentially the instrutgre shape. It has side
lobes/oscillations which extend out either side of the nmaak. These oscillations
cause interference between spectral lines, which can b@ethiout to some extent
by using a numerical operation known as ‘apodisatibn’Apodisation reduces the
oscillations, but also widens the apparent peak of the le@ucing the spectral reso-
lution and introducing correlations between spectral fgoiAn ideal Fourier transform
spectrometer would have a sinc function ILS. However, irciica, the ILS shape is

affected by instrumental factors.

1Apodise literally means ‘the cutting off of feet'.



Chapter 2

Theoretical Background

2.1 Retrieval Theory

Retrieval theory deals with solving the inverse problem. Adfaneasurements ex-
ists, with associated errors, that are representative rofesstate. The aim is to obtain
this true state based only on a finite number of imperfect oreasents. The gen-
eral approach involves the setting up and solution of a séineér (or non-linear)
equations based on these measurements, possibly with steneat constraint. The
naive inversion of this set of measurements is an ill-comagd (ill-posed / under-
constrained) problem for most practical situations, legdb meaningless solutions
where the errors have been greatly magnified. This work mekesnsive use of the
standard reference on retrieval theory that deals withetpesblems, Rodgers (2000),
and the following mathematical relations are quoted frois sburce and not derived.
The optimal estimation approach will be the example casd tes@élustrate the perti-
nent concepts — other retrieval approaches, such as thiestpages approach, will be

touched upon later.

15
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2.1.1 Forward Model

The measurement vectgrof dimensionm (e.g. a set of radiances as a function of
wavenumber) and the state vectoof dimensionn (e.g. values of temperature as a
function of a vertical ordinate) are related by the forwarddel, F(x), which mod-
els the system under investigation. For a perfect forwardehthat includes all the

complications of the real system,

y=F(x)+e€ (2.1)

where the error (noise) on the measurement is given.byhe forward model used
in this work is the Reference Forward Model (RFM), develope@xbrd as a refer-
ence standard against which the optimised operational B8#afd model could be

validated (Dudhia, 2002; Dudhia et al., 2002b).

2.1.2 Weighting Functions (Jacobians)

The linear problem is the simplest and most convenient eastutly. If the problem
is non-linear — and it almost always is — it is generally pbkesto linearise Equation
2.1 about a reference state,, providedF (x,) is linear to within the error bounds of

the retrieval:

y —F(xo) = 82(;(0) (x —x¢) + € (2.2)
= K(x—x¢)+e€ (2.3)

This defines the weighting function matdi of dimensionmn x n (i.e. the dimensions
of y x x). Each element oK is the partial derivative of a forward model element

with respect to a state vector element such Kgt= J0F;(x,)/0x,. K is also known
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as the Jacobian matrix and can be thought of as represehengchinge in radiance

associated with, say, a 1 Kelvin change in the state vector.

2.1.3 Covariance Matrices

The retrieval system is never perfect, and errors occurtin the measurement and the
accuracy of the simulation within the forward model. Theoeterms that influence
the final result may be represented by covariance matriaasexample, elemerit j

of the error covariance matris,, is given by

Sij = E{eic;} (2.4)

wheref is the expected value operator at)dan element of the measurement error.
The diagonal elements & are the variances of the individual elementsy/and the
off-diagonal elements show correlations of sig/,/S;; x S;; between y-elements

andj.

2.1.4 Prior Information

The result can be constrained by the use of a priori infolwnatt,, which is a ‘best
guess’ of the target state with an associated uncertaiotyat@mnce)S,. This could
be based on previous measurements but is generally a clogatal value. If one
considers the set of all possible solutions consistent thghmeasurement vector and
its associated errors, there are usually an infinite humbsolations. By using this
estimate of what the state vector should be, even if thisrg wecertain, a finite set of
possible state vectors can be constrained as the retriBwialis shown graphically in

Figure 2.1.
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Figure 2.1: lllustrating the relationship between the prior state estimate, the measurement

mapped in to state space and the posterior estimate (result) for a three-diraéstsitmspace
and a two dimensional measurement space. The large ellipsoid is a contbarpsfor PDF,

the cylinder is a contour of the PDF of the state given only by the measureméiihe small
ellipsoid is a contour of the resulting posterior PDF. Figure from Rod@&aqQ).

2.1.5 Using Prior Information — Optimal Estimation

In general, there is no ‘correct’ solution obtainable beseadundamentally, a contin-
uous function is being approximated by a finite number of irfge measurements.
Instead, the best solution is the most probable state. Ifdhsonable assumption of
Gaussian statistics is made then the most probable stdite satme as the expectation

value of the statex = [ xP(x|y)dx, whereP(x|y) is the probability ofx giveny.

By using our prior estimate of the state and our measuremetiitsigsociated error
covariances, the following expression may be derived (eltlee coordinate system

has been chosen such tkatandF(x,) are at the origins).

X =x,+ (K'ST'K+S;) 'K"S !y — Kx,) (2.5)
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where the total covariance of this result is given by
S=(KT'S7'K +8;1)™! (2.6)

It is possible to see how the a priori uncertainty and measeng error covariances

are both involved in determining the final choicexoénd its final uncertainty.

2.1.6 x? as an indicator of convergence

This most probable solutiork, minimises a joint cost functiony?). An expression

for the calculation of a scalar® quantity may be written as
X =(y —FX)"S7(y — F(%)) + (x — x,)"S; ' (X — %) (2.7)

This quantity is useful in determiningnumerically and should tend ta. Commonly
in retrieval codes a sequence of iterations are deemed ®duawerged if the change

in x? between steps is small.

2.1.7 Gain Matrix

The generalised inverse of the weighting functin,may be described asgain ma-
trix, G (it is also referred to in the literature as the measurememtribution function

matrix). It is defined as
_ox

=5

(2.8)

and determines the contribution of the measurement to thewed state. It can be

shown that for an optimal solution

G = (K'S/'K+S,;H)'K”'s ! (2.9)
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So Equation 2.5 may be more simply expressed as

x =%, + Gy — Kx,) (2.10)

2.1.8 Averaging Kernel Matrix

The averaging kernel matrip, relates the most probable state to the true state. It
describes the subspace of state space in which the retmeisllie.

ox

A= s

(2.11)

It is possible to think ofA as the weights of a weighted mean of the true state and a

priori estimate that give rise t. A is related toG such that

A =GK (2.12)

and

x=Ax+(I-A)x, (2.13)

The rows ofA are the averaging kernels (smoothing functions) that majrtle state
into retrieval space. The width of the kernel is a measurewiaval resolution. The
area of a kernel is approximately unity for an accurateeetliand can be interpreted
as a measure of the fraction of the retrieved value thatraatgs from the signal and

not the a priori.

2.1.9 Degrees of Freedom

The number of degrees of freedodijs a scalar measure of the number of independent

guantities that can be measured. The largest number ofekegfédreedom possible is
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clearly determined by the number of elements in the measnewector (or, indeed,
the state vector — whichever is the smaller). There is thaipiisy of linear depen-
dence between rows & and it is probable that the error on some measurements is
large enough to render their contribution to the retrieviatiesworthless. As a result,
the number of independent pieces of information associatddsignal ;) will be

less thanm (the number of elements gf), with the difference being the number of
degrees of freedom associated with the measurement eoisejnWe may us€& and

K to calculateds,

d, = tr(GK) (2.14)

2.1.10 Information Content of a Measurement

The Shannon definition of information content (Shannon aedWsr, 1949) was orig-
inally developed to describe the information carrying @ayaof communications
channels. Information depends on the entropy of PDFs andsealar quantity that
is ideally suited to optimising observing systems. The rimfation component of a
measurementH) can be described as the factor by which our knowledge of ®isys
is improved by taking a measuremenj.(In other words, the difference betweB(ix)

andP(x|y), whereS(P) is the entropy ofP.

H = S[Px)] - S[P(x]y)] (2.15)
1 1

= I Se — 5 In|Sq (2.16)

_ %m 1S5S, (2.17)

1
= SlI-Al (2.18)
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This last relation is useful, & is a readily available diagnostic, and so the information

content of a retrieval can be simply derived.

2.1.11 Other Retrieval Methods
Least Squares

An alternative approach to optimal estimation is the use @jst function based on a
least squares difference between model and measuremehis kkase A = 1. This
is because in the cost function that is minimised during #tgaval (Equation 2.7),
S_.! = O, corresponding to infinite prior uncertainty. The key qitz outlined for
the optimal estimation approach previously are of slighifferent form for the least

squares fit.

X = Gy (2.19)
G = (K'S'K)'K”s_! (2.20)
A =1 (2.21)
S = (K'S'K)™! (2.22)

The ORM code, Ridolfi et al. (2000), is the prototype retrievadie that is im-
plemented as the operational ESA retrieval scheme. It mage®f the least squares
approach, and is run with a hard cutoff after a few iteratimnshe NRT data and this
has a smoothing effect on the retrieved profile.

Conceptually, the main advantage is its lack of prior infaiiorg so no bias can
be introduced other than a smoothness-type constraint.dif@elvantage, especially

when the problem is under-constrained as in the case of veitg dpecies, is a high
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degree of instability and a tendency for the resulting egti to oscillate strongly.

Kalman Filter

The Kalman filter is a more computationally expensive apginda optimal estimation.
After Rodgers (2000), the general formulation of the probfendiscrete samples,
that are spatial or temporal in nature may be described byaluteon (prediction)

eguation and a measurement equation:

X, = My(x1) + &, (2.23)

Y = Ft (Xt> + € (224)

where M, is a ‘system model’ that transforms_; to x; and¢, is a random vector
known as the ‘process noise’.

In our applications, the model is set to the result of the ijprevstep (or the a priori
for the first step), including its covariance. This is oftalled a Kalman Smoother.
In effect, we are performing an iterative retrieval usinggmeeasurement information
at each step, where an extra constraint is applied — the géEumthat geospatially
similar measurements will have similar characteristicse profile retrievals of adja-
cent steps become correlated, with a strength related tofttrenation content of each
measurement in relation to the covariance of the previays st

It may be clearer to look at the form of thé value used to determine for this

approach, as compared to Equation 2.7,

A

X' =y —F(x)"S;y: — F(x)) + ()¢ — %-1) S (% — %-1)  (2.25)

The advantage of this approach is the minimisation of a pindluence by mak-
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ing use of the previously retrieved state. The prior infaioraonly enters the final

coadded state once as part of the initial conditions. Theddesntage is that it is essen-
tially a smoothing in the time domain, which for satellite asarements also implies
a smoothing in the along track direction. Fine latitudirntalisture therefore becomes
lost, but no more so than the other methods of coadditionddiitian, various spectral

anomalies can strongly perturb one of the iterative stdpbid also strongly reduces
the covariance, as is often the case, the Kalman filter appnedl become ‘locked’ to

this perturbed profile and take the information from manyditilohal measurements
to return to the true mean state. Fortunately, this type ofralous step can usu-
ally be spotted by examining the retrieval diagnostics atahd of each iteration and

subsequently discarding the bad measurements from coatate

Data Assimilation

More basic assimilation schemes make use of the Kalman, filteere a full model
with associated error covariances is used. Assimilatimeig computer intensive, as
a model must be run in addition to the retrieval, but it hasatieantage of allowing
a ‘snapshot’ at any location and time to be taken. This resillthave optimally
used both the measurements and the additional constreaptssed by the model’s
knowledge of chemical processes, advection etc. Althowgtoid the scope of this
thesis, the future of remote sensing for end-user appdicativill almost certainly
make use of data assimilation due to its ability to give a lesfimate of a value at
any time and geolocation based on a rigorous combinatiol tfeinformation and

knowledge available together with their uncertainties.
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2.2 Microwindows

A ‘microwindow’ is a small region of the spectrum with a highfoarmation content
with respect to its target species, but with a minimised igitg to other parameters.
Microwindows are used operationally on MIPAS data by ESAtfar retrieval of the
main trace gases listed in Chapter 1 (Echle et al., 2000). @hrelobment and applica-
tion of microwindows for more dilute trace gases is beinglgd at Oxford (Dudhia,
2000; Dudhia et al., 2002a) and their use forms an importarttgs this thesis. These
minor species, such as sulphur dioxide and sulphur hexafliare not available in

the ESA products, but are significant in many areas of atmergptesearch.

2.2.1 Microwindow Selection

One approach to the selection of these optimised specg@n®is by the simulation
of random error propagation through the chosen retrieva@mse. It is then possible
to choose measurements that best satisfy some selectieriagrsuch as maximised
information content. This approach is best if random errotte measurement is the
main source of retrieval uncertainty. It does not allow fgstematic errors associated
with unretrieved parameters, such as the modelling of mimterfering species based
on their climatological abundance.

Alternatively, one may select microwindows by minimisirigg total error. This
contains both random and systematic components. The simplementation de-
scribes the profile as a set of independent single-layeevats, neglecting inter-level
correlations.

A combination of these two approaches was used for the MIPASomindow
selection, where a full profile retrieval is simulated, udihg the effect of systematic

error terms. As part of the selection procedure, each miaaow is assigned a score
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that can be used to sort the microwindows by various critdrias allows the user to
make decisions about many aspects of the final microwindsued) as computational

VS accuracy trade-offs.

2.2.2 Error Propagation

Climatological uncertainties, as used operationally, vegnglied for all species, with
uncertainties of 1 Kelvin for temperature, 2% for pressure appropriate & uncer-
tainties for the trace gases (Remedios, 1999). The propagaftithese errors and our

initial estimates of their magnitude is significant for th&W\selection.

When taking the mean of a set of measurements or retrievadsinust consider
the behaviour of the systematic error terms over extendaddgseof time. Systematic
error sources are defined here as correlated between me&susan a single profile.
Fortunately, the majority of systematic terms are eitherstant over time or vary
randomly on a scan by scan basis. For example, the error &datmg to the accuracy
of the spectral database is independent of orbit and woultbhstant over the year.
Conversely, the retrieved water uncertainty varies rangdmtween profiles and so
does not influence mid to long term means. The effect of vanam other systematics,
especially interfering species, averages out over theseaafra week or month. In fact,
the only systematic error parameter that varies over thaunmeterm is the gain (due
to buildup of ice on the detectors), but the gain settingsecalibrated every orbit by
reference to a black body and deep space views and so shagdrfiaimal effect on

the mean. The various systematic parameters are definededatail in Table 2.1.
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Table 2.1:Key to the various error terms considered by the microwindow selection.

Label Error term

TEM Temperature propagation error, effect of a nominal 1Kartainty
PRE Pressure propagation error, effect of a nominal 2% uwaiogyt
GRA Error from a 1 K/ 100 km gradient within the FOV along the LOS
SHIFT  Error from spectral calibration
SPREAD Uncertainty in the ILS width of 2%
SPECDB Uncertainty in spectroscopic line parameters
NONLTE Error from assuming local thermodynamic equililoniin the FM
CO2MIX Residual error from neglecting G@ne mixing in the FM
CTMERR Uncertainty in gaseous continua, wit25% modelling error
HIALT  Uncertainty in high altitude column, which is fixed
GAIN Radiometric gain uncertainty, mainly from non-linggrcorrection
H20 Water vapour profile uncertainty (climatologicab)-
03 Ozone profile uncertainty
Uncertainty in other species’ profiles

2.2.3 Modelling Errors

Following Dudhia (2000), the total error covariance is gy the sum of random and
systematic terms,

Syt = Sird 4 83 (2.26)

where we have made the assumptions that the systematisetnmes can be split into

independent componerfs
Skt =GS,G" + > GSQGT (2.27)

and that each independent systematic error componentlysciurelated (i.eSZ =

5y (6yH)T), so that

st — GS,GT + 3 (Gdy')(Goy')T (2.28)
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wheredy® are ‘Error Spectra’, representing the systematic errotese spectra are
calculated by perturbing the parameter in the forward mbygehe appropriate uncer-
tainty and calculating the resulting difference from the@erturbed model result. As
a result, covariances are not calculated, but this apprisactuch more efficient and

simpler to implement.

2.2.4 Defining a Figure of Merit

Let us defineH’ as some scalar parameter that represents the overalliaffezss
of the microwindow for its target, so that it may be maximisedan iterative mi-
crowindow selection. Building on the information theory cepts presented earlier

(Equation 2.15)H" could be expressed in ‘bits’, as
1
H =—InM (2.29)

where M is some scalar function of the retrieval covariance. We ¢aainsider)/
to be the ratio of determinants of the retrieved over a pdovariances, which would
resultind’ being the information content, already discussed. Instesdthe diagonal
elements are used in order to minimise the variance of eaufiigpelement consided
in isolation, rather than a full calculation of the inforneat content which allows for
off-diagonal correlations. The resulting functional fotrsed may be written, after
Dudhia (2000),
& (ngg ;js”s”ﬁ ) (2.30)

J

ajj

M =

whereS!" is the a priori uncertainty (usually 100%) and the factorved increases
the weighting of the systematic errors. The overall sedegbrocedure iteratively max-
imises this figure of merit depending on various selectiamst@ints such as the max-

imum number of points.
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2.2.5 Spectral Masks

The result of the selection procedure, which ‘grows’ eachrawindow by adding
adjacent points to a good initial candidate point, is a senarowindows defined
by boundaries in both the tangent altitude and wavenumbmads. There are two
approaches to this process, which continues until anyiadditpoints in a microwin-
dow result in a decrease in the figure of merit. ‘Edgewiseinghoensures that every
point within the microwindow boundaries are used in theiee#l — resulting irrect-
angular microwindows. ‘Pointwise’ allows the exclusion of individual points Wwih
the microwindow —masked microwindows. All the microwindows used in this thesis
make use of this second approach during their selection.midsking of microwin-
dow points is very useful as it allows the selective removalystematic errors whilst
maximising the sensitivity to the target species. Due tdilgl resolution of MIPAS,
itis possible to selectively remove single measurememttpovithin the microwindow

that are strongly correlated with interfering species.

2.2.6 Accounting for Atmospheric Variability

Microwindows selected for one climatological assumptibow the atmospheric state
may not perform well if applied to observations of a very eliféint state. For example,
the polar winter conditions are characterised by low terpees and low concentra-
tions of some species, so the resulting microwindow selraiiill be biased towards
goodprecision (signal-to-noise). If these same microwindows are appbadeasure-

ments at other latitudes or seasons, it is likely that impdaaccuracy would be a

preferred characteristic as the signal-to-noise will nogker be the limiting case. In
this work, a weighted mean set of the various seasonal aitddiatal atmospheres

was used to generate a single microwindow set per specias.isTim line with the
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operational approach which aimed to minimise retrievdlired discontinuities.

2.3 Retrieval Codes

The use of an optimal estimation method for retrieval of aph@ric constituents is
applied in a tool named OPTIMO (‘Oxford Processor to InvetPRIS Observations’)
developed at Oxford (Jay, 2000). A more advanced tool, MORSBHEPAS Orbital Re-

trieval using Sequential Estimation’) has been more régeatkeased, allowing more
complex retrieval strategies (Dudhia, 2005). Many of thggastions, modifications
and improvements made to the OPTIMO codebase have beempanated into the
default MORSE program, which has more advanced configurafpbions. This al-

lows retrieval ideas to be explored without always necassg a recompilation of the

program code.

2.3.1 Comparing OPTIMO and MORSE

The first 18-24 months of the thesis work was performed usiRFI®O. A large

amount of the work involved validation of microwindows arftetgeneral retrieval
consistency, although little appears in this work. As a ltesiuthis validation work,

on changing to MORSE, a set of test comparisons was createden  check that
the end result of the retrievals was the same to within theamnioal accuracy of the
host computer. This was generally the case, but there are soeas of numerical
sensitivity that have been identified. These cases can Ipéfidd by looking at the

retrieval diagnostics, so do not form a problem.
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2.4 Cloud

One of the central problems faced in limb retrievals is comtation of the lower views
with cloud. If a set of naive retrievals are performed oveeatire orbit, it becomes
obvious where thick cloud is located. There are large detecgs and associated non-
convergence of the optimal estimator, mainly over the emiadtregions. There is a
strong correlation between these scans and high continauimei spectra, which is

indicative of cloud.

Detecting Cloud

Two methods for the detection of cloud have been suggestée. fifist, by Spang
et al. (2004), relies on the ratio between the radiance ofstwall regions of the spec-
trum within a band. In our case, the ratio is within band A floe ranges 788.20—
796.25 cn! and 832.30-834.40 cmh. A threshold value for this ratio has been
defined by external validation. As a result, all ratios fajlibelow 1.8 are flagged
as cloudy. The second method (D. Graingmr,s. comm.) looks at a single point
at 960.7 cm! and defines an absolute radiance cutoff of 125 nWA(sncnt ) be-
low which the spectrum is nominated as cloud free. A sigmifigaoint to note is
the use of arbitrary thresholds in cloud detection methadsthere is a continuous
gradient of cloud optical thicknesses from zero to infinillyis necessary to choose
the point at which the damaging influence of cloud contanonabn the retrieval is
low enough to be accommodated by the continuum retrievailstumaximising the
number of low-altitude profile points retrieved. For exaa)phe cloud ratio threshold
can be set as high as 4.0 if significant sensitivity to thinusiror high altitude polar
stratospheric clouds is expected. The continuum retrievalsingle state vector ele-

ment per microwindow, that is only used below 30 km, whiclemafts to fit a simple
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continuum-type feature to the measured radiance. Thislen#ie forward model to
better represent the remaining radiance. It is discussatbne detail in the MORSE

documentation, Dudhia (2005).

Masking Cloud

When the threshold test for cloud is failed for an altitude, ritrieval does not attempt
to fit the contaminated level and the associated radianesrisved. The profile value
at the cloudy level is still able to vary in order to best fit tkenaining measurements,
but rarely does so. As a result, these cloudy levels tendt&nréheir initial values.
Because of this, the presence of the cloud is recorded aldahgtva retrieval diagnos-
tics so that the combination of retrievals to generate zandlother means does not

have a low or high concentration bias caused by a priori @lue

2.5 Summary

A key development as applied to the MIPAS instrument has lied¢me automation
of the selection of microwindows. The automation has botproved the quality of
the microwindows selected and removed the human subjesiveent from their se-
lection. An additional benefit has been a full error analytsét is created as a conse-
guence of the selection process.

The application of optimal estimation techniques to retrigproblems has become
an established technique. It is perhaps interesting to thaterecent work on SF
profile retrieval from IR spectral data (Rinsland et al., 200@&de use of an optimal
estimator as a part of the retrieval whereas the same authue early 1990s (Rinsland
etal., 1993) did not. Optimal estimation has many advarsttigs originate in the solid

mathematical framework that underlies the inverse probdmneh allows the detailed
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Chapter 3

Coaddition

One of the consequences of the investigation of speciedméa random noise limit
of MIPAS is frequent recourse to coaddition of data to imgrdive signal-to-noise.
This is possible at many points between measurement angfimadict. Conceptually,

there are three distinct areas for coaddition:

e Before the first forward model calculation — coaddition ofieate (or, indeed,

interferograms).

e During the retrieval — performing some combination on imediate radiances,

profiles or residuals.
o After the final forward model calculation — coaddition ofrreted profiles.
Each of these approaches has its own benefits and problenese Hne discussed

below.

35
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3.1 Radiance

Taking the mean of a set of radiances before retrieval iseqto@lly the simplest noise
reduction method and is already performed, to some exteriboard the instrument
where the radiation striking the detectors is integratest tive time between interfer-
ometer fringes. On ground, one can take it a step further arfdnm the retrieval on a

mean radiance vector calculated from an arbitrarily loriggmeasurements. In prac-
tice, the choice of spectra that make up the average woulésedoon prior physical

knowledge and assumptions of the sampled atmospheris sfdte aim would usually

be to combine measurements from similar atmospheric vaumiere the associated
state parameters do not greatly differ. This is due to theright assumption of linear-
ity made when taking the mean. There are few changes to thesptraric state vector

that result in purely linear differences in radiance.

The error on the retrieved staier{, that arises from the propagation of non-linear
state terms into the mean radiance, is quantified in thisasectt is defined as the
difference between some combination of retrievalsf(om » measurements and the
true mean state of the same sehatmospherest). We assume a scalar retrieval and

measurement for simplicity.

Following the notation of Rodgers (2000), consider a meastadiancey, com-
posed of aforward function, f, acting on the true state of the atmosphargnd a
measurement random errer, The functionf is not the same as the forward model,
but is the ‘real’ physical manifestation of a certain stdu&t tyives rise to the quantity
that is actually measured. As a result, it allows us to ingast the effects purely due

to non-linearities and not forward modelling errors.

We have already seen in the previous chapter that we may avriexpression for
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a measured radiance in terms of the atmospheric state as
yi = flai) + € (3.1)

wherey; is thei® measurement in a set of measurementisdifferent states. A Taylor

expansion off about the mean state, yields,

Fla) = F@) + ol (= 2) + g g bl =+ 32)

We may then form a general expression for the mean of tfagliancesy

1 n
y = E;yz
1> . 10%f _
- 5; f(z x)+§@($i—$)2+€i> (3.3)
- f<:z->+§%a§+e (3.4

Where we have identified " (z; — 2)? asoZ, which is the variance of the atmospheric
state about the mean. The mean of the noise iglaking the resonable assumption
that the noise distribution is Gaussian, the magnitudestfould be, on averagg/n
times smaller than the noise on an individual measuremenfThis is the intended

benefit of the averaging.

The radiance that would be observed from the true mean oftthespheric states,

z,isyz = f(z). So an expression for the difference in radianeg,from these two

approaches is

0y = ¥— Yz (3.5)

- 4+ -——"¢ (3.6)
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This is a useful quantity that relates the ‘true’ radianceoamted with the mean of
the states to the mean of the radiances. The sensitivitytesrdaned by the second
derivative of the forward function and the atmosphericaace about the mean state.
In summaryg < e, is the intended advantage of radiance averaging, Whi|§2\§1@l’m

is the undesireable non-linearity contribution.

3.1.1 Retrieving from Mean Radiance

By considering a transfer function (also known as a retriéwattion), R, which de-

fines our whole observing system, a retrieved state vegfpcén be expressed as
T = R(yi) (3.7)

So, the retrieval from the mean radiance is given by exp@niito first order about

the radiance associated with the true mganand then substituting our expression for

0y,
i = R() (3.8)
- R(y@%—f(g—ygﬁ) (3.9)
= :i+8—R7+a—R1ﬁ02 (3.10)

aye Oy 20x% *

where we have ignored second and higher order expansios.term
Our measure of the error from retrieving from coadded razBarrelative to the

radiance associated with the true mean state vettofor this case is given by

5k = dy—7 (3.11)
OR_ 10RO ,

— et - 3.12
0y€+20y8$20z ( )
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We are able to use the same arguments for the equivalentat@outaking into
account the whole state vectarand radiance vectoy;,. The partial derivatives of
and R are identified withK and G, respectively. For example, the initial expansion

using the forward model instead of the forward function bees
Fx) = Fx)+Kx—-%x)+V,[K(x—-x)](x—x)+ .. (3.13)

whereV, = a%- The resulting expression for the error due to a non-lineawérd

function is (after Equation 3.12)

0% = %5 —X (3.14)

= Ge+ GV [K(x—Xx)] (x—x) (3.15)

3.2 Retrieved Profiles

This approach is as conceptually simple as using the me#mias. The results of a
set of retrievals can simply be coadded and the associatddmaerror should reduce
in line with standard Gaussian statistical assumptions.

For a particular true state;;, with associated radianag the retrieved statey;,

may be written, after Equation 3.7, as

T = R(y;) (3.16)
= R(f(z:) + &) (3.17)
OR 10°R ,

where we have expanded about the true state. This retrievalimearity, neglected

for the radiance case previously, represents large asailkain ill-conditioned matrix
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inversions attributed to the effect of the random noise.

If we take the mean of retrievals corresponding to the previous set oddiances,

¥, With @ mean of their associated atmospheric stat@stioén we may write

_ 1.
Po= =Y (3.19)
nai3
1 OR  10°R ,
_ OR_ 18R,
= $+—y€+§a—y20’e (321)

where the standard deviation of the noise is givem byl he correspondingr is given

by
0 = -7 (3.22)
_ (Z—fﬂ %‘?;_y]fag (3.23)
and in the general vector case, this can be expressed as
x = Gé+ Vy[Golo. (3.24)

where the first part of this expression is identical to thatedfieving from the mean
radiance (Equation 3.12). It corresponds to the mappingisienon the measurement
into the retrieval domain.

In the linear case, botlry, G andV«K are zero and so the expressionsdrare
equivalent.

For the non-linear cas&],K — the derivative of the Jacobian — can be thought of
as the non-linear sensitivity to differences between membithe set of atmospheres

sampledV, G is the non-linear sensitivity to the random noise in theaade domain.
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3.3 Intermediate Steps — Residuals

Unfortunately, there are few methods to improve the peréoroe of a radiance coad-
dition approach, as the key problem lies in the non-lineapoase to atmospheric
variability. Improvements to the signal-to-noise and feetite random error on the

measurement are generally hardware, design time and mpes-gtianning driven.

For an existent dataset, it may be possible to use prioevets of dominant species
in region of interest. These would be used to refine the sefect radiances to a subset
that share high degrees of atmospheric similarity. Thesédaben be coadded and
a full retrieval performed. This has the effect of reducihg variance and associated
quantities. The non-linearity of(x) is still a problem but by reducing the variance,

the non-linearity decreases in importance.

Extending this idea of using information from a retrievairtgprove the coaddition
of radiances, consider the residual radiance from a refrefwnon-target state param-
eters, such as temperature. The major cause of the nomiynisagenerally the effect
of temperature and pressure, which may not themselves iypetrieved as their
signal is strong. By retrieving such parameters first for asgteasurements, a major

non-linear component can be mostly removed.

Let x contain just two components — the temperatuaed our target species VMR,

v. Equation 3.1 becomes

yi = f(ti,vi) (3.25)

where we have neglected the random e¢r@momponent for clarity — its contribution
is expected to be as in the previous sections. A Taylor exparm y; aboutt andv
gives

_ 0 0 102 102
Fltu) = FED) + ot~ B+ (i) + 5 O (6 0+ 20 (i~ 0
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1 0%f ' o 1 0%f
2 Ovot

Using a similar approach to Equation 3.3 by taking the awe@ghe set of: radi-

ancesf(t;,v;),

_ 1 &

Yy = E;ft“vl)
1 10%f ,  Of . 10% 9
= ﬁ;(f E)+28t2( —1) +6_( —U)+§w(vi—1’)
Iy 15)2f 9 132f 9
= f(t,U) 28t2 t‘i‘éwO’U (327)

where we have neglected higher order terms and seen thaethe ofithe cross terms

is zero, i.eX> ", aaiatf (t; — t)(v; — v) = 0. Subtractingy; = f(¢,v) from Equation
3.27 will give an equivalent result to our previous expressor §y, Equation 3.5, but

wherez is split into components associated witandv.

_10f ,  10°F
5y = €+§w0t+§wo'v (328)

Repeating the argument from Equations 3.7 to 3.12 we way amiexpression for

the error on this retrieval,

 OR__10R®*f , 10ROf ,
or = a—yG—l—Qa B t+§8—w " (3.29)

Now consider performing a set of ideal temperature retigevsuch that; = ;.

The ‘residual’ radiance for each measurement after theevedrof the temperature;,
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is expressed as

The mean of these residuats,along with the mean of the temperaturess used
to form the radiance associated with our best estimate ofattget,y;. Calculating
the mean removes dli; — ¢) terms in Equation 3.26. As a result, following the same

approach as before, we are left with

ys = f(t,0)+ =50 +¢€ (3.31)

Using this result, we write the error on the retrieval as befo

5 = R(y)— R(7) (3.32)
OR_ 10RO*f
on_ 10R
dy 20y 0x? °

IA

In other words, if the temperature is well retrieved, %%éaf term can be eliminated
leaving only the term in. This term is smaller than the sum of both terms and as a
result the retrieval of the temperature before coadditicis o improve the error on
the retrieval §z). This result shows that it is possible to improve on the hoearity
errors associated with coadding radiances. In practiegetis a small uncertainty on
the temperature retrieval. The result is still an improvet/er the mean radiance
case because the retrieval has the effect of reducing thereqmptemperature vari-
ance within the residuals. Temperature and pressure aated<andidates for prior

retrieval because the radiance non-linearity associatitinese terms is large.
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3.4 Prior Information Biases

As shown in Equation 2.9 for a single retrieval, the finaliested statexX) contains
contributions from both the atmospheric stag¢ &nd the a priorix,). The atmo-
spheric contribution is related to the noise of the measargmrelative to the uncer-
tainty of the prior information§. to S,). As a result, for low signal-to-noise measure-
ments, there can be a significant bias in the mean of a set fiigsto

Let us consider the simple case of a scalar retrieval. We niag after Equation

2.12,

.i'i = X, + A(l’z — l’a) -+ GQ‘ (334)
B OROf OR
= Tq+ dy Oz (371 ma) + By € (335)

using our previous notation. Up to now, this chapter has niagl@nplicit assumption
that A = I. In other words, we have been performing a least squaresrégpeval
and neglecting the a priori. Indeed, if we skét= 1 in the above expression, we find
we reach the relation given in Equation 3.18, neglectinghigder order term. In
the optimal estimation approach, the final state is the we@ymean of the prior and

measurement information, whe#eis the weighting parameter.

Now, consider taking the mean of a set of profiles describeiduation 3.34.

=l
|

T, + AT — x,) + Ge (3.36)

= (1-Az, +7+Ge (3.37)

This shows that the relative weights of the a priori and tlsilteare not changed by
coaddition. The calculation a¥z for this result gives the same expression as before

for the mean of profiles (Equation 3.23), but there is the tamdiof a constant bias
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term of (1 — A)x,.

In vector notation this expression fdrmay be simply written as

x = (I-A)x,+x+Geé (3.38)

Remembering thaA contains contributions from bo#* andS; !, both these uncer-
tainties are equally reduced when taking the mean. Thaweleights ofx andx,
are unchanged, but the effective strength of the prior caimithas decreased Ryn,
just as the random error component has decreased. Theisftagtilar to setting the
a priori uncertanity to 10% instead of 100%, but using anrument with ten times
better noise characteristics. The problem with the in@@a®nstraint lies in the use
to which the resulting mean of the profiles is put. The redurcin S, will give more
confidence in the result — better precision. The bias fromatipeiori is unchanged,
however, and so the accuracy for the measurement is not wegrdn order to im-
prove accuracy, the a priori bias must be removed. The a paardominate the mean
because its value does not vary, only its contribution. Tihaannot average to ‘zero’

as we are hoping the random noise will.

3.4.1 Removing Prior Information

It is possible is some cases to remove the a priori informaiged in the retrieval after
x has been calculated. A simple version was applied in Burgeak €004), that
made use only of the diagonals in the covariance matrix toaedhe influence of the
a priori.

A more rigorous method is used in this thesis. It considegsathole covariance
matrix instead of just the diagonals (Rodgers, 2000).SAsends toO for the least

squares approach, which contains no priori informatioa,ttaximum likelihood so-
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lution is

[KTS'K|'K'S [y — F(x) + Kx| (3.39)

>
|

=[Szt =S (S x — S, 'x,) (3.40)

X

Unfortunately, this only works if the problem is overcomgtied, otherwis&”S_ 'K =
S;' — S;lis singular.

An improvememnt to this method is to replace the a priori witie closer to the
true state x,), which we should have a better estimate of than we did bef@ee-

trieval. NowK”S~'K being singular is less of a problem.
X = (Sz'—S;'+S;H 7Sk — S, %, 4+ S; ) (3.41)

Complete Removal

A more complete discussion on the use of retrievals whicltagom@ priori information
can be found in Rodgers (2000). In essence, the problem mustdyenulated with a

hard constraint instead of the soft constraint providedieyprior information.

3.5 Summary

The coaddition of data to improve signal-to-noise is novidli The difference be-
tween the true mean and the retrieved mean can be quantiftedms of derivatives
of the forward and retrieval functions. Each approach tsasvitn problems, however,
in both deviation from the true mean and in numerical (commafomal) complexity. A
consequence of using optimal estimation is the presenceai mformation in the

final result, which is more pronounced for weak signals. Caemiddoes not remove
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this, and actually has the effect of increasing the appateanhgth of the constraint.
Methods exist to remove the prior information a posterioui, none of them are ideal.

These methods are applied to real data in the following @napt
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Chapter 4

Carbonyl Sulphide

In this chapter we make use of MIPAS retrievals to quantigdyi determine the dis-
tribution of carbonyl sulphide in the Upper Troposphere eowtratosphere (UTLS)
region. From a measurement point of view it is an unusualisp&a that its strongest

emissions are in the D band of the MIPAS instrument.

4.1 Introduction

The high quantities of sulphate aerosol that are injectedtive stratosphere by major
volcanic events have been shown to have a significant impeatroospheric tempera-
ture and chemistry (Seinfeld and Pandis, 1997). Even inlikerace of these dramatic
volcanic events, a perennial sulphate aerosol layer resnaithe stratosphere, influ-
encing a variety of chemical processes. This layer is tisteidd from the tropopause
up to 30 km, with a maximum at around 20 km. Above this, thelsuljz acid aerosols
are thought to enter the gas phase and undergo photolysie indreased UV flux.
The origin of this Stratospheric Sulphate Aerosol (SSA) leesn a subject of de-

bate since it first attracted attention in the middle of lasttary (Junge et al., 1961).

49
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Despite advances in in-situ and remote sensing, the orgjitisese aerosols are still
not well known (Leung et al., 2002; Moller, 1995; Chin and Bai995). Mecha-
nisms for the formation of SSAs through stratospheric axitaof precursors such
as SQ and HS have been suggested, but these species are very suscaptiolpo-

spheric oxidation. Consequently, although they do contgilsignificantly to the mass
of SSAs, the incoming flux of these precursor species fromugiper troposphere is
low. In addition, uncertainty remains as to the anthropagerfluence on atmospheric

sulphur, especially as aerosols (Rodhe, 1999; Lelieveld,et397).

Carbonyl Sulphide (OCS) is relatively unreactive in the tisgtere, so is available
to enter the stratosphere in significant quantities and basexjuently been proposed
as the major source of SSAs by Crutzen (1976). More recerdlyeler, this almost
exclusive assignment of the origin of SSAs to OCS has comegquéstion (Chin and
Davis, 1995). Recent analyses have shown deep convectimesaan transport large
guantities of OCS through the tropical tropopause into treg@tphere (Notholt et al.,
2003). Here it is susceptible to oxidation by hydroxyl radiattack and to ultraviolet
photolysis (Barnes et al., 1994). Large uncertainties irathespheric sulphur budget
compound the problems associated with in-situ measureofiéackground SSAs and
makes an exact assessment of the OCS contribution extreiffedult (Watts, 2000;
Kettle et al., 2002a). In fact, models suggest that under BOBSA particles origi-
nate from OCS, the remaining sources of sulphate being arsaknoal split between
upward transport and S@xidation (Timmreck, 2001; Pitari et al., 2002). A common
observation by these authors, of special relevance to thik,ws the scarcity of glob-
ally distributed profile information for both OCS and §®naking the validation of
model predictions difficult. The solution to this problemideally suited to satellite

measurements, with their excellent spatial coverage.
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4.1.1 Chemistry

The most abundant sulphur-containing gases in the atmospine carbon disulphide
(CS,), carbonyl sulphide (OCS), dimethyl sulphide (DMS or SMéydrogen sul-
phide (HS) and sulphur dioxide (SQ They are all subject to oxidation by a va-
riety of species, such as ozone and hydroxyl radicals, aadilao directly photol-
ysed. Mechanisms exist for the production of OCS from the medeiced species
in both the troposphere and stratosphere, although thiégveetontribution of each is
dependent upon atmospheric conditions. For example, dadrgr studies by Barnes
et al. (1994) have shown that OCS is a product of DMS oxidatio@Hbl radicals, at
low NO, concentrations. Another significant pathway to OCS fornmaitiwolves the
methyl sulphide (CHS) radical, formed from cleavage of DMS and its reaction with
molecular oxygen. Carbon disulphide is also a significantymsor, undergoing direct
reaction with the OH radical to produce OCS (Barnes et al., 199#urnal and sea-
sonal variations in OCS, as a result of the oxidation of theseyssor species, have
been reported at the surface by Griffith et al. (1998). Thenlbeynamic end-point of
all these oxidative reactions is the sulphate ion{SQwhich is the major constituent
of tropospheric and stratospheric sulphate aerosols.

OCS undergoes very little photolysis in the troposphere,tdute low UV flux
below 290 nm (Chin and Davis, 1995). The chemical lifetime &@30in the tro-
posphere is the longest of the sulphur gases, approximael25 years, based on
typical oxygen and hydroxyl radical abundances (Pitari.e2802). With an absorp-
tion maximum around 223 nm, photolysis becomes a very stgmifiloss mechanism
in the stratosphere, especially above the ozone maximumrokpnately 71% of the
OCS loss is due to photolysis, with 22% from reaction with atoaxygen and 7%
from hydroxyl radicals (Seinfeld and Pandis, 1997).

The tropospheric lifetime of OCS is shorter than the purebnaical consideration
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implies, mainly due to ocean-surface processing. For el@nBarnes et al. (1994)
state a tropospheric lifetime of 2.5 years. Griffith et aB4®), by considering vari-
ability in existing measurements, calculate a minimum 8fyZars and an alternative
estimate, based on dividing the total atmospheric mass of @@@oximately 5 TQ)

by the estimated OCS source strength is 4.3 years (Chin and,[1845).

Regardless of the variation in estimates, a free troposphifeiime measured in
years results in a well mixed species giving a significantindlbance of OCS at the
tropopause. This makes it available for transport into th&tesphere where oxida-
tion to sulphate occurs (Barnes et al., 1994). These lifetieleo mean that diurnal

variations are unlikely to be present in the well-mixedefteposphere.

The rapid increase in radical concentrations in the stpd®ie accounts for the ma-
jority of non-photolytic loss above the tropopause. Anraate of total stratospheric
lifetime, considering a simple 1D chemical model, is apprately 10 years. This is
twice its global atmospheric lifetime and has implicatidos significant OCS trans-
port back in to the troposphere and subsequent sinking autti@ce (Chin and Davis,
1995).

The volume mixing ratio of OCS is fairly constant in the tropbere, as its life-
time is significantly longer than vertical transport timales. Literature values of the
order of 500 pptv (parts per trillion by volume) are commongiag from a mini-
mum of 480t13 pptv reported in the Southern Hemisphere to-5256 pptv reported
at a Northern Hemispheric location by Sturges et al. (200d) @riffith et al. (1998)
and references therein. Localised, elevated measurempnits600 pptv, associated
with biomass burning, have been reported in deep conveet®sts near the tropical
tropopause by Notholt et al. (2003). Some authors arguenthddrge trend in con-
centration has occurred over the last 25 to 50 years (Ringaatl, 1992b; Sturges

et al., 2001). Measurements from the ATMOS instrument orsgfaee shuttle around
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OCS Reference Climatology

1 750
Jo0 =
s 1 =
—  10f 103
E 30 £
o ] <
Z 1 2
7] ] <
£ : 120 £
100 12
| Tropopause &
410 <
1000 E it it v i bdea e d 0
107 106 107 104 1073 102

OCS VMR [ppmv]

Figure 4.1:Climatological carbonyl sulphide profile and its associateduicertainty, based
on work on MIPAS reference atmopsheres by Remedios (1999). Tgrexamate location of
the tropoause is shown by the shaded region and both pressure eggpooding altitude are
shown on the vertical axes.

30°N in 1985 and 1994 showed no clear trend §0014% yr!) (Rinsland et al., 1996).
More recently, small decreases in column amounts have legpemted: 0.280.08%
yr~! by Mahieu et al. (1997), 0.450.09% yr' by Zander and et al. (1988) and
0.25+0.04% yr! by Rinsland et al. (2002). These trends have been observée in t
Northern Hemisphere and are attributed to the decline oVibese-rayon industry
(a source of C9, and the observation that anthropogenic @&duction has shifted
from Europe to Asia over the last 30 years — away from wellduseasurement sta-
tions. On longer timescales, polar firn air data from bothisphreres covering the last
century have shown little variation from modern values (§#s et al., 2001). How-
ever, Antarctic ice core data, dated to the 1600s, givesesatmound 376840 pptv,
implying that the current anthropogenic contribution to O8&pproximately 25%

(Aydin et al., 2002). A global mean reference climatologgdigs a baseline OCS
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distribution is shown in Figure 4.1.

Of interest to the modeller is the isotopic fractionationg@sses that occur in the
atmosphere as a result of the subtly different energy lapkscwithin which the iso-
topomers exist. As aresult, itis possible to trace the nragithe OCS within a volume
of air based on a ratio of two isotopomers (Leung et al., 2@#dman et al., 2000).
Unfortunately, this isotopic fingerprinting relies on sh@dlanges in the ratio between
two isotopomers and, d$S is only 5% as abundant as the major isott the OC*S
spectral features will be more than an order of magnitudevibéte instrument noise,
before the small enrichment/depletion has taken place. #&sualt, it is not thought

feasible to retrieve OCS isotopic ratios at this time.

4.1.2 Sources and Sinks

Of the sulphur-containing gases, the major anthropogamisstons are in the form
of SO,, whereas the dominant biogenic emissions consist of (maecganic) DMS
(Seinfeld and Pandis, 1997; Chin and Davis, 1995) angd (@&tts, 2000). However,
due to its lifetime OCS accounts for more than 80% of gas phapéw in the upper
troposphere (Leung, 2003; Notholt et al., 2003).

OCS is directly emitted from the oceans as a by-product of bailogical and
photochemical reactions (Weiss and Andrews, 1995; ZeppAamlae, 1994). The
presence of dissolved organic matter can significantly ecdahe production and
emission of OCS. It is also formed in the atmosphere from séyeecursor species,
notably DMS and C§ as previously discussed. Several studies have shown OCS flux
sensitivity to season and light levels (Ulshofer et al.,3;39obe et al., 2002). Soils
act as both sources and sinks of OCS depending on their redonabare (‘oxic’ or
‘anoxic’ soils). Plants, notably boreal forests, act astasimk of OCS (Watts, 2000).

Another surface source of OCS lies in anthropogenic aasjitsuch as biomass
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burning and rice cultivation. OCS originating from biomassring shows good cor-
relations to both CO concentrations and to certain geogeapiggions, such as south-
east Asia (Nguyen et al., 1994). Rice cultivation shows a etmyng seasonal vari-
ation in OCS and DMS emissions, peaking in August and beingstirero for the
period October to May as discussed by Yang et al. (1998). Aiwm products have
also been highlighted as a previously unnoticed sourcenibiar et al., 1995; Watts,
2000). As aresult, it is possible to assign a direct anthgepa contribution (source)
term of approximately 15%, similar to but independentlyiek= from the 25% (direct
and indirect) OCS anthropogenic source estimated from ioe data by Aydin et al.

(2002), above.

OCS Spectral Region in Context
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Figure 4.2:A radiative transfer simulation of the relative intensity of carbonyl sulpfiéde
tures compared to the total radiance for a 12 km tangent altitude, basdidnatotogical
abundances. The instrument noise level (NESR) is shown as the diahdebr the linear tri-
atomic OCS the two main emission bands aresthendws around 860 cm! and 2062 cm’,
with the latter being about 70 times stronger with respect to the noise level.

Collating the known source and sink terms, and applying sedsariability has

allowed the derivation of OCS integrated flux for both hemesels and the whole
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globe. The interesting conlusion is that both hemisphaweagproximately ‘in phase’,
showing maximum source terms in November to February andwaim source terms
(possibly a net sink) around July and August (Kettle et @&iQ2Z&). Problems still exist
in ‘closure’ of the cycle (Chin and Davis, 1995, 1993), thoumtlance has recently
been achieved, to within large errors on all the terms, by$\{@000).

There is some evidence for a tropospheric Northern HemisggheéSouthern Hemi-
sphere VMR ratio of 1.0 — 1.3 from Griffith et al. (1998). Otlséudies quote values as
large as 1.6 — 2 pptv per degree latitude of northward moveBamnes et al., 1994;
Johnson, 1981). A simple box model has led to the suggegiairthere is a steady-
state OCS flux into the Southern Hemisphere, although biasdikaly to exist from
the locations of time series sampling stations (Kettle e28102b). There seem to be
no discussions of stratospheric interhemispheric ratidbe literature and, based on
lifetime and trend considerations, they would be expeadzbtsmall.

In summary, there are a variety of competing lifetime estandor OCS in the
atmosphere. The global free tropospheric abundance of O@G®ually constant with
time at approximately 500 pptv. Once in the stratospherali@dance has decreased

to around 5 pptv by 30 km.

4.2 Considerations

By considering the climatological abundance shown in Figufiethe Oxford radia-
tive transfer code (RFM), can be used to calculate the radieoctribution from OCS
at the position of the satellite. Figure 4.2 shows this dbatron along with the in-
strumental noise level and the total emitted radiationafoobservation limb tangent
altitude of 12 km. The OCS contribution is greater than thérimsental noise for

several regions of lines in the D band.
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OCS is almost uniqgue amongst the MIPAS observable specidsirall of its se-
lected microwindows make use of the D band (the other nonatipeal species are
carbon monoxide and nitrogen monoxide). It was thought aigdetime that some
operational species would make use of this region, but tleetsen of optimised mi-
crowindows leans heavily towards the higher radiancesdamahger wavelength bands
due to sigal to noise considerations. The D band is on theft#lle Planck curve and
consequently this OCS work has enabled some validation dfahds’ calibration that

was previously lacking, Burgess and Dudhia (2003).

OCS Microwipdows
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Figure 4.3: Plot indicating the position and altitude range (shaded blocks) of the selected
microwindows, overplotted with the total radiance (right axis) within the sigaiticpectral
region for a 12 km tangent height. The lowermost red line shows the @igontribution

from OCS to this total radiance. The MIPAS nominal measurement altitudebawnea as pale
horizontal lines (left axis).
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Information Growth for OCS
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Figure 4.4:The information gain is plotted against the number of points required, on a loga-
rithmic scale. As the number of spectral points contained in the set of microwsthcreases,

so does the total information retrieved on the target species. This is limited lydtieof the
spectral feature. For OCS a set of ten microwindows was chosenggiviheoretical maxi-
mum of 25 bits, shown here. In general there is no clear optimal numbeiraspthe limiting
factor is computational resources. Making the assumption that all altitudeb@mwhole band

of OCS (60 cnt! wide) are used, the total number of points is approximately 20,000. Ex-
trapolating from the plot, this corresponds to an estimated absolute maximumitfs3at
information, based on the 100% initial estimated uncertainty.

4.2.1 Microwindow Selection

The chosen microwindows are shown in Figure 4.3 and thedilddisted in Table 4.1.
The selection tool, MWMAKE, was run with a constant OCS profilattis both lati-
tudinally and seasonally invariant. Pressure, tempegatnd other major species were
given reasonable physical ranges and uncertainties thsitiplicity were also invari-
ant during the selection procedure. The operational MWs aereptimised trade off
between number of spectral points (computing resourcasrezt) and information
gain (bits). However, the much lower signal strength of OGfired as many MWs

as possible and the selection cutoff was determined by amnation gain per MW of
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less than 1 bit. The selection procedure has been descnbedre detail in Section
2.2 and in a generalised manner by Dudhia et al. (2002a). Uihndar of bits gained
for an increasing number of MWSs against the number of speptiats used is shown
in Figure 4.4. By considering the climatological §)-uncertainty and the number of
retrieved levels, the net gain in information from perfangnia retrieval on simulated
data is approximately 25 bits (Figure 4.4), or 10 bits froralaretrieval with realistic
noise and fewer levels. This is as expected from Equatios, 2vhich shows how the
information content is a function of the prior and retrievabariances, where the latter

contains a random error term.

Table 4.1:The ten best carbonyl sulphide microwindows.

Microwindow Band Spectral Range (ct) Altitude Range (km)

0CSs0101 D 2050.650 — 2053.575 6 —52
0CS0102 D 2034.275 — 2036.925 6-—18
0CS0103 D 2054.425 — 2057.425 6—18
0CS0104 D 2043.975 — 2046.325 6—21
0OCS 0105 D 2047.625 — 2050.625 6 — 68
0OCS0106 D 2057.450 — 2059.875 6 —52
0CS0107 D 2037.475 — 2040.025 6-—21
0CS0108 D 2066.025 — 2068.800 6-24
0OCS0109 D 2042.475 — 2043.900 6—21
0CS0110 D 2069.150 — 2072.150 6 — 24
4.2.2 Errors

The errors propagated through MW selection allow us to deter the dominant
terms, as shown in Figure 4.5. This highlights the sengptiof our retrieval to pa-
rameters other than our target species. There are three@reansideration:

Firstly, systematic errors. These were discussed in Ch&pter part of the mi-

crowindow selection theory section. Systematics incliedens such as radiometric
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OCS - Error Contributions
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Figure 4.5:Assignment of various error sources to the final error budget aslatdd during

microwindow selection. The total error is shown (solid line) together with thdom error

component (dotted line) based on the instrument NESR. The total of themststerror con-

tributions is also shown (dashed line). The full list of possible error terassgiven in Chapter
2. Itis also worth noting that non-LTE (local thermodynamic equilibrium)&falo not ap-
pear, which is unusual for short wavelengths, but no non-LTE nfod@CS is available.

calibration and the incorrectly known (and modelled) cartiations of other ‘interfer-

ing’ species whose emission region overlaps that of theetagecies.

Secondly, the random errors. This is the dominant error (gnendotted line) for
a MW selection based on retrieving a single profile. Fortelyatve can combine
measurements to reduce this error term. The necessarydeoaisons were discussed
in Chapter 3 and results of coaddition as applied specifitalyCS are discussed later
in this chapter. In addition, it is also possible to inclube pressure and temperature

retrieval errors as random instead of systematic.

And finally, the spectral accuracy. The ‘SPECDB’ term, alsosieayatic error, is
cause for concern because it is only an estimate of the dwsredrtainty in the line

parameters. Its contribution to the MW validation from slated data (Section 4.3) is



61

zero, so it is difficult to quantify its effect on the resulh. dddition, it is hard to assess
the accuracy of the error estimate, relying on often incetgadHI TRAN parameters. A
summary of spectrocopic parameters for the MIPAS missiosn peaiformed by Flaud
(2003) and a more general discussion may be found in Flaud(0@3). The OCS IR
data included in the commonly used HITRAN2K (HITRAN, 2003) cjpal database
is based on a consistent set of calculations and obsersa#aa result, for the funda-
mentalr;, andrs bands, an absolute accuracy of 3 — 5% was expected. Unftetyuna
more recent work has cast serious doubt on the quality oftledritensities, estimat-
ing that thers line intensities may be too low by about 12.4%, Regalia-daial.
(2002). The MIPAS spectral database, based on an oldeoweo$iHITRAN, was
updated in 2003 to be an average of the HITRAN2K values andebent work. This
corresponds to multiplying the HITRAN2K values by 1.13 foe th band, giving an
estimated accuracy of 5 — 8%. It is difficult to assess theraogwof other parameters,
such as air broadening and temperature dependence as thuges fiave no references
within the HITRAN database.

It is also worth nothing that if the uncertainty is purely @eistrength error then it
converts to a simple scaling factor in the retrieved VMR, withother consequences

for the retrieval. This is in contrast to the line width andsion errors.

4.3 Microwindow Sensitivity

The aim of this internal validation section is to show tha&t elected MWs have good
sensitivity to the target species by using a carefully aulgd simulated environment.
The RFM was used to simulate a set of 17 spectra corresporulihg MIPAS sam-
pling intervals for a benign mid latitude day atmospheremiNal climatological pro-

files were used for all species in the first instance, and tireeval and simulation
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parameters were chosen to be as similar as possible. Thatjosss in these param-
eters were made to assess the sensitivity of the retrieedhhaorowindows towards
perturbation. The only retrieved parameter in all cases@@Ss, along with contin-

uum and offset terms. All others were set in the retrieval &ain the simulation.
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Figure 4.6: Idealised retrieval from simulated data for OCS. This is the ideal caseewher
the initial forward model parameters most closely resemble the retrievahptees and the

a priori and initial guess were set to the ‘true’ simulated value. The a prarertainty was
set to 100%. Diagnostic information, including the averaging kernels, srslom the right.
The degrees of freedom in this profile, of nine levels considered hasgrson the bottom left,
the Shannon information gain for this retrieval is shown bottom right, with d leyédevel
breakdown above. The? vlues for this retrieval were all below 1. There is no significant prior
information contribution until above 25 km and it does not reach 50% untkrB3random
error greater than 72% or information fraction below 0.5). The informatiactibn is defined
as the contribution of any level to the final retrieval at that level, with the sglimost line
showing the totals (which should be close to 1 for an ideal retrieval with sidual a priori
information).

4.3.1 The ldeal Case

The resulting retrieved profile and its associated avegpiarnel for this ideal case
are shown in Figure 4.6. Although no random noise was addedjranal value of
3.5 nW/(cn? sr cnmt) was assigned to the spectra so the resulting diagnosties we
realistic. The averaging kernels for this retrieval ar® alsown and the vertical width

of these kernels is a measure of retrieval resolution.
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Figure 4.7:Sensitivity of the OCS microwindows to changes in simulated VMR. [Left] Profile
deviations, ppmv. [Right] Percentage deviations. The deviations frontrile RFM mod-
elled VMR values are indicated by the dashed lines. The same retrievaigiara were used
throughout, with the same a priori and an initial uncertainty of 100%. Thelpa&curve is
outside the leftmost plot range as it corresponds to a profile of zero ppmv.

4.3.2 Variable OCS

A similar approach was used to determine the sensitivity @s@ariability. Figure

4.7 shows the result for the same retrieval parameters,oa pic. used on a set of
differing simulated atmospheres. A set of six profiles weseda no OCS;-50%,

—10%, +10%, +50% and +100% of the climatological profile. Tésutts show the
sensitivity of the microwindows to changes in the amount 6f30n the atmosphere.
As one would expect from looking at the averaging kernela@yrevious figure, there
is good sensitivity at low altitude, but by 30 km the a prioeicbmes the dominant

contribution to the final retrieved state.

4.3.3 External Validation

An alternative ‘blind test’ dataset was obtained as part ofknperformed for the
AMIL2DA project, (AMIL2DA, 2003). These files underwent tistandard retrieval
scheme, as applied to operational data, and the resultafieprcompared with the

profile information initially used to create the simulatgukstra but kept unknown to
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the retrieval code. The comparison showed good converdgeribe desired result.

4.3.4 Simulated Noise on the Measurements

The random noise must be added to the spectra synthetically,magnitude cor-
responding to that of the instrument channel. However, duihé processing per-
formed between observation of an interferogram and thd [EBespectra, the noise
must contain a degree of correlation. This is most easilyesel by forming a unit
normalised noise vector with a Gaussian distribution akewd. This is Fourier trans-
formed in line with the instrument processing, apodisedr{deBeer strong) and
then Fourier transformed again. After linear scaling by dperopriate noise value,
3.5 nW/(cnt sr cnT!) in the case of OCS, the correlated noise vector is added to the
simulated spectra. The results of retrieving from thessynspectra are as would be
expected. The noisy retrieved profiles are generally witténerror bound of the ideal

case, even though each individual profile contains somalwiity.

4.4 |nitial Retrievals

The OCS MW error analysis in Figure 4.5 highlighted the kegrif@ring species (wa-
ter and ozone) that must be retrieved prior to OCS in order pvorre the overall error.
A mid-latitude day atmospheric scan, free of cloud (usingterthreshold of 1.8) to
6 km was chosen based on its geolocation. The exact scatrdafp) chosen was
from August 2003, orbit number 07469 scan number 15. Presemperature, water
vapour and ozone were retrieved in sequence using MORSE hetlddfault opera-
tional ESA initial guess atmosphere for the appropriatituidé band. Finally, OCS
was retrieved using its nominal climatology as both theahguess and the a priori,

with an uncertainty of 100%, in line with the MW selection gareters. The result is
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shown in Figure 4.8 and for these good observing conditiovssca retrieval in line
with expectations based on the previous simulations. Tiieval diagnostics are also
shown as before. These diagnostics are influenced by thestatope, OCS VMR and

measurement NESR, so show some variability.

The same retrieval parameters, with an initial guess forntlagor species that
changes for each of six latitude bands (905@%—20, 20—-0) gives rise to a whole
orbit retrieval shown in Figure 4.9. This latitudinally aole Initial Guess (IG) for
contaminant species is in line with the operational MIPABieeal procedure. The
OCS initial guess is constant with latitude and the develogroésmooth latitudinal
structure is a good indicator of sensitivity to small chageOCS. This appearance
of latitudinal structure is also a useful piece of internalidation, especially as the
structure is uncorrelated with the latitude bands wherd@sechange. An additional
test was performed using invariant contaminant IGs, anabserved OCS structure

remained (see later discussion about the carbon monoxdg. bi
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Figure 4.8:Results of retrieving, in sequence, pressure and temperature folloywadtbr

vapour, ozone and finally OCS from a single scan in orbit 07469 takengdAugust 2003.
The layout is the same as Figure 4.6. At 6 km, an overestimate of continuuenyathin cloud

not detected by the cloud threshold give rise to a lower VMR and AK cortioibuIn effect,

the continuum retrieval term absorbs a small fraction of the radianceiat=sbwith the OCS.
The drop in VMR would not generally be expected in the well mixed free sppere.
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Figure 4.9:Plot of OCS for the remainder of orbit 07469 in August 2003, using theesa
method as the profile retrieval in Figure 4.8. Correlation length was 3 km ancldahd ratio
threshold was set to 1.8.

4.4.1 Validation Against Other MIPAS Retrievals

Complementary work performed by Alpaslan (2004) in respdoseur initial OCS
feasibility study enables an independent validation ofMiBAS OCS retrievals. The
Istituto Fisica Applicata Carrara (IFAC) group makes use ofiraiependent time-
optimised retrieval code that is the precursor to the omerat ESA processor, Ridolfi
et al. (2000). This is known as the ‘Optimised Retrieval Mo@deIRM). For their
study, a series of ‘meso-windows’ were manually selectedérranges 860—870 crh
(middle of band ‘A") and 2040—-2070 cm (band ‘D’). A basic retrieval was performed
for the MIPAS Quality Working Group ‘reference’ orbit 2081uly 2002). The results
of this study are compared with our own results for the sarbi or Figure 4.10. The

main discrepancies, as expected, are in regions of third@dad at high altitude.
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Figure 4.10:[Left] Results of a retrieval by Alpaslan (2004) for a single orbit, 208he
ORM retrieval scheme uses no prior information. In addition, the microwisdegre selected
by hand and make use of both ‘A’ and ‘D’ spectral regions. [Right]uRésom using MORSE
on the same dataset, with the microwindows described at the beginning of #8mtechThe
colour scale is the same as the previous figure. [Bottom] Percentagesdiebetween the
two methods (ORM-OPTIMO) for scans 1, 15, 30, 45 (coloured linegd)taeir mean (black).
The random error bounds are shown by the dashed lines. The OR®attrseem to be lower
than the OPTIMO method at higher altitudes. However, this effect is well witiéerrandom
error bar.

4.4.2 Envisat Validation Campaigns

Ideally some of the targeted Envisat validation campaigoslevhave measured OCS
in-situ simultaneously with MIPAS. OCS is very much an ‘expemtal’ species — it
was not really expected to be successfully retrieved, arfidriumately no time and
space coincident data are available. As previously meatipthere is also a general

lack of prior real-world measurements of OCS profile inforioat especially with
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good spatial distribution. However, point profile measueats exist, and provide the
opportunity for validation of the retrieval. It is possilitemake use of previous mea-
surements by taking advantage of the negligible reported @&l and comparing
profiles for similar conditions and seasons. Care must betaké this approach, and

the results are not as definitive as targeted in-situ measures.

4.4.3 Multiple Orbits

A useful external validation of the results can be perforrfadretrievals over the
latitude range for which in-situ measurements, discussdtié introduction to this
chapter, have been made. Figure 4.11 shows a compariso® ®filFAS scans from
mid latitudes against similarly geolocated balloon dats@smarised by Chin and
Davis (1995). There is good general agreement between thproviiles, and little ev-
idence of a significant annual trend. This is in line withrktieire expectation (Rinsland
et al., 2002). For example, the 1996 mid latitude tropospheean around 9 km was
510 pptv and the mean tropospheric value of the data showrifigure is 522 pptv,
excluding systematic biases. The trends or variability @S®ver the duration of the
MIPAS mission — both from month to month and from week to weelas-well as
the small hemispheric difference suggested in the intrbolievill be discussed later
in this chapter. Importantly, however, the range of measergs from MIPAS extends
above the majority of balloon altitudes. Even this initialMS data set constrains the
shape of the mid stratospheric OCS profile whereas previdhsyart of the profile
was extrapolated from the 20 km region. The nature of theofélh OCS with altitude
is important in constraining the stratospheric sinks afeditne for the species. Tropo-
spheric measurements are useful for constraining theitocand balance of sources

and sinks.
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MORSE / MIPAS OCS Result
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Figure 4.11:[Left] Collated balloon data from Chin and Davis (1995). [Right] A scatter
plot showing the a priori and its uncertainty (dashed lines) together with gfagitbmic mean
and standard deviation (blue lines) of 135 retrieved profiles from AL2Q@3. The scattered
points show the individual cloud free profiles in the restricted latitude r&85g¢o 45° N and
-30° to 3¢° W, giving a representative mid latitude atmosphere. Although the two figuees a
difficult to compare, the key points are the significantly lower MIPAS VMRewv&bh30 km,
whereas both the tropospheric values and the scatter are very similared hiee shows the
small effect of detrending the mean profile to remove cumulative a priorieinfle, discussed
in Section 4.4.5.

4.4.4 Confidence

Figure 4.8 showed an increasing standard deviation (uaiogy} in the results with
altitude. This is expected because the absolute amount ofi©@8atly reduced as a
combination of decreasing pressure and a decreasing pic@p{wpmv) relative to air.
As a result, the contribution to the observed radiance ismhower and around 30 km
it drops below the noise ‘floor’ of the instrument. Below thistade, the random error
is very significant as shown in the microwindow error anaysiFigure 4.5, and this

maps directly into the retrieval uncertainty.

For an isolated retrieval, an individual level is generaltyy useful if 50% or more

of the final value originates from the measurement (the nedsaiis the a priori). This
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corresponds to a random error of about 72%, and this ‘cuboffurs just above 30 km

in the case of OCS for a good individual profile.

4.4.5 A Priori Detrending

As discussed in Chapter 3, the addition of profiles obtainetheyptimal estimation

approach will contain a bias from the prior information, significance of which

increases as more profiles are combined. As the retrieved @ifep are close to the
a priori, the first order correction outlined in Equation®3&an be applied. Removal
of the a priori results in similar behaviour to a least sqeaedrieval. As there is
no strong constraint on our system, individual profiles aane to instabilities and
strong oscillations when the least squares approach is &sgdhis reason, the prior
information is removed after the mean profile has been catiedl The result of this
approach was shown along with the unprocessed result ind-#yi1. The correction
is very small, even above 25 km. However, by 30 km — even thdbgtcorrection

remains small — the information contribution from MIPAS mmall. As a result, even
though the a priori is removed, the result will tend to remaichanged if it contained
little measurement information in the first place. A possibigh bias was observed
against the ORM results shown previously, which do not usemioa (Figure 4.10).

However, both these MIPAS retrievals point to a lower OCS &&ti30 km than has

previously been estimated though extrapolation from ballmeasurements.

4.5 Global Retrievals

As the limiting factor in our retrievals is the random noiganakes sense to attempt
to reduce this by coaddition in order to improve the sigoahtise and therefore the

precision of our answer. The trade-off between precisiah @verage is easier to
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make in the case of MIPAS due to the large number of measutsri&hby 14 by 30,
or about 30,000 scans per month). There will be a loss in tleestimicture that can be

resolved.

The month of August 2003 was initially chosen due to earlyspnee of a good
availability of recalibrated level 1B data, although a digant number of the 30,000
profiles were missing. In addition, it contains the ‘worss&€aatmosphere — the end
of the Southern winter with highly perturbed chemistry axttreame temperatures.
The same approach as in the previous section was used,perfpa prior pressure,
temperature and interfering species retrieval. The samefgetrieval parameters,
such as climatological OCS profile, a priori uncertainty @)@&nd correlation length
(3 km) were used throughout. The only variations betweefilpsoshould originate
from the variability between radiance spectra themseld&er the identification and
removal of anomalous profiles, identified by unphysical gal¢-1000 times the a
priori) and excessive oscillation between multiple leadsut 15,000 geolocated OCS
profiles remained. Each profile has 11 levels, possibly @onig ‘cloud masks’ and
covering the altitude range from 6 to above 30 km. The cloudking is required
to prevent un-retrieved levels from biasing the mean raswards the a priori —
in effect it removes these levels from consideration in aftifer processing. The
points are then ‘binned’ to a regular latitude, longitudel aititude grid. Statistical
parameters, such as the standard deviation of profile levigtén each grid box are
also recorded before the logarithmic mean is taken to reavean VMR value for
each element. Other constraints, such as a maximum randonoera profile point,

can also be applied before the mean is taken.

A type of probability density function (PDF) is shown in Frgu4.12 showing the
range of retrieved VMR values at each level, after the cangs and filters discussed

above are applied.
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PDF of OCS VMRs. Latitudes: 20 65
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Figure 4.12:Distribution of retrieved VMRs after removal of spurious values, showfiag
no distortions have been introduced in the underlying statistics. In additioighiidghts the
large number of lowermost levels that are lost due to cloud (area undeues). The width
of the individual distributions is a measure of their standard deviation,tiirattributable to
random error.

Hemispheric Mean Profiles
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Figure 4.13:This figure shows the global mean profile for August 2003 (black linegtn
tainty as dotted lines) and the hemispheric means (NH: green line, SH: bluellhmea priori
and its uncertainty are shown by the dashed lines. There is a small herndgifference in
the troposphere. The overall shape of the global mean agrees well withrttatology (dashed
black line).

4.5.1 Hemispheric Mean Profiles

Figure 4.13 shows the mean global and hemispheric retripugfile data from Au-

gust 2003. There is little expected variability betweenhbkeiispheres, although the
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Northern hemisphere should be slightly higher due to aptbgenic sources. This is
what is observed. The carbon monoxide bias discussed inektespction has been

corrected in this figure.

45.2 Zonal Means

The result of binning the results to an altitude/latitudel gnd taking the logarith-
mic mean is shown in Figure 4.14 and the associated retrieragerature structure
in Figure 4.15. The OCS field shows a good degree of smoothmgsging internal
consistency between profiles. In addition, there is the agree of latitudinal struc-
ture from a featureless a priori. A seasonal asymmetry ath@uequator is visible,
associated with the underlying atmospheric structure.rd retially appeared to be
problems from 65S to the pole, with values seeming unreasonably large arlaltie
tudes. It was suggested that this could be the effect of tbiarFStratospheric Clouds
(PSCs) that do not trigger the operational cloud threshdid value of 1.8, but there
was no obvious correlation to be found between cloud indeX@VR in the Antarctic
region. The positioning of the start of the anomalous vahi&&'S seems to coincide
with one of the latitudes at which the initial guess files grFigure 4.16 shows the
result of the same retrieval procedure as before, but witlténbon monoxide (CO) IG
invariant for all latitudes. On further inspection, the 8wrn polar winter CO initial
guess contained a clear error, with a sharp spike in the @afidund 12 km. The result
is much improved, and the temperature field as well as thelatdrdeviation of this

second result are also shown.

Observed Features

The high OCS VMRs around the tropical tropopause has beengpiyireported by
Notholt et al. (2003), although the high variability, sholanthe areas of high standard



74

Zonal Mean OCS, after filtering. August 2003
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Figure 4.14:0CS zonal mean for August 2003. The data was gridded to latBude by
3 km altitude grid. The black line shows an approximate climatological tropepatitie
incompletely filled ‘boxes’ represent a shortage of data (less than IiiGpal he high values
around the South pole are from an unrealistic CO profile in the initial guess.

Temperature

Retrieved Altitude [km]
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Figure 4.15: The retrieved MIPAS temperature field for August 2003, showing expec
seasonal structure.

deviation, is new to this work. Their explanation was basediomass burning and
deep convection and one of their figures is reproduced inr€igu 7 for comparison.
However, simulations of the sensitivity of MIPAS to fine aspberic structure indi-

cates that there is a susceptibility in the tropical tropearegion to oscillation. If
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Zonal Mean OCS, after filtering. August 2003

El
=,
Q
o
2
<
o
o
g
o
o)
7
5
O 1 1 1 1 1
90 60 -30 0 30 60 90
Latitude [°]
VMR T ' ‘ S
[pptv]
0.1 114.4 228.6 342.9 457.2 571.5 685.7 800.0
Mean Random Error Standard Deviation in Log Space (Variability)
35
30
25

S

90 60 30 0 30 60 90 90 60 30 0 30 60 90
Y — T U T

pp
114 241 36.7 494 620 74.7 87.3 100.0 0.0 63.7 127.3 191.0 254.6 318.2 381.9 4455

Figure 4.16:[Top] OCS zonal mean for August 2003, plotted in the same manner as the
previous figure. A global mean value for CO was used as a contaminanisinethieval.
[Bottom] The random error field outlining the areas of highest and lowastidence in the
retrieval, and the standard deviation of the retrieval in log space showeag af high and low
variability. The areas of highest variability are the tropical tropopausethern polar winter
night and some of the 6 km level that probably retains residual thin clonidgconation.

subsequently damped by the rapid falloff in VMR with altieydhis would be inter-
preted as a localised enhancement in the absence of anpilrie the underlying
chemical profiles. The explanations are not mutually exetydut this observation is

an example of remote sensing problems.

The enhancement over the Southern winter pole remains, tach smaller extent,
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Figure 4.17 External validation from data published by (Notholt et al., 2003) to be coetpa
against the observed zonal mean shown previously in Figure 4.16. Iplttjsropical en-
hancement is observed by a combination of ship and satellite (ATMOS) nesasots. The
authors assign it to deep convective events transporting biomass bprouhgets to high tro-
pospheric altitudes.

after the CO bias has been removed. Kettle et al. (2002a)stissuhe hydroxyl radical
OCS loss rate, and this — together with the UV flux — is virtuaéro at the winter

pole, allowing tropospheric-type values to be found up td&ib

Internal Validation

There are two simple internal validations to test for caesisy. The firstis consistency
between weeks. One would only expect a weak difference legtwee two halves of
the month, mainly due to the rapid change occurring aroua&tiuthern Polar regions
at the beginning of its spring. The second is to split the dgtsolar zenith angle, and
examine the diurnal variability. This should also give aliggigle difference. The OCS
loss mechanisms in the stratosphere are weighted towaedsatftime, but OCS has
a long stratospheric lifetime and so should exhibit litlerdal change. The biogenic
source and sink variability over the daily cycle should bél wamped by mixing by

the 6 km altitude level and should also be virtually undetielet. The results of these
tests are shown in Figure 4.18. The diurnal variability testspecially important as
non-LTE effects in the D-band are much larger for the shavearelengths. This was

potentially a large source of error, as there was no non-Ldgdehfor OCS in the
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Figure 4.18: Diurnal and monthly variability as internal validation. The colour scale is
the same as Figure 4.16. It is interesting to note the decrease in magnitudetiafibal
tropopause error (high values) at night-time. This is probably causaddss severe tempera-
ture gradient at night in this region. There is also a limited low altitude (at 6 Ky) diurnal
difference for the Northern mid latitudes, probably caused by very thudcl@€onvection is
strongly diurnal and the propagation from the source in the planetanydaoy layer is likely

to reach the tropical tropopause by this diurnally asymmetric method.

forward model. These results indicate for the first time tl@at-LTE is much less sig-
nificant for OCS than for the other D-band species, CO and NO.ddewthere is still
some diurnal variability, especially over the tropicalgopause, but this can equally
be assigned to very thin cloud arising from strong convecti®here is insufficient

OCS to draw any conclusions about non-LTE effect in the upjpatasphere.
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External Validation

There are the usual possibilities of validation (or at leashparison) against a model
(Section 4.6.1) and of validation against in-situ meas@m@s) Due to scarcity of ex-
ternal correlative data, the only real measurements foipeoison are of mid latitudes,
as already shown. Validating the lowermost levels agaiostt@OCS measurements
in the literature is possible with the greater global cogeriom the enlarged dataset.
Comparing measurements of the lower atmosphere, with mgaislata from both
hemispheres (Notholt et al., 2003) with similarly geolechMIPAS measurements
gave good agreement

Direct comparison with CFGland CECl, profile data has been suggested by En-
gel and Schmidt (1994), but our knowledge of OCS from MIPAS menaccurate
than the variability in the measurements of these speciesanfalternative, a plot of
OCS against the operationally retrieved age prox®Ns shown in Figure 4.19. This
highlights the significant loss term in the stratospherev@iure of the plot). Inde-
pendently, Rinsland et al. (2005), shows tight linear catrehs between the various
CFCs (lifetime of order 100 years) and®, justifying our use of NO here. Addi-
tionally, in the next chapter the same ESA operationgDMetrievals are favourably

compared with the (almost) ideal age proxysSF

45.3 Global Means

If the longitude information is also considered, then aehdenensional global field
of OCS VMR distribution for August 2003 can be constructedviobsly, the number
of elements per box (and hence the reduction in the randamn) ésrreduced, but due
to the immense number of profiles and excellent geographierage there remain

50 — 100 measurements in most boxes. A representation okfudts is shown in
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Comparing OCS with N,O, August 2003

ESA N,O values, [ppbv]

4008 e
0 200 400 600 800
VMR of OCS [ppmv]
Figure 4.19:A plot of OCS against the operationally retrieved age proxO)NThe devia-
tion from a straight line is indicative of the differences in loss rate betwegh &hd OCS in
stratosphere. The absolute falloff is related to the OCS stratospheric lifetime.

Figure 4.20. This single set of results alone massively avgs the knowledge of the
abundance and distribution of OCS, especially in remotesar€his global coverage

is the advantage of satellite remote sensing.

4.5.4 Cloud Coverage and Contamination

There are several localised features of interest in FigL#@.4The inter-tropical con-
vergence zone (ITZ), an area of very strong ascent, can easee the Indonesian
region as an area of poor coverage, for example the 12 and 18vats. This is di-
rectly attributable to cloud formed by the ascent obscutirglower layers. Figure
4.21 shows the August monthly mean cloud coverage over thigegiom a model.
The figure highlights good correlation with the poorly caeareas of the lowermost
altitudes in Figure 4.20. Above these cloudy areas, eslpeti@onesia, there are re-
gions of enhanced OCS, thought to be indicative of strongraisoeagreement with

recent literature observations, Notholt et al. (2003).ddigon, the enhancements may
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Figure 4.20:Some of the retrieved altitude layers for OCS showing VMR as a function of
geolocation. The colour scale is the same as Figure 4.16. The top left bdighig the poor
coverage at 9 km, mainly due to cloud in the tropics and low temperatuers gisegp high
random errors at low altitude over the Antarctic. This is followed by sampl&S and 21 km
from the retrieved volume, giving an indication of the global 3D nature ohtbethly mean

field.

be direct observations of biomass burning plumes, and thigd\be an interesting area

for further investigation.
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Figure 4.21: Model cloud fraction for August 2003, Dean et al. (2005). The negiof
high cloud coverage, up to 70%, correlate very well with MIPAS obsema of cloud. The
cloud in the MIPAS observations prevents successful retrieval add teareas — especially at
low altitudes in the tropics — where there is very poor coverage and higabuléy in the few
retrievals that are ‘successful’. The large amount of cloud highlightsekd for improvements
in the way that cloud is handled in limb retrievals, so it is possible to obtain some dbr
retrieval even from a cloud contaminated spectrum.

4.5.5 Lifetime and Mass budgets

As noted in Figure 4.13, the lower OCS VMR observed by MIPAShe middle
stratosphere (25 — 35 km) is significant for determining tinatsspheric lifetime of
ocCs.

The average stratospheric VMR,, is given by

_ Zz XS(Z)M(z)AZ
X = TS M(2)Az (4.1)

where M(z) is the number density (in molecules ci at vertical ordinate: that
ranges over the stratosphere. A similar expression apfgiethe troposphere. This
value can be easily calculated from the zonal mean fieldsasfigure, temperature and

VMR. It is also possible to retain sensitivity to latitude, ialh has previously been
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impossible from the limited set of measurements.

From this average VMR, the total mass of OCS in the atmosphigfé?s, is given

by

Hfairxt ”/'airxs
OCS t s OCS
W = : ~ MM 4.2
<RMMW * RMMw) i (4-2)

which can be broken into tropospheri¢’“®) and stratospheric valueB(°“®). The
mean Relative Molecular Mass (RMM) of air is 28.9 g moland that of OCS is

60 g mol!. Appropriate masses of air for the troposphé#é() and stratosphere are
4.56x 10*! g and 7.210%° g respectively. The results of these calculations are shown

in Table 4.2

Table 4.2:Global mean mixing ratios and masses of OCS for August 2003.

MIPAS August 2003 Chin and Davis (1995)

Mean Global VMR () pptv 49974 (485)
Mean Stratospheric VMR  pptv 35381 380
Mean Tropospheric VMR  pptv 52278 500
Total mass K/ °¢%) Tg 5.470.75 5.20
Stratospheric mass Tg 045P.12 0.57
Tropospheric mass Tg 4.90.74 4.63

There are a selection of global source estimates for OCS aitifi@ce that range
between 1-2 Tg yr'. As no significant trend in OCS has been reported, it is reddena
to assume that the source term is balanced by sink terms.xaorpge, Watts (2000)
gives a source term of 1.3D.25 Tg yr! and a sink term of 1.660.79 Tg yr'.
Therefore, dividing the total atmospheric mass of OCS obthabove by the source
strength gives an estimate for the global atmospheridrifetof OCS of 4.1#40.24
years. This is comparable with other estimates, such ase&f&yy Chin and Davis

(1995), based on a source estimate oft05 Tg yr!.
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Following the method of Chin and Davis (1995), the loss rat®G~ in the strato-
sphere due to photochemical processing can be calculatedire mean stratospheric
VMR. The thermodynamic end point of these reactions is suldiaxide. The strato-
spheric loss rate of OCS at an altitugle.(z), in molecules cm?® yr—! may be written
as,

L(z) = (1(2) + k2(2)[OC°P)](2) + k3 (2)[OH] (2)) M (2) (4.3)

Jp is the photo-dissociation rate akgandks are the first order rate constants for the
reactions of OCS with oxygen and hydroxyl radicals respebtivihe concentrations
of these species, denoted by the square brackets, also laitadinal variability. Al-
though beyond the scope of this thesis, it would be a simpléiadal step to generate

a zonal source term for OCS derived SO

This loss rate allows us to estimate an annual mass loss of ©t8 stratosphere,

strat

MP® =" L(z)x(2)M(z) (4.4)

Based on loss rate values from Chin and Davis (1995), we cédcila™ to be
5.20+1.19 x10'g yr-! for our MIPAS OCS VMRs. In contrast, rates of 5.6, 4.7—
11.2 and 3.75<10g yr~! have been given by Chin and Davis (1995), Engel and
Schmidt (1994) and Weisenstein et al. (1997) respectively.

The stratospheric photochemical lifetimejs given by

1 Stratospheric mass
TS pr— —_— pu— N (4-5)
Ls  Stratospheric loss
0.52+0.12 x 10'2
- * 8 (4.6)
5.2+ 1.19 x 1010g yr—1
= 10.0 & 0.31years 4.7)

This is in contrast to the global lifetime calculated presty.



84

Let us make the assumption of total flux of OCS into the strdtespto be a
function of the VMR at the tropical tropopause. For Augusd2@his value ranged
between 510 and 580 pptv. The troposphere stratospherarayeinas been estimated
at 6.5<10% g yr-! by Rosenlof and Holton (1993). This gives a total mass of OCS
entering the stratosphere of 0.33-0.38 Tg'yHHowever, we have already calculated
that only 0.052 Tg is lost, and this value must corresponchéortet flux into the
stratosphere. As a result, approximately 0.3 Tg'yior 90 % of OCS must return

from the stratosphere for destruction at the surface oiroedation.

4.6 Climatologies

The same approach used to create the data used in the zonglbhatimeans (Sec-
tions 4.4 and 4.5) was applied to the equinox and solsticetmdor which sufficient
data is present. Figure 4.22 shows a summary of these rasitti®ach monthly zonal
mean containing approximately 15,000 profiles. There igardeasonal tropospheric
variation, concentrated in the Northern hemisphere. This line with biomass de-
velopment, as discussed in the introduction. These relsalts the potential to be an
important resource for the calculation of source, sinksiaapheric sulphur loading,
and fluxes. In addition OCS provides one route to the validatiiothe modelling of

the hydroxyl radical in chemical transport models.

4.6.1 Model Validation

The result of model calculations (C. Timmre&ers. Comm.) can be compared against
the zonal means shown in Figure 4.22. The colour scale hasrbedified to attempt

to match the model data and the results are shown side byrskigure 4.23.
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Figure 4.22:Zonal means for equinox and solstice months, December 2002 to Margh 200
These allow the investigation of interannual variability (consistency ofsjiestures) and sea-
sonal trends (month-to-month variability).



86

December 2003
g
- =
g ©
[ L=
El 2
b= =
< P
0
EQ 40N BON
-90 -60 -30 0 30 60 90
[ S e | S ———
pptv 05 1 5 10 &0 100 200 300 400 500
05 1 5 10 50 100 200 300 400 500
March 2004
g
f— L
= )
ﬁ‘ [
o o
E 3
k= =
< P
0
40N BON
-90 -60 -30 0 30 60 90
pptv I . e 00 A
05 1 5 10 50 100 200 300 400 500
June 2003
_
g
- ¥ail
2 8
Q
E g
=) -
< =
0
40N BON
-90 -60 -30 0 30 60 90
[ S G S R | E— g —
pptv [ 5 10 60 100 200 300 400 50O
05 1 5 10 50 100 200 300 400 500
September 2003
30 ) E
1 g
E 25 5
= 20 ER
[ L=
ERT 1 2
=i -
< |0 1 d
s E
0
Bos 408 EQ 40N BON
-90 -60 -30 0 30 60 90
[ S e | S———
pptv 05 1 5 10 &0 100 200 300 400 500

05 1 5 10 50 100 200 300 400 500

Figure 4.23:Comparison of the equinox and solstice month MIPAS retrieved zonal means
with model OCS fields for the same seasons. There is good agreementeialgenucture.
More subtle features, such as the motion of the centre of the tropical sapeghrough the
year is also visible.



4.6.2 Trends

The influence of time-dependent systematic errors on thaeulegion of trends is a
significant problem. For the case of OCS, however, the onlyachps likely to be
on the accuracy of the internal validation (null) test foraammual trend. Hemispheric
mean values for the solstice and equinox and solstice mamnéhshown in Table 4.3.
As noted with the zonal means, a tropospheric seasonal apglears to be present,
but the other months would need to be analysed to have gratédence. Unfortu-
nately, the dataset is not long enough to determine anyainteral tend. High accuracy
measurements have been made at a single point for over 203®egported by Rins-
land et al. (2002). Their analysis gave a 2-10 km mean valugdtatitudes (32 N

116> W) of 530 pptv, with a seasonal cycle of 1:28.4% about this mean value. This

is certainly in good agreement with this trend data.

Table 4.3:Hemispheric and seasonal trends and variability in OCS VMR in both the tropo-

sphere and stratosphere.

Month Troposphere

VMR (pptv) | NH  Gbl

Stratosphere
SH \ NH Gbl

SH

December 2002 517 507
March 2003| 519 532
June 2003 516 516
September 2003540 513
December 2003 499 499
March 2004| 484 500

494
541
514
484
497
510

365
352
381
380
357
328

365
364
366
357
354
346

365
375
348
332
349
362

4.7 Conclusions

There has previously been a serious lack of a well sampleap(ieally and spatially)

global OCS profile data. One application of these retrievasslieen in tightening the
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constraints applied to the lifetime of OCS in the atmosph&he alternative applica-
tion of the data would be further constraining the sourcesamkiprocesses that govern
OCS distribution in the atmosphere.

A second application of the work is in calculating the glosalphur budget. We
have used MIPAS observations to calculate a new value fototiaémass of OCS in
the atmosphere. Combined with measurements of other speeiesn better quantify
the role of OCS in global sulphur chemistry and in the formabtbSSAs.

The zonal distribution of OCS in the stratosphere has allothedcalculation of
an updated stratospheric lifetime and flux, as well as bgttantifying the OCS SO
source term.

Another application of this work is in both initialisatidofcing and validation of
newer 3D chemical and transport models that seek to inastigore complex atmo-
spheric phenomena. Certainly, model comparisons will folmyapart of the valida-
tion of the work, as global distributions are not accesdiyl@ny other method.

Most of the features of the zonal means can be explained bgwuent under-
standing of the processes that influence OCS. The only redionaertainty is the
tropical tropopause enhancement, where this thesis hasedftwo explanations —
strong ascent or unresolved tropopause structure.

Significantly, the diurnal validation performed gives sfgrant evidence that the
non-LTE effect for OCS in remote sensing is much less domitreart for other short
wavelength species, NO and CO.

MIPAS observations and the retrievals in this chapter haokdéd up the previous
observations that OCS has little significant annual trertdpabh the scatter is greater
than would be expected and there is the potential for fustleek in this area.

Finally, the shape of the retrieved profiles has allowed tgutl@stimates of the

stratospheric lifetime of OCS, based on other literaturaragsions.
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We have tried to give an impression of both the significanackdifficulty of car-
bonyl sulphide retrievals, along with a demonstration @f ¢arrent progress that has
been made. It is thought that the global OCS distribution avdithe understanding of

aerosol formation and the interaction of this species irath@ospheric sulphur cycle.

4.7.1 Further work

From a retrieval point of view, OCS has the potential to bec@néoperational’
species, using the approach described in this chapter. Utdwgreatly benefit from
a dedicated ground validation campaign, to try and assessighificance of various
systematic errors, especially the spectral databaseureaes. In addition, as newer
satellite instruments come online, seasonal comparisdhisenuseful.

A second area of further work would be trying to increase ttiride range of the
retrieval, being very careful to avoid the introduction gfréori biases in the areas of
very low signal. Itis around 30 km that the exact OCS value gulss it will heavily

constrain the lifetime and hydroxyl radical abundance.
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Chapter 5

Sulphur Hexafluoride

This chapter describes the retrieval ofs§fofiles from nominal MIPAS data. It con-
tinues with the theme of retrieving trace gases with unutatlres. In this case, a
non line-resolved band feature in the MIPAS ‘A region. Thegedure is compli-
cated by high sensitivity to temperature, due to its pasita the Planck curve, as
well as significant spectral overlap with water vapour. Assuit, ‘joint’ retrievals are

investigated.

5.1 Introduction

Sulphur Hexafluoride (S is a highly symmetric octahedral molecule, point group
O,. Its main vibrational-rotational transitions in our regiof interest are centered
around a single;; Q branch at 947.9 cm, with band limits 915-960 cm' (Flaud,
2002; Rinsland et al., 1992a; Varanasi et al., 1992). Thense spectral feature gives
rise to a strong radiative effect, with $being three times stronger as a ‘greenhouse
gas’ than an equivalent volume mixing ratio of CFC-11 or a thadstimes that of

CO,, making it one of the most efficient greenhouse gases, Ko.d1893). The

91



92

contribution of Sk to radiative forcing is small because its current atmosplem-
centration is less than five parts per trillion by volume (Rind et al., 2003; Maiss

et al., 1996; Maiss and Levin, 1994; Zander et al., 1991).

Sources, Sinks and Distribution

The sources of SFare almost entirely anthropogenic (Ko et al., 1993), asigstness
and electrical properties make it an ideal choice for théusken of air in magnesium
smelting and for use in electrical switchgear. A very minatunal source from flu-
oritic rocks has been suggested by Harnisch and Eisenh28@8), The main loss
mechanism in the atmosphere is electron capture and sudrgegumoval of fluorine
by hydrogen (radicals). A similar dissociation is also &lby high energy photons.
Both these processes only become significant in the mesa&sPReddmann et al.,
2001).

As the atmospheric lifetime of Qs of the order of several thousand years (Patra
et al., 1997) there is the potential for the gas to slowly audate in the atmosphere
and to become a significant contributor to radiative forcimgaddition, this longevity
and persistent long term increase in emission allows t8Fe used as a tracer for
determining the age of stratospheric air (Harnisch et 8861 Waugh and Hall, 2002).

Previous trend estimates concerning the change in its atmos abundance give
an increase of 5% — 8% per year (Krieg et al., 2005; Maiss £1886; Geller et al.,
1997; Rinsland et al., 1993), corresponding to 0.15 — 0.3% ppt! at the time of
their publication. However, there is evidence to suggest the rate of increase in
emission, if not production, has slowed in the past few ydaesto better containment
and greater awareness (Dervos and Vassiliou, 2000; MaisBamninkmeijer, 1998).
Attributed to dynamical effects, a mean tropospheric imemnispheric variation of the

order of 5-10% (0.2F#0.2 pptv) has also been reported Geller et al. (1997). This
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corresponds to an interhemispheric exchange time of just one year, although it
has been based on measurements at only a handful of locations

An estimated mean atmospheric profile, lying between paidreguatorial values,
is shown in Figure 5.1 and is based on the MIPAS referencesgthees (Remedios,
1999). These in turn, were based on a very limited set of he&golved SFmeasure-
ments. The profile shows uniformity due to good mixing witbpect to its lifetime in
the troposphere and an age-related falloff in the stra@gpla consequence of the low

chemical loss rate.

SF¢ Reference Climatology
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Figure 5.1:Climatological sulphur hexafluoride profile and its associateduhicertainty as
defined in the MIPAS reference atmospheres. The approximate locattbe tfopopause is
shown by the shaded region and both pressure and correspondindeadtitel shown on the
axes. This estimated profile is latitudinally and seasonally invariant.

Atmospheric Applications

As mentioned above, the high degree of inertness couplddlangevity and a very

low natural emission allows $Ro be used as a tracer for determining the age of
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stratospheric air. As such, the retrieval of profile datd balof value to modellers, the
study of atmospheric dynamics, and groups interested irathiative forcing influence

of SK;.

In summary, due to its observed trend, long lifetime andrgtrimfrared proper-
ties, better knowledge of $Hooks to be of increasing significance in successfully

modelling the radiative processes that govern our atmaesgred climate.

5.2 Feasibility and Microwindow Selection

Figure 5.2 shows the SFontribution to the limb radiance for the lower stratosjgher
(12 km). The Sk signal exceeds the MIPAS NESR between about 944 and 951,cm
suggesting that a retrieval is feasible. The spectral @mesof the best six microwin-
dows is also shown, along with their altitude sensitivitheTexact microwindow pa-
rameters are listed in Table 5.1, below.

The error analysis resulting from the microwindow selatti® shown in Figure
5.3. The selection was run to maximise the information aanteith constraints on
computational cost of using the microwindows relaxed. Maskre applied to im-

prove the systematic errors.

5.2.1 Systematic Errors

From Figure 5.3, it can be seen that the dominant system@atic gources are prior
temperature retrievals, spectroscopic calibration sif@HIFT’, ‘'SPREAD’) and un-

modelled gradients in the field of view (‘GRA). Water vapousr also significant,
mainly due to its strong gradient around the tropopause eiCGiiistematic errors of

significance include the spectral database, as discussmal. B&/ith the exception of
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Table 5.1:The six best sulphur hexafluoride microwindows, in order of informatimmtre-
bution. Microwindow 105 is very narrow, filling in a gap left between 108 491, that is
necessary because of the 3ThMW width limit. Even so, it contributes more information
that the final microwindow, 106. In effect 101 — 105 cover the entire mEjb&nd between
939.950 and 952.650. cth

Microwindow Band Spectral Range [cri] Altitude Range [km]

SF60101 A 946.625 — 949.625 6—-42
SF60102 A 949.650 — 952.650 6-33
SF60103 A 942.975 - 945.975 6-33
SF60104 A 939.950 — 942.950 6—52
SF6.0105 A 946.000 — 946.600 6-33
SF6.0106 A 928.525 - 931.525 6-33
SF¢ Microwindows
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Figure 5.2:The region of the MIPAS spectrum containing the microwindows chosenFgr S
retrieval and their altitude ranges (outlined by the shaded regions, ligft akhe nominal
instrument NESR (dashed line), §Fadiance contribution (lower line) and total atmospheric
radiance (upper line) for a simulated 12 km view are also shown (right &ie Sk molecule
contains no other significant transitions within the MIPAS spectral range.

spectroscopic errors, most others would be expected tonteeckecorrelated after a

few days so are not problematic when considering trendsadatifferent months and
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SF¢ - Error Contributions

Impld

T T \\’\ T T T ~ T T T
30: T T |} / T
5 > W @m0 X ) —TOT |
251 - .7/ = sYs A
- il =B - RND ]
IS AL G VSPECDB |
T N SHIFT
2 1 S mx ?/ : OH20 1
%; 15F X> QEAY , XSPREAD-
E % ETEM
Zwlbbxm ‘l\\‘ AGRA |
i Xto DJ@m Y, OPRE
- ;) GAIN |
st X [ oNH3 -
r >CO2
C L Ll | | L
0.1 1.0 10.0 100.0 1000.0

VMR Error [%]

Figure 5.3:Plot showing random error (dotted line ‘RND’) to be the dominant errore®
in the retrieval, along with the systematic (‘'SYS’) and total error budget. idsudsed in the
theory section, noise in the spectrum is mapped directly to random erragtintbe microwin-
dow selection process, and these results are based on the NESR otrin@éms. A full list
of systematic terms appeared in Table 2.1.

the subsequent generation of climatologies.

Spectral Accuracy

As discussed in Section 2.2, the microwindow error analigsiitically dependant
on the accuracy of the error terms supplied. We have alrezely that for interfering
gases, the concentrations are generally known to withinrderaf magnitude, and
much better for the more abundant gases that have a signifadiometric impact.
Likewise, the instrument errors are well characterisea Jpectral properties of com-
monly studied species are also well known, if only for the en&jansitions. Models
and measurement are combined to give good estimates ofitteeparameters.
Unfortunately, very dense molecular spectra, such as ttiabiged by Sk, are

difficult to model. As a consequence, it is necessary to usergbon cross-section
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data in place of line parameters. These have to be measurtbe laboratory for
several pressure (abundance) and temperature rangepdnapatential atmospheric
conditions. In the case of the tabulated cross-sectionfdatd8F;, shown in Figure
5.4, the temperatures range from 180 — 295 Kelvin and thespres from 20 — 760
Torr, Varanasi et al. (1992). This cross-section data ia theerpolated to match the
calculated atmospheric state during the forward model steéipe retrieval, which —
along with the potential for significant uncertainties ie ttccuracy of the cross-section
measurements — is a major disadvantage of using this typetaf & minor advantage
over line parameterisation is the incorporation of varispectroscopic effects, such
as line shapes, and this reduces some areas of systemati& @rhe accuracy of the
cross section data and other parameters used in this wolBeeesdiscussed in both
Flaud (2003) and Flaud et al. (2003), and for atmospheriditions, the estimated

error is 3-6% in the absolute band strength (Varanasi €1292).

Cross-section Tabulated Data
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Figure 5.4:Plot showing the tabulated cross-section data for &-published by Varanasi
et al. (1992). The lines on the figure outline the expected climatological alransggempera-
ture and pressure distribution. The filled circles show the pT pairs whess-section data has
been taken. Interpolation occurs between these points and (unfoty)redtieapolation may
also be performed for pT combinations outside these measurements.
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5.2.2 Variations in Selected Microwindows

The compact nature of the spectral feature means that theracaalternative mi-
crowindow regions possible. Only the order of the microvawd can be changed
(and to some extent, the boundaries). Neither of theseblagahould have a signif-
icant effect on the total information retrieved. Although to ten microwindows can
be found, the information gain is well below 0.1 bits per rmigmdow after the sixth,
making it computationally wasteful for a minor (if any) gaifhis is shown in Figure

5.5.

The maximum available radiance can be easily calculated &simulation, and
compared with the radiance used by the chosen microwindbwsffect, comparing
the spectral resolving power of MIPAS against g S€lective radiometer. The results
are summarised in Table 5.2. The microwindow approach apeter than the ra-
diometer approximation, especially when the effect of sl¢enasks are taken into

account, removing a significant systematic component fraerfiering species.

Table 5.2:Comparing optimised microwindows against a broadband approach for asichula
day time atmosphere at 12 km. The signal is in units of nW#(sntnt ') cm—!, from calcu-
lating the total radiance over the region. Likewise, the noise is calculated hiplying the

‘A band nominal noise level of 50nW/(cfrsr cnm ') by the number of wavenumbers in the
selected region.

Points [cnT!] Effective Noise Signal S/IN

Broadband [915-960] 1800  40.0 22508300 462 8.3
MWMake [6MWs] 624 156 780/624 441 142
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Figure 5.5: Information gain by adding additional $Fnicrowindows. Due to the limited
extent of the band feature, all the major regions are selected. The tatahation possible is
asymptotic towards 25 bits as additional MWSs are added covering the whuleréiage.

5.3 Retrieval from Simulated Data

The RFM was used to create a series of spectra based on dajitimagotogical pro-
files. The core simulations were performed on the nominal 3ré&meval grid and
the computationally efficient low resolution field of viewrpaneterisation. In addi-
tion, separate simulations were performed with an atmospbpeofile resolution of
1 km, together with a high accuracy field of view parametéiosa These settings
more accurately simulate the fine structure of the atmosgpifvat can not be resolved
by MIPAS but can influence the retrieval. This is especiaigngicant around the

tropical tropopause, where there is a very strong temperatuersion.

The aim of the simulations is to ensure the microwindows ehas the previous
section are appropriately selective and sensitive p 8HFthe following experiments

were performed using the MORSE retrieval code and the opestahation approach.



100

The initial guess was set to be the a priori for all cases.

5.3.1 Ideal Radiances

For these microwindow validations, there was neither ramdoise nor cloud present
in the simulated spectra. Although no random noise was ptesehe spectra, an
unapodised value of 30 nW/(énsr cnt ') — in line with MIPAS calibration values
— was used in the retrieval so the resulting error bar is apprately the same as
retrieving from single real measurements. Figure 5.6 shbe/sesults of a sequential
retrieval of pressure/temperature followed by water vapmd finally Sk. Other
diagnostic information, such as the averaging kernelsakm@ shown. We observe
that the random error bound, shown previously in Figure&gBees with the retrieved
random error. Subsequently, Figure 5.7 shows the semgitizthe microwindows to
changes in the simulated S&bundance, by repeating the forward model simulations
with different profiles, but applying the same retrieval angriori settings as for the

ideal test case.

Sensitivity to Parameters Outside the State Vector

Various retrieval settings influence the final result thiotige influence they have on
the underlying simulation of the physics of the observatibhis is more pronounced
for SK; than it was for OCS. Figure 5.8 shows the influence of a seledfdhese
parameters. The results highlight the sensitivity of theeeal to systematic errors
within the forward model representation of the atmosphérge more closely model
the true structure, the effects of limitations in the obs®gsystem become apparent.
Fine atmospheric structure is simply not resolved by the 3-KW of the instrument.
This leads to incorrect modelling of the radiance. As exp@cthe best retrieval is

achieved when the forward model parameters used by MORSE ciosstly match
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Figure 5.6:Results of retrieving, in sequence, pressure and temperature folloyvedtbr
vapour and finally S§: This is the ideal case where the initial forward model parameters most
closely resemble the retrieval parameters and the a priori and initial geeeset to the ‘true’
simulated value. The a priori uncertainty was 100%. Diagnostic informatiatydimg the
averaging kernels, is shown on the right. There are just over 5 degfefieeedom in this
profile, of nine levels considered. The Shannon information gain for ¢fiieval was 9.9 bits.
There is significant prior information contribution above 24 km althoughetdwt reach 50%
until 30 km.
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Figure 5.7: Deviations from the ‘true’ RFM modelled VMR values (dashed lines). [Left]
Profile deviations, ppmv. [Right] Percentage deviations. The same réfp@rameters were
used throughout, with the same a priori. A set of six profiles were use8Fn6-50%, —10%,
+10%, +50% and +100% of the climatological profile. The results show thgitsaty of the
microwindows to changes in the amount ofsSfrthe atmosphere. As one would expect from
looking at the averaging kernels in the previous figure, there is goaitisdn at low altitude,
but by 30 km the a priori becomes the dominant contribution to the final rettistate. For the
case of zero SHcyan), values of the order of 0.1-0.01 pptv are retrieved, due to fibgt€bf
retrieving in log space and the influence of the a priori.
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those used in the initial RFM simulation. These parametezsnat necessarily the

best for the actual retrieval.
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Figure 5.8:Sensitivity to parameters outside the state vector, specific to the casg.of SF

[Left] The high resolution forward model cases — A more accurate fieldesf representation
(red), modelling the atmosphere at a finer resolution (1 km) than the retgedglgreen) and
combining both these cases (blue).

[Right] Sensitivity to a 1 K increase in retrieved temperature (red), a 10%¢ase in water
VMR (green) and combined (blue). Note how both tests induce an oscillatitre iretrieval,

which was also observed for many real profiles.

5.3.2 Joint Retrieval

Instead of varying one species during the retrieval, it issgae to increase the size of
the state vector to allow a selection of species to be simedtasly retrieved. This is
known as a joint retrieval. Using the joint retrieval appriodor the same ideal simu-
lated data used previously shows an improvement. It appleairghe joint approach is
less sensitive to failings in the forward model and obseygystem. This effect is most
pronounced when the jointly retrieved species are all withsimilar spectral region,
as is the case for water, pT andsSPRn illustrative result of a joint retrieval is shown
in Figure 5.9, where appropriately scaled synthetic randoise vectors have been
added to the ideal radiances for pT, water angli@erowindows. Although one water

microwindow is removed, due to overlap with Skhe total information gained from
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the joint system is significantly better than for the seqiaéicaise. The information

gains are summarised in Table 5.3, later in this chapter.
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Figure 5.9:[Left] Results of performing a joint pressure and temperature, wateyuragnd
SK; retrieval for a selection of noisy simulated measurements (coloured linbg) m&an of
these retrievals is also shown (heavy line). The scatter is of the order i@fridom error (heavy
dashed lines), based on the simulated noise level of 30 nW&cenT !). Representative di-
agnostic information shows 5.15 of 9 degrees of freedom fgre®l the Shannon information
gain for this retrieval was 10.16 bits assigned t@ 85m the first 9 levels.

[Right] The same results, but shown as percentage deviations from Hieatieeval. The MW
error analysis and Figure 5.8 have already demonstrated the high sgnsitigmperature, and
the joint retrieval approach reduces this.

5.4 Retrievals

Simulating the noisy retrieval gives good indications ofgoial problem areas. Using
real spectral data from August 2003, the same procedureaillas/éd to give a first
retrieval of SE.

A cloud-free mid latitude day scan was selected, using addbreshold of 1.8, as
described in Chapter 2. Based on the results of the microwiradwretrieval valida-
tion in the previous section, a nominal 3 km atmosphere witR aoint field of view
was used in the retrieval forward model. Tests had shownusiag higher resolu-

tion FOV and atmosphere had a large impact on the runtimenproved accuracy.
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Unlike for the problem of the unresolvable high resolutiemasphere, we have the
ability to increase the accuracy with which the field of vieevmodelled. The a pri-
ori uncertainty was left at 100% (even though the climatmalguncertainty is much
smaller) to avoid over constraining the retrieval. Inlfiah 50 km correlation length
was used, providing a degree of smoothing. This large airoel length is at the
expense of vertical resolution, so the final retrievals wesdormed using a variable
correlation length that begins at 50 km in the tropospheckfalts to 3 km by an al-
titude of 25 km. This prevents the upward propagation ofrimfation and subsequent
biasing of the higher altitude values, where the informatontent of the measure-
ments is low. Larger correlation lengths also act to damperoscillations about the

tropical tropopause.

The resulting profile and averaging kernel is shown in Figui® for a sequential
retrieval and Figure 5.11 for the corresponding joint esi@l. The resulting informa-
tion gain for both the simulations and real retrievals isrgibelow in Table 5.3.

SF, Single Sequential Result Averaging Kernels
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Figure 5.10:Results of retrieving, in sequence, pressure and temperature followeeltbr
vapour and finally Sgfrom a single scan in orbit 07464 taken during August 2003 from about
55°S. The layout is the same as Figure 5.6, above. Although the spectraius@oé Sk is

not visible by eye above 30-35 km, the plot includes profile information u@ o to give an
indication of the behaviour of the retrieval.
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SF, Single Joint Result Averaging Kernels
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Figure 5.11:Results of jointly retrieving pressure and temperature, water vapour Bnd S
from the same scan as Figure 5.10. The smoother profile and better ingekagnels are
indications that the joint approach gives better retrievals for ther&fieval.

Table 5.3:Comparison of information gain for real and simulated data (truncated to 33 km)

p+T H,O Sk Total (bits) | SRy Deg Freedom

Simulated Data

Sequential 43.69 13.00 9.86 66.55 5.08
Joint 4948 16.92 10.16 76.56 5.15
Real Data

Sequential 42.28 13.01 6.34 61.63 3.51
Joint 47.72 20.03 8.22 75.97 4.74

5.4.1 Single Orbit

Figure 5.12 shows a set of 72 profiles from a single orbit witicmlow level cloud.
The structure, as expected, shows higher VMRs at the equaitwe. southern pole

shows evidence of low VMRs in the mid stratosphere, whichabably dynamical.

5.4.2 Latitude Bands

The global mean profile obtained from August 2003 is showrigife 5.13. It shows

tropospheric (well mixed, little variability with altitieland latitude) and stratospheric
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Joint MORSE SF¢ Retrieval
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Figure 5.12:Curtain plot of Sk for a single arbitrary orbit in August 2003. Pressure, temper-
ature and water were jointly retrieved. Cloud detection and correlation leveyth the same
as before. The origin of the enhancement above the equatorial tnagm(20-25 km) is, based
on simulations, related to high resolution tropopause structure. Correlatigth lvas variable
(troposphere: 50 km) and the cloud ratio threshold was set to 1.8.

regions. The decrease in VMR with altitude is attributedadtentirely to the increas-

ing age of the air, as there is no significant loss mechanisi8Fgin the troposphere
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and stratosphere. There is poor coverage in the tropichi#o6 - 9 km levels due to
cloud, and these levels are not shown. The 6 km level also slaow bias due to
significant CQ line broadening masking the $feature, so the sensitivity to changes
in VMR decreases. By 12 km it is possible to see the decreas&iR ¥s the line
of sight enters the stratosphere for the mid-latitude ardrpueasurements, but this
effect does not occur until 15-20 km over the equator, asdvbalexpected. Finally,

by 30 km the younger equatorial air shows a higher VMR thantlatitldes which, in

turn, are greater than the polar air. There is also evidentieese profiles for temper

ature sensitivity.

In addition to the global mean, hemispheric means were takér® number of
cloud-validated northern hemispheric profiles was 6,1B0ilar to the 5,820 profiles
for the southern hemisphere. This balance is helpful whetsidering the global
mean, as there is a known interhemispheric variation in VMIR tb industrialised
anthropogenic sources in the northern hemisphere (WawdgHalh 2002). From these
mean values, in the troposphere, a difference of about#D103 pptv is observed.
This corresponds with the literature estimates of an ineanispheric transport time

of the order of 6 to 12 months.

It was also possible to investigate latitudinal variapibind the results are shown
on the right of Figure 5.13. The latitude bands used are timee s those chosen for
the climatologies, and do not necessarily emphasise tferidg structures between
different areas of the atmosphere. One feature that is mgdsbm these figures is
a strong tropopause signature, characterised by a suddprird/MR equal to the
transport time from the troposphere at mid tropics to the latidude UTLS. This is
briefly discussed by several authors (Patra et al., 1997110,61993). Its absence is
simply due to the variation in tropopause height around ti and throughout the

month, which causes a smoothing of this signature.
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Hemispheric Mean Profiles IG Latitude Band Mean Profiles
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Figure 5.13]Left] This figure shows the global mean profile for August 2003 (blaw) and
the hemispheric means (NH: green line, SH: blue line). The global undsrthased on the
standard deviation of the measurements, is shown by the narrow dotteb@uraws. There is
a clear hemispheric difference in the troposphere, and at this time oftlgeatratospheric SH
mean is also clearly lower. [Right] The coloured lines correspond to the datagsplit by the
operational climatology latitude bands (965°, 20—65°and 0-20°). The southern polar line
(red) is significantly different. August 2003 corresponds to the Atitavainter with highly
perturbed dynamicas and chemistry. Mesospheric descentsadegifeted air is one possible
explanation, although the effect has propagated as low as 20 km, whggertgure retrieval
inaccuracies may be invoked as an explanation.

5.4.3 Zonal Mean

A whole month of orbits can be combined after retrieval toagfsereduce the influ-
ence of random noise (and psuedo-random systematics ljkerpthe retrieval. Figure
5.14 shows the result of combining 12,000 scans from Augd@B2Features to note
include the south polar winter mesospheric descent, hérmispVMR difference and
the overall smoothness of the zonal field. Each profile in teamwvas wholly inde-
pendant of the others and the a priori contained no latialditmucture. As a result, the
features purely originate from the SFetrieval or persistent errors in the temperature

or water fields (however, temperature is also shown in thedignd is smooth).
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Zonal Mean SF, after filtering. August 2003
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Figure 5.14: Jointly retrieved Sk zonal mean for August 2003. The data was gridded
to a Blatitude by 3 km altitude grid. The black line shows an approximate climatological
tropopause. All sweeps marked as cloudy were removed, as wereprfntaining retrieved
values below 0.5 pptv and above 50 pptv. Subsequently, about 30%pafat@rofiles were
removed due to a strong oscillation around 18-21 km. Other latitudes weffected. The
temperature field and the standard deviation (a measure of the variability takem in log
space) are also shown. The antarctic vortex region shows high variahttityputed to the
perturbed chemistry and low temperature.

5.4.4 Global Field

Finally, the data may be shown as a function of altitude artti kaitude and longi-
tude. This reduces the number of measurements in each grigdohe random error

increases from that observed with the zonal means. Datidgethis are generally of
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more use in a computer-readable format, but an example wrshoFigure 5.15 for

completeness.

vMRlppv T . T

20 25 30 35 40 45 50 55

Figure 5.15: Each of the retrieved altitude layers for Sghowing VMR as a function of
geolocation. The colour scale is the same as Figure 5.14. From top left5121,127 km.
The top left box highlights the negative influence of cloud in the tropics, magdche areas of
strong ascent shown in the previous chapter (Figure 4.21).



5.5 Validation

55.1 Internal
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Figure 5.16 looks at the difference between first and secahas of the month and

at the changes between day and night. FaytBEre is no expected diurnal variation,

and only a very small trend expected within the month. As altethe high degree of

similarity between these measurements is good evidenagetéynal consistency.
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Figure 5.16:Diurnal and monthly variability as internal validation. The colour scale is the

same as Figure 5.14.



112

5.5.2 Other MIPAS Retrievals

ISAC / CNR

The Institute of Atmospheric Sciences and Climate (ISAC) eflthalian National Re-
search Council (CNR) group in Italy uses the same MIPAS dataa lifferent re-
trieval code and a single, wider microwindow approach (Dire al., 2003). This
allows us to investigate the relative performance of the $eleemes. In the case of
SFs, both retrieval codes were applied to pre-release orbitbarr2081 (July 2002),
with preliminary radiometric calibration. Discountingasts that were cloudy, the re-
maining Sk profiles compared favourably, well within the error barsdaingle scan
(L. Magnani,Pers. Comm.). For example, a mean tropospheric value (first 10 scans,
bottom three levels) for the Oxford group was 41928 pptv and for the ISAC group,
4.17 pptv (Burgess et al., 2004). Additional validation of treneral performance of
several retrieval schemes was made by blind test retri@gfsart of the previously

mentioned AMIL2DA project (AMIL2DA, 2003).

IMK

As with the initial results from this study, the work perfaethat the Institut fuer Mete-
orologie und Klimaforschung, Karlsruhe (IMK) also sufférsm tropical tropopause
enhancement. For a 1-week zonal average compared (21-2bed@003), using
IMK processing during August 2004, the basic zonal atmogpl&F; structure was
very similar to our results (T. Steckers. Comm.). For example, a mid latitude re-
gion unaffected by the tropical tropopause instability kallies between the 4.5 and
5.0 pptv contours for the range 6—18 km. This is directly e lwith the mid latitude

results previously shown in Figure 5.13.
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5.5.3 Correlations with Other Species

As the operational retrieval products are readily avadlalal comparison with other
long-lived species is possibe. Following the approach loyriktet al. (2000), Figure
5.17 shows the SFVMR against both methane (CHand N,O. Each point corre-
sponds to a matching geolocation. As expected, both shdwdmyrelations and the
leftward trend, especially at the lowest VMR values, is aadiive of the shorter life-
times of the two correlative species when compared with. SA rightward trend
would indicate that the lifetime of SRwas shorter than these correlative gases.) The
gradient is significant and can be used to infer the age puaffime species if the age
profile of the other is known, although for long lived spedieis has a large associ-
ated error. Other authors, such as Volk et al. (1997) and &idsét al. (1996), have
also made use of tracer:tracer correlations in both vadidatnd for extrapolation of a
known distribution of one species into an estimate of theidigtion of another. How-
ever, Harnisch and Eisenhauer (1998) stated that thereavasmpact age relationship
with N,O, which was a core justification for the use of these coriaiatbut their re-
sult has not prevented subsequent use of of this tracer agegoraxy in the literature.
The compact relationships amongst multiple tracers tethastracer isopleths (lines
of constant VMR) tend to move together. Therefore, thesedgshow that the trac-
ers are dynamically controlled, as chemical control givesed relationships (unless
chemical loss rates of the two species are identical). Theegeof compactness of the
relationship arises from the rapidity of the mixing (and,cotirse, random noise on

the measurements).
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Figure 5.17:SF; correlations with ESA operational GHind N;O

5.5.4 Comparison against External Measurements

Observed vertical profiles of gfrom balloon (Patra et al., 1997), ATMOS (Rinsland
et al., 1993) and recent ground-based measurements (Rinsiai., 2003), give an
indication of the expected vertical distributions. These similar to our results to
about 20-25 km. One such balloon measurement is shown ind-id8. There
is no prior global measurement; the best previous latimldooverage comes from
ship campaigns (Geller et al., 1997). The ground-based unements suffer from
significantly broader weighting functions than the limbtrasnent offers, of the order
of 10-15 km. Conversely, the limb instrument does not nortyimaéasure below 6 km

and is susceptible to cloud along its optical path.

Detrending

It is very clear from the previous figure that there is a strbiag towards the a priori
at the topmost levels. This is entirely expected and masifeself more strongly than

for OCS due to the weaker nature of the;Slignal. As discussed in Section 3.4.1,
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Figure 5.18:[Left] Two measured profiles for $Fn the atmosphere, showing the rapid in-
crease in mixing ratio with time and the expected vertical structure into the stnat@sfhese
profiles were measured from a balloon, not a satellite instrument, Patra(£9@F). [Right]
The result of combining approximately 1,000 MIPAS measurements, fromathe atitude /
longitude region (17N, 78E). The literature values are repeated with the same symbols, and
the 1994 profile is scaled by 6% Vr through to 2003 (hollow triangles). The heavy blue line
shows the MIPAS result, with the dashed line representing the a priori. fidot ef removing
the prior information and replacing it with an a posteriori estimate (dashed Isvalso shown
(green, red).

there are several ways to reduce or remove the influence @ gneri in the mean.
One must be aware, however, that the implication of a highi@aiprontribution is
that there is very little information in the measurementhatse higher altitudes. In
addition to validation, Figure 5.18 showed the effect oflaemg the a priori used for
the retrieval k,) with an improved estimatex(, green dashed line), using Equation
3.41. ltis possible to construct this new a posteriori egterusing the results of an
initial retrieval, and the red lines in the figure show the impprofile that minimises
the difference between mean result and a priori above 21 kthput changing any
other parameters. It is also possible to have a latitudinalfiable ‘optimised’;, but
this has been rejected as being prone to inducing non-gunsi@ses in the results.

All subsequent figures contain data that has been detrendesibof this single new
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x;, profile (and associated covariang8g. The most important point to note is that at
low altitude, where there is a good amount of informatiomfribie measurements, the
differing x;, values have almost no effect. The influence is almost ex@lysin the

regions of low information content.

5.6 Climatologies

One of the major uses of global S¥alues is in model validation — such as Chemical
Transport Models, Global Chemistry Models and Global CirsafaModels. This

is because Sfacts as an inert tracer that helps validate the dynamics. resuat,
the generation of mean monthly atmospheres is necessatypramides a valuable
resource. These may be loosely thought of as climatologlésyugh based only on
one year of measurement. The zonal mean fields for solstide2guninox months

(December 2002 to March 2004) are shown in Figure 5.19.

The main features are dynamical — the change in the tropimabpause ‘centre’,
which is only centred over the equator for the equinoxes, taeddescent of polar
air. Some finer structure may also be resolved, such as thepwa of tropospheric
air into the stratosphere either side of the tropical tr@use, although the statistical
significance of the measurements makes a firm conclusioouiffiThere is also the
year-on-year increase in the amount of; $fthe atmosphere, as already discussed.
This is just visible by eye in the figures as the colour scally ocavers a few pptv.
Cloud contamination is a constant problem, and is shown bylethi§quares, espe-

cially in the lower tropical troposphere and around the lseut winter pole.
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Figure 5.19:Zonal means for equinox and solstice months, December 2002 to Mardh 200
These allow the investigation of interannual variability (consistency ofsgiestures) and sea-
sonal trends (month-to-month variability).

5.7 Interannual Trend

The trend in the atmospheric VMR of §Fas outlined in the introduction, has been

reported in many papers over the last 20 years. Making useeahmalues from other
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months, we estimate the trend from MIPAS measurements.

We looked at measurements up to 15 months apart, expectingiase of the
order of 0.5 pptv corresponding to previous trend estimateise range 7-8% yr,
(Maiss et al., 1996; Rinsland et al., 1993). The variatiorhinitropospheric values
for a single orbit is approximately 0.5 pptv. Hence the meaafmaultiple orbits were
required to reduce the random component to less than 0@bpPtv — enough to be

certain of distinguishing a trend with statistical sigrafice.

The resultant mean tropospheric VMRs and calculated tremdlaawn in Figure
5.20, with data from the literature included. The global Aethispheric means for the
MIPAS dataset are shown in Table 5.4. The standard devatbthe tropospheric
monthly mean values are all less than 0.25 pptv, which ireduthe effects of both
random error on individual measurements as well as globalhidity. The uncertainty
on the means, due to the large number of measurements takéhe order 0.01 pptv

in the stratosphere and 0.005 pptv in the troposphere.

Considering the global mean tropospheric VMR for monthlys s#t orbits, we
find a global minimum value for March 2003 (4:58.001 pptv) and a maximum for
December 2003 (4.820.002 pptv). Other months, as expected, lie between these
values in both data and mean VMR. A best fit linear regressioth@fsix months
sampled gives a trend of 0.30.01 pptv yrt. This is shown in Figure 5.20. The
absolulte mean values still contain spectroscopic sydternes (Section 5.2.1), but

as the spectral database was constant for all months, tieéstimate is unchanged.

We also observe a clear hemispheric difference, indicatiteansport as already
noted in the introduction, of between 0.1 and 0.2 pptv. Thffernce is only present
in the troposphere. Itis absentin the stratosphere, whithline with our understand-
ing of atmosopheric circulation and the entry of troposphair into the stratosphere

through a well mixed region in the tropics.
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Part of our observed trend may be due to the influence of sydtemrrors that
were changed by one of several MIPAS processor upgradeseapsbf our retrieval
process between September 2002 and October 2003. Howewverg @005 a con-
certed effort has been made to ensure that all available lai8id consistently radio-
metrically calibrated. Nevertheless, the main systen@atiar components expected to
affect the trend are those related to instrument calibmatibich might remain corre-
lated for months. Fortunately, the MW error analysis (F&gbir3) shows the dominant
calibration error — ‘GAIN’ — to be a minor effect. There is gbreason to believe that
the resultant influence on the retrievals has been smalkgdbas the observed con-
sistency of MIPAS operational products routinely analyae@xford from July 2002.
For example, the equivalent trend in retrieved methaneif@d5N) is <1% at 12 km
over the same period. A long-term systematic error in thetspleradiances would be

expected to perturb the retrievals of all species.

These values are lower than the older year on year trendagssnbut more in line
with the most recent data from surface flask measurementsebiational Oceanic
and Atmospheric Administration (NOAA) Climate Monitoringé Diagnostics Lab-
oratory (CMDL) of 0.24 pptv yr! (5% yr!) for the period 2000-2005 (Butler et al.,
2005; Mondeel et al., 2003). Similarly, infrared spectogEc measurements by Krieg
et al. (2005) give trend values that range from 0.24-8@R08 pptv yr' for various
surface sites. It has been suggested that the rate of iecoéasnission has decreased
over the last 5-10 years due to increased environmentaleaess (Connell et al.,
2000). As a result of this, attempting to fit a single trend #vacompasses both the
historic measurements from the early 1990s as well as duresults may not be use-
ful. This is explored in more detail in Chapter 8 which dealdwising Sk as an inert

tracer for calculating the age of stratospheric air.
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Figure 5.20: The trend in SE VMR calculated from MIPAS measurements. The tropo-
spheric (Tp) and stratospheric (St) global monthly means are shown aitindpest fit lines
of 0.30 pptv yr!. Values based on literature remotely sensed measurements from other satel-
lite instruments (ATMOS and ACE) as well as spectroscopic measurementdtesurface
are shown in blue (Rinsland et al., 2005; Krieg et al., 2005; Rinsland €2G03). Highly
accurate surface flask measurements from NOAA/CMDL are showrdasgueares (monthly
means), with a best fit line (red) through the 2003 data only — corregpgpmna the central
MIPAS measurements. The annual increase was the same (0.3 pptv)isveeribd for the
two wholly independent measurements. The MIPAS data shows an almssaeboffset that
may be partially assigned to the 3—6%gs3¥pectroscopic error discussed earlier. This does
not influence the calculated trend in any way. The finer variability obsleirvéhe CMDL
data may possibly be replicated in the MIPAS measurements, where both streaponding
wintertime ‘plateau’ regions. The inset shows the hemispheric variability &8I measured
Sk, about 0.12 pptv.

5.8 Conclusions

Because of its long lifetime and strong infrared propertieier knowledge of SF
looks to be of increasing significance in successfully miatgthe radiative processes
that govern our atmosphere and climates 8&n also be used as a highly inert tracer

for determining the age of stratospheric air.

Data from MIPAS is able to provide regular information ontladinal VMRs and
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Table 5.4:Trends in observed VMR over the MIPAS mission

Month Troposphere Stratosphere
VMR (pptv) | NH  Gbl SH\NH Gbl SH

December 2002 4.71 4.60 4.49| 4.30 4.32 4.34
March 2003| 4.63 4.58 4.52|4.32 4.35 4.38
June 2003 4.70 4.67 4.64|4.40 4.39 4.38
August 2003| 4.87 4.75 4.69|4.43 441 4.38
September 20084.88 4.78 4.68| 4.52 4.48 4.45
December 2003 4.91 4.82 4.72| 4.40 4.41 4.42
March 2004| 4.90 4.84 4.79| 4.44 4.47 4.50

SVMRyr=! | 0.28 0.24 0.20| - 0.12 -
%yr'| 60 52 44| - 28 -

on long-term trends. We have demonstrated the feasibilifyrafile retrievals in the
range 6—30 km based on single scans, with 4-5 degrees obfrefat each profile.
Averaging of multiple orbits to reduce random errors hamb&eccessful. A mean
mid-latitude profile shows distinct tropospheric — 45007 pptv, global variability
(S.D.) 0.17 pptv, August 2003 — and stratospheric (4@008 pptv, S.D. 0.81 pptv)
regimes, similar to accepted values. This global mearosjpaieric loading contains an
inter-hemispheric variability of the order of 0.1-0.2 pmwing an inter-hemispheric
exchange time (troposphere) of approximately one yeanllyjrwe have shown the
continuation of acknowledged global trends in atmosphayecentration, placing our
estimate at 0.300.025 pptv yr!.

It has been possible to build on Sfrends reported during the 1990s, for example
Harnisch et al. (1996) and Figure 5.20. Using the result® kbl PAS retrievals, new
data points for 2003 have been added that give more infoomathout the trends.

SF; is at the borderline of detectability using the nominaliesal methodology of
one scan sequence to one profile. However, initial studiesstatistical treatments of

the results have revealed underlying profiles that differsestently from the assumed
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climatology. This deviation is in excellent agreement withblished trends, and as

such is a useful piece of external validation and verificatibthe retrieval accuracy.



Chapter 6

Sulphur Dioxide

The target of this chapter is sulphur dioxide, SOnce again a special case for re-
trieval. The SQ profile does not decrease monotonically with height. In toidli the
emission features are even weaker than the previous setdbere is a high degree
of variability in abundance. For a single spectrum the liaesnot visible above the
noise of the instrument and, in addition to this, the spécarage contains a number of

interfering species.

6.1 Introduction

Sulphur Dioxide is an acidic gas with both natural and amgbgenic origins. It is of
interest to scientists due to its close links with aerosahftion and acidification of
precipitation in the troposphere. Like OCS, it is directlyatved in the formation and
maintenance of SSAs.

The molecule is of point groupJ¢ and it has IR-active vibration-rotation bands
at 1151 cm! [symmetric stretch], 1362 cm [asymmetric stretch] and 512 crh

[symmetric bend]. Of these IR modes, the two stretching re@de within the spectral

123
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range of the MIPAS instrument, and are shown in Figure 6dtofsc variants are not

present in detectable amounts.

SO; Spectral Region in Context

T T T T —

1000005, A C b 3

B Total Spectrum
B Sulphur Dioxide —=

" AB B
‘N W B NESR Level 3
—~— \ — _

—

Radiance [nW/(cm? sr cm™)]

01 . L A A . . . . . . | . . MR

1000 1500 2000
Wavenumber [cm™!]

Figure 6.1:A radiative transfer simulation of the relative intensity of S@atures compared
to the total radiance for a 12 km tangent altitude, based on estimates of meatolcgital
abundances. The instrument noise level (NESR) is shown as the dastizhtal line.

6.1.1 Chemistry and Distribution

SO, forms a major part of the sulphur cycle processing in theEadtmosphere,
and this is shown in Figure 6.2. Gaseous,3€acts rapidly with OH radicals to
form HSG;. This, in turn, reacts with molecular oxygeny,Qo from SGQ. Both
these species are soluble in clouds and aerosol dropletsrarable to react to form
sulphuric acid, HSO,, Wayne (1999).

In general, the maximum concentration of S®close to its source and the amount
of SO, decreases rapidly with distance — both vertical and hotaoiT his indicates

a short tropospheric lifetime (of the order of a few days).thHa dry stratosphere,
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especially low down where the concentration of OH radicalsnall, the lifetime for

SO, rises to the order of several weeks, Seinfeld and Pandis§199

Direct injection of SQ into the stratosphere by volcanic activity results in the fo
mation of stratospheric aerosols. At higher altitudes,tplgsis of H,SO, aerosols
leads to an increase in $@ the upper stratosphere, Weisenstein et al. (1997); Rins-
land et al. (1995). Unlike OCS and §Rhe more prominent position of S@s an
atmospheric pollutant means that a good summary of the gdiyand chemical pro-
cesses occurring in the atmosphere may be found in manyotgb for example,

Wayne (1999); Warneck (1988); McEwan and Phillips (1975).

In the atmosphere, sulphur dioxide is present at greatlabke volume mixing
ratios. It has a minimum of approximately 10 pptv in the lowtatosphere, rising to
100 pptv by 60 km, Remedios (1999). The recent atmospher@igki to contain
less SQ@ than literature measurements from the mid 1990s due to thenab of re-
cent large volcanic events. The tropospheric variabilit$©, is much greater, with a
strong anthropogenic influence mainly from use of fossilfuk ranges from less than
1 ppbv (clean continental air) to 100s ppbv (industrial)eteging on latitude and sea-
son. An estimated mean climatological profile is shown iruFég6.3. A zonal mean
field of modelled tropospheric values is shown in Figure 6l¥gwing the variability
in the distribution of SG.

The large anthropogenic component can be clearly seen mtrgoand continental
scale SQ column density maps. An example of summer and winter columaousnts
is shown in Figure 6.5, which originates from model inigaliion fields that make use
of aggregated data.

Large volcanic eruptions can dominate both troposphesitidution and loading.
They are also able to inject large quantities of sulphuroatenal into the stratosphere

if the eruption is of sufficient magnitude. For example, thegpdon of Mt. Pinatubo
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in the Philippines in June 1991 injected over 20 million tesof sulphur dioxide into
the lower stratosphere and the resulting plume was trackeshtellite as it made its

way around the globe, Bluth et al. (1992).
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Figure 6.2:The position of S@in the atmospheric sulphur cycle, from WMO (2002).

6.1.2 Previous Satellite Measurements

Due to the interest in sulphur dioxide, from scientific andiemnmental perspectives,
there is a long history of its detection by remote-sensiograues. A good example
of an earlier satellite instrument is TOMS — the Total Ozongpping Spectrometer
(1980s-1990s), designed to investigate ozone. Howevenngasurements obtained
from these earlier instruments have generally been columouats. The same is
true for more recent instruments, such as GOME (ERS 1 & 2, 1980d SCIA-
MACHY (Envisat, 2002 to date). The advantages in column mesmsents lies in
the better signal-to-noise ratio — a consequence of viewhngugh the bulk of the

atmosphere down to the surface. However, only a vague ideartital distribution
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Figure 6.3: Climatological sulphur dioxide profile and its associated uncertainty. The ap-
proximate location of the tropopause is shown by the shaded region angestsure and
corresponding altitude are shown on the axes. The increase in VMR &0dkm arises from
sulphuric acid photolysis. The lack of latitudinal variability, as for the presispecies, reflects
the paucity of data more than the physical distribution 0§ SO

60S 30S 0 30N 60N
latitude

Figure 6.4:The modelled tropospheric S@istribution shown as a zonal mean averaged over
the year, from Rotstayn and Lohmann (2002). The vertical ordinate i®sspre (mb) and the
contour levels are marked in pptv. The corresponding altitudes andipessse approximately
450 mb—6 km, 300-9, 200-12 and 150 mb-15 km.

can be achieved from the weighting functions, which are rehity broad for nadir

instruments.
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Figure 6.5:Winter and summer global S@olumn values showing the strong anthropogenic
influence on S@ abundance, from Rotstayn and Lohmann (2002). The contours argtén u
of mg S nT2. Winter energy generation is responsible for the large seasonalkditfer

High levels of SQ have been measured in the lower stratosphere by ultraviolet
(UV), infrared and microwave techniques, shortly after thassive eruption of Mt.
Pinatubo in June 1991, Bluth et al. (1992). Other volcanic amtiropogenic events
have also been studied, in column, using GOME data, EisiaugeBurrows (1998).

The first orbital IR limb measurements of sufficient accuraxynvestigate S
profile distribution probably came with ATMOS (1985, 199298), a sun occultation
Fourier transform spectrometer flown on the space shuttle.ablvantage of an occul-
tation instrument lies in its very good signal-to-noise fattunately, this is combined
with poor coverage over a limited latitudinal range. ThersHight time of the shuttle
compounds this problem. The results for sulphur dioxideave®mpared with a model
that incorporated sulphuric acid photolysis at high atlés, for wide latitudinal bands
where the spectra had been co-added, Rinsland et al. (19%89.amd many other
papers demonstrated a clear stratospheric enhancemedt es% result of Pinatubo,

and a subsequent decrease with time as theiS@moved from the atmosphere.

The retrieval methodology applied to $@ date has not really made use of the
optimal estimation approach. It has generally been the atatipnally cheaper ‘least
squares’ cost function that is to be minimised by the reasiédiscussed in Chapter 2),

or basic variants on the ‘onion peeling’ approach that daptimally fit the profile to
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all levels.

6.1.3 Applications and Initial Work

There has already been interest in the results of MIPAS#«i@i$Q profile data from
members of the atmospheric modelling community, both fodeh@alidation and for
fine-tuning global distributions with the latest valuesd&ispheric S@concentration
is not constant and diminishes if there have not been majgtiens).

A second group that has shown interest are vulcanologiststeisted in plume
size, sulphur content and other characteristics. How#verspatial resolution of MI-
PAS is not sufficient for this role, although the resolutidrtlee plume profile itself
is expected to be far superior to measurements by satedlde mstruments, such as
GOME. Indeed, work has been presented on MIPAS observaticthe autumn 2002
eruption of Mt. Etna, Italy, Burgess (2003). The nominaliesal approach, of one
measurement set to one profile was used. An enhancement@kthdevel was ob-
served for an overpass whose view geometry correspondediitec measurement
of the atmospheric volume containing the volcanic plumeis fireasurement coinci-
dence was confirmed by use of satellite imagery and wind fieMisasurements of
the same air volume the previous week consistently showeenhancement. The
main conclusions from the work was that retrieval of singlefipe information from
MIPAS is feasible only when there is significant volcanic amtement of at least 10
— 100 times the background tropospheric values. This istlyxte situation when a
volcanic plume is directly observed within the MIPAS fieldvaéw.

Finally, an application of satellite remote sensing instents to volcanic monitor-
ing has been suggested by several groups. This arises difigctdtgt by which in-situ
measurements can be made, as many volcanoes are in renast@agehave a habit of

erupting unpredictably. This application is suggestediginger and Burrows (1998)



130

who observed two volcanoes in column measurements. Slyitar attempt to use
‘TOMS data for Volcanic hazard mitigation’ has been made tBI2003). It is un-
likely that the computational investment required to pssc®lIPAS data in real-time

in order to detect volcanic events as they occur would be-syadht.

6.1.4 Residual Error Correlation

An alternative suggestion has been made to make use of tldeaedata from oper-
ational species retrievals to look for large divergencesfclimatological values in
small geographic regions. This technique is known as rasetuor correlation (REC)
analysis. It is discussed in more detail by Jay et al. (2001}he first instance, the
REC approach is designed to look for systematic problems thetretrieval of the
core operational species, by looking for persistent sigeatin the residuals of the
retrievals. The residual is the difference between medsamne modelled radiances,
once the retrieval has converged.

As long as spectral features of a minor species, such asé&®present in one or
more of the operational microwindow regions, it will be pib$s to indirectly deter-
mine how much is present in the atmosphere. As part of theatipaal forward model
makes use of estimated climatological profiles for the uieetd minor species, the
residual should contain a signature radiance that cornelspto the difference between
the climatological and actual S@nixing ratios (as well as other non-retrieved species
and random noise).

The benefit of this approach is the negligible computatioesburces required for
comparing a single mean residual against a reference speadf known gas con-
centration. As a result, this REC method was thought to belslaitfor the routine
monitoring of volcanic eruptions in remote areas. An insegsi SQ in a small region

would be a strong indicator of an eruption. This would allogtesttion and further
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observation at short notice, even in remote areas.
Unfortunately, even though some operational microwindaush as ozone, over-
lap with the general SOregion, they are not optimised for sensitivity to SCAs a

result, no clear residual attributable to S@as found.

Altitude [km]
Radiance [nW/(cm? st cm

0 vvvvvvvvv Ol

1340 1350 1360 1370 1380
Wavenumber [cm™!]

Figure 6.6: Plot indicating the position and altitude range (shaded blocks, left axis)eof th
selected microwindows, overplotted with the total radiance (grey, righ} @xilsin the signif-
icant spectral region for a 12 km tangent height. The lowermost red tioesthe radiance
contribution from S@ to this total radiance. The MIPAS nominal measurement altitudes are
shown as pale horizontal lines and the NESR as the horizontal dashed line.

6.2 Microwindow Selection

The feasibility study and subsequent selection of micrdavwms for SQ was similar

to the previous species. The position of the ten selectedomiicdows is shown in
Figure 6.6 and they are listed in Table 6.1. There are twoselm®f microwindow
in terms of information content, the first five being much @gthan the second five.

The growth in information with number of microwindows is shoin Figure 6.7.
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Information Growth for SO,
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Figure 6.7:The information gain (bits) is plotted against the number of points required, on
a logarithmic scale. As the number of spectral points contained in the set aiwindows
increases, do does the total information retrieved on the target speceSGr-a set of ten
microwindows was chosen, giving an estimated 14 bits of information. cairgideoth the
bands within the MIPAS spectral range, and assuming that retrieval shfm®ver all 17
levels, then there is a very large maximum of 136,000 spectral points fero8@his figure.
With an initial uncertainty of 100%, this gives an absolute maximum of approxiynafe-25

bits of information, although this value would never be reached in practice.

Figure 6.8 shows the error analysis for a retrieval with n@hnoise characteristics of

15 nW/(cnt srcntt).

6.2.1 Microwindow Validation

A similar procedure to OCS and $was followed to check for sensitivity to vari-
ous retrieval parameters. An idealised single scan refreavd its averaging kernel is
shown in Figure 6.9. The broad nature of this ideal, noisalesults highlights the dif-
ficulty of the SQ retrieval. The averaging kernels show that there is vettg Mertical
resolution, even though it is a limb instrument. There ass khan 2 degrees of free-

dom over the 50 km profile extent, with the majority of thisarrhation concentrated
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Figure 6.8: Assignment of various error sources to the final error budget aslatdd dur-
ing microwindow selection. The total error is shown (solid line) together withrémgom
error component (dotted line) based on the instrument NESR. The tota syftematic error
contributions is also shown (dashed line). The full list of possible errandavas defined in
Chapter 2. The a priori uncertainty was assumed to be 100%.

Table 6.1:The ten best sulphur dioxide microwindows.

Microwindow Band Spectral Range (cit) Altitude Range (km)

S020101
S020102
S020103
S020104
S020105
S020106
S020108
S020107
S020109
S020110

DWW WWWWwWwW

1369.675—-1372.675
1361.025 - 1362.350
1366.100 — 1368.150
1353.150 — 1355.325
1374.850 — 1377.850
1348.150 — 1348.700
1351.875 —-1353.050
1358.575 - 1359.950
1368.875 — 1369.500
1344.350 — 1345.925

6 —-52
6-24
6—-30
6—-33
6-39
9-21
6 -39
6-21
6-30
6 —27

in the lower atmosphere. The effect of the a priori correlatength is significant be-

cause the profile is not monotonic. The minimum value in the stiatosphere will be
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poorly represented if there is a long correlation lengthrgsponding to strong vertical
smoothing). For these tests, the correlation length wat® sekm.

The sensitivity of the microwindows to changes in.S¢MR is shown in Figure
6.10. These results are not encouraging.

To understand the problem, especially in the mid stratagpleensider the abun-
dance of S@. A VMR of 10 pptv corresponds to approximately 6.4 kg (100 esdlof
S0, in the 300« 30x 3 = 27,000 kni view volume of MIPAS at 30 km (10 mb). This

is about 0.25 g per cubic kilometre.
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Figure 6.9:Retrieved profile and averaging kernel for an idealised simulated rettiasatl on
a mid-latitude daytime atmosphere with spectral noise level set to 15 nWéicant!). The
a priori uncertainty was set to 100%. Diagnostic information, including tleeagying kernels,
is shown on the right. The degrees of freedom in this profile, of foultmazs considered, are
shown on the bottom left of the averaging kernel figure. The Shanrionmation gain for this
retrieval is shown bottom right, with a level by level breakdown above.

6.3 Coaddition

The predicted SQretrieval is sufficiently poor that other approaches neduoktoon-
sidered. Whereas before our strategy involved the retrigvaidividual profiles in
isolation, followed by some form of post-retrieval coaduiitand correction, the ran-

dom noise on the radiances is now dominant over the signal v&sult, the signal
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Sensitivity to changes in SF,
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Figure 6.10: This plot shows the percentage deviation from the profile used to simulate
the spectra that the retrieval was performed upon. The same retrigaahgt@rs were used
throughout, with the same a priori. A set of six profiles were used: ng S60%, —10%,
+10%, +50% and +100% of the climatological profile. The results show thsitsaty of the
microwindows to changes in the amount of S@®the atmosphere.

component of the retrieval target radiance needs to be wegroln Chapter 3, the

various options for coadding before retrieval were disedss

6.3.1 Radiance

Figure 6.11 shows the mean of around 100 radiang@$rém nominal cloud-free
(1.8 threshold) scans from August 2003. The radiances igiinated from the same
region of the atmosphere, 45 —°68, 0 — 30 W, in order to minimise the difference
in atmospheric structure between measurements. A retmeasthen performed on
these mean mid latitude spectra. The other parametersasutie temperature, were
set to the mean of the set of individual retrievals in the firstance and retrieved from
the mean radiances in the second instance. Retrieving pT atet fvom the mean
spectra gave a marginally improved result, and hence tlutsed this second method

are shown in Figure 6.12.
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Mean of 96 Radiances
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Figure 6.11:Result of coaddition in the spectral domain about the, &@crowindows at
12 km. The solid black line shows the mean radiance of 100 scans, chosaveta similar
geolocation and atmospheric state, overlaid on a simulated radiance for thidealidged on
climatological values and without noise (grey line). The solid red line outlinesitnulated
radiance for a nominal SOVMR and mid latitude atmospheric conditions. The noise level of
an individual spectrum is outlined as the dashed line. Although the randsa i reduced
by approximately 10 times the total increase in radiance from tBéX lies above the noise is
modest. The position of the numbered microwindows are highlighted by thealdities.
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Figure 6.12: Retrieved profile (left) and averaging kernel (right) for a retrievadduhon

the mean radiances shown in the previous figure. The layout is as FidurelT@e lower

noise associated with the spectra directly gives rise to improved informatimerdcand a
larger number of degrees of freedom. This is most pronounced atrhatfhiedes, where the
atmospheric variability is much reduced and the non-linear terms in the radiaadelition

are less dominant.

6.3.2 Residuals

Based on the work in Chapter 3, the next logical approach isltulede some form

of mean residualz) from which an idealised ‘measurement’ can be reconstd, thet
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with lower random noise. Initially, a residual set for a dengrofile measurement was
calculated by retrieving the key interfering species, megng the SQprofile fixed

at the climatological value. The result of an arithmetic meha set of these residuals
from many scans was then calculated. Independently, thveafdrmodel was used
to calculate ‘synthetic’ spectra, using the mean retriexaddes of all the interfering
species, along with the climatological value of SOhe mean residual is then added
to this synthetic spectra and a retrieval of just,$@rformed, with the noise level set
appropriately. In principle, the mean residual should aonall the small deviations
of SO, VMR from the climatology, which will be mapped directly intbe deviation
of this final retrieval from the climatology. If the mean résal happened to be zero,
then the climatological value of SQvould be retrieved (in a similar manner to the
simulated retrieval shown previously in Figure 6.9). By reing the bulk of the S@
radiance from the residuals, the deviations that make ugetidual should be as close
to linear in radiance space as possible.

As an alternative approach, the residual is calculatedhaisgLthat the climatolog-
ical abundance of SOs zero. As a result the residual will contain the whole of the
SO, residual signature along with the usual random noise anarriectly modelled
interfering species. The simulated radiance, likewisealsulated without S© The
remainder of the method is the same. This approach is mélsgiass linear, but has
the advantage that a much stronger, $€>idual signature is produced.

The residual spectra from this approach are shown in Figur@ &nd the subse-

guent retrieval from the synthetic radiance is shown in Fag14.

6.3.3 Kalman Filter

The retrieval from the mean of a set of residuals is an imprmr over adding in-

dividual retrievals. However, there is another way to camhtihe information from
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Figure 6.13:[Left] Result of coaddition of S@ microwindows residuals from 12 km. The
solid black line shows the mean of 100 sets of residuals, with the noise letdibhiged by the
dashed lines (left axis, linear). The red lines outline the simulatedr&@ance and the noise
level of an individual spectrum (right axis, logarithmic). [Right] Simulated, Sesidual, in
the absence of noise and incorrectly modelled interfering species, feathe altitude.
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Figure 6.14 Retrieved profile (left) and averaging kernel (right) for a retrievairfithe recon-

structed mean residual spectra shown in the previous figure. Previptesdgure, temperature

and other interfering species were calculated as the mean of the setafiapgtely 100 indi-

vidual retrievals. The residual approach appears better in practiteeiwith the discussion

in Chapter 3.

multiple radiances. By choosing a sequence of measuremesitaitar atmospheric
characteristics within a narrow geolocation, it is possital use the resulting profile
(and associated covariance) as the starting point of theraieval. In that way the
prior information only enters the retrieval a single times éach retrieval is performed,

a small addition to the information content of the compopitefile is made. At the
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end of a hundred or so profiles, the random error on the findll@rshould be ap-
proximately a tenth that of an individual retrieval. Thistinad is sensitive to faulty or
weak cloud flagging, as a ‘bad’ retrieval partway throughsaift the profile such that
it takes many measurements to recover. The effect can soegetie reduced by the
addition of a ‘relaxation factor’, that slightly increagég covariance between steps to
allow the subsequent measurement slightly more leeway.

This approach, in theory, deals better with anomalous pofthan the coadition
of radiance or residual approaches. Figure 6.15 shows tilaten of a profile from
the same dataset as the residual calculations in the peefigures. The majority of
profiles cluster together as would be expected from a relgtsmall error covariance

for their initial states combined with the noisy (uncerjaiew measurements.

Evolution of Retrieved Profile Reduction in Random Errror
50 ‘ 7 100f ‘ ]

B 2215 sl ]
g 1B [ 1
= E g 60 - 7
3 i) i
g 1E 40 e e e eccosmomm— .
2 g e —

18 f 05 o eoemmmmmmmmm, ]

E 0t ‘

10° 1 10 100

VMR [ppmv] Kalman Step [Scan Number]

Figure 6.15:[Left] Evolution of the final profile over 100 steps, from purple (startptange
(end). The final profile is shown as the heavy solid and dotted lines. Tied gtate is shown
by the dotted lines.

[Right] Reduction in random error component as elements are added tettiesal.

6.3.4 Mean Profiles

The original mean profile method) used in the previous two chapters was used
to produce the profile in Figure 6.16. It used the same scais the residual and

radiance approaches, above. The mean of large numberswéural retrievals mainly
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contiains prior information, although the lowermost levedtain some sensitivity to
atmospheric state. A zonal mean by this method is also shaten ih this chapter,

displaying limited latitudinal sensitivity.

SO, from Individual Retrievals Geolocation of Measurements
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Figure 6.16: [Left] Result of coaddition of 100 individual retrievals correspondiogthe
radiances used in the various coaddition approaches. The avenagararror value is shown
as the dashed lines and the scatter in the individual retrieved profilesh@mm standard
deviation) is displayed as the clusters of dots at each level. The dottedioeslse a priori
and its uncertainty. As with the previous species, the mean profile contaigsigcant prior
information contribution. [Right] Geolocation of the chosen measuremengd!fiarethods.

6.4 Global Retrievals

The various retrieval methods were applied to a globalidigion of measurements,
on a 15<30° grid. This allowed the generation of zonal means and gloksdsnas
for the previous species, for the four methods. Each can bgawmed against the
tropospheric zonal mean in the introduction (Figure 6.4) ardifferent model run
extending into the upper stratosphere, Figure 6.17. Antiaddl model result from
a different group is shown in Figure 6.18 for comparison,rgjvsome idea of the
variability observed between models themselves.

Figure 6.19 shows the MIPAS S@ields from August 2003, for each of the four

methods.
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Mean Profiles

The features to notice include the almost uniform middlecsjpmere (25-50 km),
which probably indicates a high degree of prior informatinrthe means, the high
values at the south pole and the lower atmospheric shapéotlmats the tropopause.
Although the tropospheric shape is good, with an associaitgu variability in line

with the literature, the overall result appears too unifama too close to the a priori.
There is some significant information from the measuremiarttsis zonal mean, but
it is hard to separate from the a priori. Removing the a pricakes the result very
unstable and replacing it does not improve the result dugettarge natural variability.
Experiments where the initial guess atmospheres wereansith latitude still gave
an enhancement at the southern pole, so there is either ayproed sensitivity to low
temperature or to an interfering species whose distribudiffers markedly from the

climatologies in the perturbed region.

Mean Radiances

The mean radiance retrieval has not given satisfactorjtsesthe method minimises
the prior information in the result, but is very sensitivestoall changes in atmospheric
state between elements of the mean. The tropospheric shaperiy defined and the
areas of high variability and rapid changes in VMR in the neddtmosphere are

thought unphysical.

Mean Residuals

This approach is much improved. The tropospheric VMRs areigdly reasonable
and the high values are only at latitudes and can be attdldotanthropogenic influ-

ences. High values at the southern pole are detected adanh may be evidence for
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Figure 6.17:Modelled SQ zonal mean, Pitari et al. (2002). There is a clear anthropogenic
hemispheric asymmetry. The log scale ranges from 3 ppbv to 3 pptv.
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Figure 6.18:[Left] Another modelled S@ zonal mean, for June—August, TimmrecRe(s.
Comm., 2003). [Right] August MIPAS result from the Kalman approach on seateurscale
and similar altitude range. The MIPAS data from the 4.5-7.5 km bins have repeated
towards the surface to aid comparison.

a significant surface source — especially as there is ndy@#lopopause there at this
time of year. The tropospheric shape is not well defined, bithar are the values un-
reasonable. The minimum VMRs around 25 km are higher thariqurewnethods by

a factor of two. In the middle atmosphere, the residual agpgromplies that previous
measurements and models have significantly underestirttaeguantity of sulphate

aerosol that is photolysed, with 2—3 times as much $f@sent in this region. This
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result is potentially real, as the retrieval diagnostiagFe 6.14) imply that there is
good sensitivity at these upper levels, especially in carapa with the mean profile
approach. The variability of this zonal mean is much lowed arore uniform than
previous approaches, except for in the region of known hagfability (Northern mid

latitude troposphere).

Kalman Approach

Although the most elegant method, and one of the simpleshpdeiment in existing
codes, there seems to be a minimum VMR required to corrautiglise the retrieval.
The northern hemisphere shows good sensitivity, with a defihed troposphere, low
variability in the middle atmosphere and consistency battieally and, more im-
portantly for validation, horizontally. The southern hephere — which has a lower
tropospheric SQabundance — appears to have converged on low troposphefilepr
values. Indeed, this can be seen in Figure 6.15, which isarstluthern hemisphere.
The resulting tropospheric values of around 10 pptv is ab@times lower than model
and point measurements suggest, and 100 or more times loaveetjuivalent northern

hemispheric measurements.

6.4.1 Anthropogenic SQ Sources

Figure 6.20 shows the retrieved global tropospheric thstion from the best two
methods, the mean Residuals and the Kalman approaches. becammpared with
the globalcolumn distributions shown in Figure 6.5, although the bulk of thépkur

mass is below the 6 km level and the distribution will be lratiexed.
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Independant Retrievals Variability
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Figure 6.19:Zonal means (left) and standard deviation for the various retrievabappes.
In order, Mean Profiles, Mean Radiance, Mean Residual, Kalman.
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Figure 6.20Retrieved global tropospheric distribution from two methods; [Left] Meagi&
ual and [Right] Kalman approach. Both plots share the same coloursdedegldbal plots are
noisy but both show similar global scale atmospheric distributions, with a mortigenispheric

enhancement.

6.5 Conclusions

SO, is at the borderline of detectability using the nominaliestal methodology of one

scan sequence to one profile. It can be retrieved by this rdett@nly when strongly

enhanced, as in a volcanic plume. This chapter has explooeel complex methods of

retrieving this very weak species, and shown definite pateimt both the ‘Residual’

and the ‘Kalman’ approaches. Initial zonal means, by a tsagémethods, have been

created and comapred with a common model mean. However,dtlenate resolution

— both spatial and temporal — coupled with the computatioieahand of both these

new methods means that operational limb, $8tection remains unlikely.
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6.5.1 Further Work

There are two areas for further investigation. Firstlyking at the seasonal variability
of the retrieved S@distribution will allow additional validation. For exanglthere is

an increase in northern winter $@ the northern mid latitudes due to energy genera-
tion for heating. In addition, there are a selection of vkelbwn surface sources, such
as effusive volcanic eruptions, large cities and heaviljutiag industry whose loca-
tions are well known. Detecting enhancement in, 8the downwind plume would
be a good validator of the retrieval as well as having dirpgliaations in monitoring.
Apart from validation, the generation of a seasonal clieap would be of interest

to the modelling community. Unfortunately, it is uncert#ithe product is able to be

sufficiently validated to be of use.



Chapter 7

Ammonia

The final target selected has turned out to be the most clhalignalthough initial
calculations indicated that ammonia should have beenvelatsimple to retrieve in

the troposphere. This was due to an overestimate in the tdiagacal concentration.

7.1 Introduction

Ammonia (NH) is a simple pyramidal molecule found in the lower atmosphérhas
two main absorbtion features in the thermal infrared, 7@061cnT! (asymmetric)
and 1500-1800 cmt (symmetric), which can be resolved into lines. These regae
shown in Figure 7.1. The range of mixing ratios in the trop@sp ranges from 1 pptv
to 1 ppbv depending on location and altitude, e.g. Bouwmath €1297). Ammonia
plays a key role in the formation and composition of aerqgsiisugh a variety of
processes, many of which are poorly understood. The ammonation (NH) is
readily formed by dissolution in water and is usually asatad with nitrate (NQ) or
sulphate (S&") anions. Consequently, the lower atmospheric residenaitirshort,

less than 10 days (Seinfeld and Pandis, 1997). The resylértgles of ammonium

147
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salts are very hygroscopic and are easily incorporatedaatosols. These salts also
form part of the ionic mix to be found in cloud and rain. Both vaetl dry deposition

are major removal mechanisms for ammonia (Adams et al.,)1999

NHj; Spectral Region in Context
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Figure 7.1:A radiative transfer simulation of the relative intensity of Nf¢atures compared
to the total radiance for a 12 km tangent altitude, based on the initial climatoladpgadance
by Remedios (1999). The instrument noise level (NESR) is shown as #iedidorizontal
line.

7.1.1 Sources and Sinks

Major natural sources include oceans, animal respiratioisail microbial processes.
Significant anthropogenic sources of ammonia emissiong/astock, chemical fertil-
izers, waste management and industry (Wayne, 1999). Foraddbese sources there
remain large uncertainties in the magnitude of emissitresdiurnal and seasonal vari-
ation, and the spatial distribution. As a consequencegether large uncertainties in
the formation of sulphate and nitrate aerosols (Asman £1298).

Once released into the atmosphere, ammonia is eventuggsded as either

gaseous ammonia or as the ammonium ion. The deposition ofoarans a com-
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plex process, thought to be in dynamic equilibrium with grigwegetation, which is

able to act as both a source and a sink of the gas (Asman €288, [liao et al., 2003).

7.1.2 Chemistry

Ammonia is the most significant basic atmospheric gas amek, adfolecular nitrogen
and nitrogen oxides, the most abundant nitrogen-contges in the atmosphere. The
role of ammonia is accepted as a major contributor to secgradaosol formation in
the atmosphere (Wayne, 1999). Ammonia reacts rapidly vath bulphuric and nitric
acids to form fine particles. Reaction of ammonia with sutfacid or ammonium
bisulphate is favored over reaction with nitric acid. As sulg in regions of moderate
to high anthropogenic sulphur emissions, the majority obs@ ammonium is asso-
ciated with sulphate ion (Seinfeld and Pandis, 1997). Hewesrgnificant amounts of
ammonium nitrate are formed in regions where sulphatedese low and ammonia
and nitrogen oxide emissions are high. The ammonium nifaateed is thermally
unstable and in dynamic equilibrium with ammonia and nigreid. Since sulphate
aerosols deposit much more slowly than either ammonia ac @itid, the formation
of ammonium sulphate aerosol serves to distribute the anaf@nmonium over a

much larger region than occurs when nitrate aerosol is fdrfhiao et al., 2003).

7.1.3 Measurement

The accurate quantification of atmospheric ammonia isqdatily challenging. Am-
monia is a ‘sticky’ gas that readily adsorbs onto almost@aifesces. Much of the ad-
sorbed material will subsequently desorb if ammonia legielsrease in the sample air
stream (NOAA, 2000). Consequently, in-situ measuremeietslifficult to make and

suffer from both under and over estimates of the true conagoh. Remote sensing in
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the atmosphere is equally difficult as the high reactivitawimonia leads to very low
volume mixing ratios in the free troposphere. Oelhaf etl8@) discusses one of the
few literature NH limb measurements. The rapid variability makes instrunnemge

and pointing accuracy and variability significant factardhe accurate determination

of ammonia quantities.

The majority of previous ammonia measurements are condevitle the boundary
layer and often consist of point measurements near to aféasabinterest. Examples
include monitoring of farm and industrial emissions as w&sltity pollution (Lan et al.,
2004). Very little height-resolved information exists,edio the problems explained

above.

Updated Ammonia Climatology
T L T L L T
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Pressure [mb], Equivalent Altitude [km]
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Figure 7.2:The ammonia climatology derived from results in this chapter (black line) com-
pared with the original version (grey line), Remedios (1999). Only ther@trmosphere, to

30 km, is shown. There is neither latitudinal nor seasonal variation in eilingatology. Am-
monia is not well mixed (uniform tropospheric VMR) due to its very short lifetiane there

is substantial variability within the boundary layer.
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NHj; Microwindows
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Figure 7.3:Plot indicating the position and altitude range (blue blocks) of the selected mi-
crowindows, overplotted with the total radiance (grey) within the signifispattral region for

a 12 km tangent height. The lowermost lines (red) show the radiancelzgin from NH;

to this total radiance. The MIPAS nominal measurement altitudes are shquatedsorizontal
lines and the NESR by the dashed blue line.

Table 7.1:The eight best ammonia microwindows.

Microwindow Band Spectral Range (ct) Altitude Range (km)

NH3.0101 A 964.6500 — 967.6500 6-33
NH3.0102 A 928.8250 — 931.8250 6—-52
NH3.0103 A 949.3500 — 952.1750 6 -39
NH3.0104 A  961.6250 — 964.6250 6— 42
NH3.0105 A  947.6000 — 949.1500 6 -39
NH3.0106 A 926.0750 — 928.8000 6 —-68
NH3.0107 A 830.4250 — 833.4250 6 —-36
NH3.0108 A 931.8500 — 934.8500 6-24
7.2 Feasibility

The assessment of feasibility for retrieving ammonia feéd the same procedure as

the previous species. Using the initial climatologicalfpeoshown in grey in Figure
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NHj; - Error Contributions
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Figure 7.4:Assignment of various error sources to the final error budget aslatdd during

microwindow selection. The total error is shown (solid line) together with thdom error

component (dotted line) based on the instrument NESR. The total of themststerror con-

tributions is also shown (dashed line). The full list of possible error terassgiven in Chapter
2. The a priori uncertainty was assumed to be 100%.

7.2 a series of microwindows were selected. Due to sigrabise considerations
they all were in the ‘A’ band and their positions are shown iigufe 7.3 and in Table
7.1. The error analysis, Figure 7.4, indicates that ammsingald be relatively easy
to retrieve. Given that its climatological abundance hagyh bhncertainty we should
be able to massively improve on our knowledge of its globsiriiution. Blind test

results, where profiles were retrieved from simulated dksta iadicated that MIPAS

measurements of ammonia would greatly increase our knowlegits abundance.

7.3 Initial Retrievals

Despite this positive feasibility assessment, the redtigave poor results from MIPAS

data.
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A major problem in limb profile retrievals is contaminatioitloe lower views with
cloud. When a set of ammonia retrievals was performed ovente ®rbit, it became
obvious where marginal cloud was located because pooevatrconvergence was
observed. There was a strong correlation between thesaurseants and enhanced
continuum extinction values assigned to the spectra byetieval. The more cloudy
measurements were already identified and removed by thenabotoud flagging ap-
proach using the ratio threshold of 1.8. However, even wh&osing a threshold of
4.0 (which leaves less than 10% of the profiles availabledtraval) there remained
poor retrieval performance. This was characterised by heghieved random error,
randomly oscillatory profiles and poorly defined averagiegikls with areas signifi-
cantly below one.

An over-estimate in the upper troposphere of the climaiold@bundance used to
initalise the retrieval was a possible cause. This wouldhbectise if the true ammonia
VMR was falling away faster with altitude than had been apéted. The climato-
logical fields had used a constant tropospheric value basdusbondary layer values

extended up to the tropopause.

7.3.1 New A Priori

A new a priori was created that had lower values in the tropesn A differing struc-
ture was also added, consisting of a steep falloff throughwitroposphere. This is
shown in Figure 7.2. This new profile was derived by iterdyivdnanging the a priori
(xp) applied to a set of retrievals from real data until the dédfece between the a priori
and measured profiles was minimised.

The lower a priori does not significantly affect the validity the selected mi-
crowindows, but the reduced radiance associated with arlgiVHR significantly im-

pacts the random error and available information.
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NHj; Averaging Kernel
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Figure 7.5:Averaging kernels from a successful retrieval. The solid lines showdhgaibu-
tion a measurement at one altitude has made to the retrieved values at all Teveldotted
line indicates the sum of these contributions for each level and gives eaiioth of the total
contribution from all measurements to the final retrieved value.

Repeating the retrieval, with the improved a priori, showstdtéd improvement.
The retrieval diagnostics highlighted that little inforied@ was gained. There were
only 1-2 degrees of freedom per profile. This indicates thatuseful retrieval of
individual, independent profiles of ammonia are not feas#d the uncertainty on the
measurement is of similar magnitude to the uncertaintyénctimatology.

The averaging kernels for representative retrieval basethe new a priori is
shown in Figure 7.5 and it demonstrates that only the 6 and &lels show signifi-
cant contributions to the retrieved values. Above 12 kmehg@almost no sensitivity
to the atmospheric state, indicating that values abovedllitsde are based on the a
priori constraints on the retrieval. Due to the steep VMRBof§lthe variability in ob-
served altitude (satellite pointing) becomes significamaking the mean of a set of
measurements. As a result of this a pressure level of 450 mlzha@sen and informa-
tion from the 6 and 9 km retrieval levels was used to calclda¥®/IR associated with
this pressure level. This procedure also reduced the irdauehpointing instability,

but introduces an interpolation uncertainty.
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The results were more stable than before and similar to éygesbf the new a priori
(as would be expected for a retrieval where the informatmment is still low). The
exhibited a weak latitudinal structure, with higher valuegrofiles associated with
the Northern Hemisphere. This is directly in line with sgdamission distributions

(Bouwman et al., 1997).

7.4 Kalman Filter

As for SO, previously, various approaches were attempted to impttoweignal-to-
noise ratio. In this instance, making use of a Kalman filt&scuakssed in Section 2.
In this approach, the final state (VMR profile, covariance)etg the first successful
retrieval is used as the a priori of the subsequent retrieVhk resulting state from
this second retrieval is used as the a priori for the nexts Bipproach assumes that
the variation between scans around an orbit is small. Ufikemethod for S@ the
covariance of the current state is ‘relaxed’ by a small ambetween profiles, so as
not to over-constrain the subsequent retrieval. As we exgpéemispheric gradient,
a value that corresponds to an along-track length of 20,000Mas chosen as the
relaxation factor, so measurements of one pole are (appetgly) uncorrelated with
those of the other pole. The amount of information in a giyeectrum is unchanged,
but each retrieval step adds a bit more information aboutthreent region whilst
discarding older information that was associated with aggggehically distant region.

The results are discussed in the next section.
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5° Zonal Mean, 500 mb, August 2003
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Figure 7.6:Comparison of latitudinal structure of the model and retrieval for Aug0882
Shading indicates the RMS of the random error, pale shading showsstheden.

7.5 Validation

The most useful form of validation was a model comparison.e Todel itself is
a global chemical model (HadAM3-STOCHEM), driven by histoaidvection data.
The ammonia values originate from a selection of surfacatpuneasurements used
as constant source terms to initialise the model, from tfiEGEBR’ database. Further
details are available in, for example, Stevenson et al.Jp@Mere the model set-up
etc. are described. The model contains 10 psuedo-pressls that reach from the
surface up to the tropopause. The model resulted in 120 ryom&an global data
fields, driven by 1990s dynamics. For validation purposetecadal mean was taken
for each month to try to capture monthly and seasonal vanatin the ammonia field
in the troposphere.

The comparison of these ammonia retrievals for August 20@8awecadal mean
model average for the month of August is shown in Figure 7t& model appears to
have a greater dynamic range — it contains values that are ap brder of magni-

tude higher than the retrieval. Although the Kalman appnoait! have a significant
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smoothing effect, the overall mean values should end upainiihe zonal mean of the
model shows extratropical peaks in both hemispheres teat@robserved in the re-
trieval. It is thought that this indicates a low retrievahsgivity. In-situ measurements

at altitude are really required, as it is also possible thathodel is incorrect.

Global NH; VMR at 6 km. August 2003. 20 x 20 Degree Grid.

I | | |
8 9 0 11 12

VMR
[pptv] 4 2 3

~
W
(@)Y
~

Figure 7.7:Global distribution of upper tropospheric ammonia in the gas phase. The sha
of each rectangle represents the mean VMR of ammonia in ppmv. Over 1%6@%ed
values were interpolated onto a 450 mb surface (approximately 6 km altitddese were
then binned to a Z0by 20° grid covering the globe. For each bin large statistical outliers, if
present, were removed. The number of measurements and the standatid@er grid box
were used to assign a ‘confidence’ value to each location, repredentbd size of the box,
rangeing from 100% confidence (full box) to no confidence (no bwark space). Interesting
features include the large region of lower confidence over Indocliwaneasurement counts
around the whole equator and the marked hemispheric difference in VMRatNorthern
Hemisphere 5-10 times greater.

7.5.1 Global Distribution

The pressure-interpolated VMR values for ammonia for thentm@f orbits were

binned to a 20 by 20° grid. For each gridbox, large statistical outliers were dled)
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Modelled NH; VMR August. 20 x 20 Degree Grid.
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Figure 7.8:A decadal mean of the distribution of upper tropospheric ammonia in the gae ph
for the month of August, as represented by a model. The resolution hasibemsampled
from 72x 36 gridboxes and the colour scale restricted in order to match the meastsemen
Figure 7.7. The shade of each rectangle represents the mean VMR of @rimppmv. The
model works in zeta height ordinates but the level shown correspoaggtoximately 450 mb.

and removed. These data were used to assign the colour ani €ach of the boxes

shown in Figure 7.7, which summarises these global results.

The comparison of the ammonia field for August 2003 with a datanean of
the average output from the model for the month of Augustwshm Figure 7.8,
highlights several interesting features. Both show an ecdgraent over Indochina,
with the model recording values up to 120 pptv, over the @eali peak of 17 pptv in
this region. Highs towards the North Pole, initially thotigpurious are also visible
in the model field. The model appears to have a greater dynamge — it contains
values that are both lower than the retrieved minimum andédrighan the retrieved
maximum . However, the observed order of magnitude disoi@pia within the limits
of the large uncertainties in the surface source fluxes usellite the model when
combined with the chemical and dynamical modelling undetitss used to calculate

the associated value at 450 mb.
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7.6 Conclusions

We have tried to give an impression of both the significanckdficulty of ammonia
retrievals, along with a demostration of the current pregithat has been made. It is
hoped that the global ammonia distribution will aid the uistending of aerosol for-
mation and the interaction of ammonia in sulphur and nitnogyeles. Unfortunately,

the current MIPAS ammonia data is currently too uncertaing@f any practical use.
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Chapter 8

Age of Air

MIPAS results are applied to the calculation of a quantitpwn as ‘age of air’. De-
termining the age of a parcel of air is invaluable for validgtmodel dynamics and
hence the model predictions. Skas a very long stratospheric lifetime coupled with
a steady increase in emission and this makes it an ideal ti@cealculating the time

since a volume of air was in the troposphere — its ‘age’.

8.1 Introduction

The transport of climatically important trace species playsignificant role in their
global distribution. Often, regions of production (sowgkare well separated from
areas of destruction (sinks). A complex interaction betwelgemistry and transport
results, that must be accurately captured by models if theeyoehave useful predictive
value

The concept of ‘age of air’ was first applied in the stratosphey Kida (1983),
based on observations of the properties of the results ohargkcirculation model

(GCM).

161
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When considering atmospheric dynamics, it is useful to hgeeiss that act as
tracers. These are generally unreactive on the timescaleegbrocess under study
and tend to be highly correlated with each other due to miXghgmamics) that is
much more rapid than their chemistry (kinetics). As a conseqge, each infinitesimal
parcel of air maintains the same concentration of ineretréitat it acquired at source.
However, only the average properties of many of these ieSimtal elements may be
measured and this is known as the ‘mean age’ (a quantity cféadI", outlined
below). Due to the presence of mixing, the pathways that Ihaen followed by a
measured set of such elements give rise to a distributiorperéeenced transit times.
This distribution is known as an ‘age spectrum’ which givesinformation on the
mixing of air parcels with different photochemical hisesi An example is shown in
Figure 8.1. The mean age can be calculated from measureofent®nserved tracer,
provided the variation in its emission varies linearly otlee time frame of the age
spectrum. So, if the rate of emission of an ideal inert trasech as S increases
steadily with time, the observed concentration of the g®eat a point can be directly
related to the average time since the elements of the parrel &t the same location

as the source.

Age Spectrum for an Air Parcel
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Figure 8.1:The age spectrum of a sampled air parcel, G, and its major features softbess
mode and mean, contains information on the photochemical history of thediipbelalements
within.
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There are features of the stratospheric circulation thdentiae mean age a very
useful quantity. On a timescale of months, stratospherautzition can be described
by a zonal mean (‘zonally averaged circulation’). Tropammhair, with its load of
trace gases, enters the stratosphere through the tropgalpause and rises slowly
though the tropical stratosphere, spreading towards tlesp®escent occurs at mid
to high latitudes, most strongly at the winter pole. Thisnswn as the Brewer-Dobson
circulation and occurs over a period of several years (Andiet al., 1987). Below the
tropical tropopause there is additional direct exchangh leiwer stratospheric air at
mid latitudes (Holton et al., 1995), sometimes known as kaaky pipe’ model. At
mid latitudes in the stratosphere there is also efficienitispic mixing caused by
the breaking of planetary scale Rossby waves. These precassesummarised in
Figure 8.2. This slow meridional circulation coupled wittetwave-induced mixing
determines the large-scale time averaged distributiortronbspheric tracers (Waugh

and Hall, 2002).

G

MESOSPHERE

STRATOSPHERE

TROPOSPHERE

» <

SUMMER EQUATOR WINTER
POLE POLE

Figure 8.2:A summary of major atmospheric circulation processes, from Plumb (2008). |
a schematic of the residual mean meridional circulation in the atmosphere hdargellipse
denotes the thermally-driven Hadley circulation of the troposphere. fdes regions denote
‘S’ynoptic and ‘P’lanetary-scale waves and ‘G’ravity waves, resigely that drive branches
of middle atmosphere circulation.
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Tracer observations have the potential to constrain tres rat these dynamical
processes, and in so doing, validate the dynamical behavionodern GCMs. Direct
comparisons with measured age profiles have highlightaduseproblems in some
models (Schoeberl et al., 2003) with symptoms includingemestimation of mean
age and excessive damping of wave propagation. Indeed thénterest from the

modelling community for zonal age fields (Chipperfield, 2005)

The source of most stratospheric species is the troposphvéreh is thoroughly
mixed by turbulence, convection and other processes. Asudtréhe distribution of
the long lived tracers show much less variation in the frepdsphere, and tend to
be mostly independent of source location. The restricteéd/ento the stratosphere
through the tropics also means that one may consider theestenm and location for
whole stratosphere as being a narrow tropical band. As & resitropical tropopause
is often used as a reference for calculating the strato&plagy time, which is often

used interchangeably with age.

Non-linearities in the rate of emission directly map intmes in the calculated age
and, as discussed in Chapter 5, there is evidence to sugge®tdin-linear increase in
SF; emissions over the last 30 years is decreasing (Geller,et397). In fact, the
error may be up to half a year for the oldest stratospheris agargued by Volk et al.

(1997).

Inertness of a tracer is important because loss mechanidirtsevinterpreted as
a false ageing of the parcel. For example, the mesosphessctésm of Sk gives
rise to an error il within the strong mesospheric descent over the Southertemwin
pole. Comparisons of some single profile measurements of ®@thand Sk have
been performed by Strunk et al. (2000) and, although gdgerabood agreement,
the results show a 2 year discrepancy between inferred dgles same parcel of air.

They attribute this to transport of $idepleted mesospheric air. A similar effect is
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Figure 8.3:Symmetric zonal mean age from collated literature sources, from WaugHaihd
(2002). The symmetry arises due to the major lack of southern hemisphericnemasts.
There is also a shortage of measurements in the tropics. The ages ateohd#erature
vertical profile observations with aircraft data from the mid 1990s givixigpecoverage.

observed by Andrews et al. (2001) using a larger dataset. rRaaid et al. (2001)
discusses large uncertainties in the mesospheric losshattenake quantification of
the sink term difficult. Measurements within the vortex ngpd by Harnisch et al.
(1996) indicate an age of 5.5—7.5 years at 17-21 km and 8- y 30 km from
SFK;.

Figure 8.3 shows a zonal annual mean age, highlighting aga®ond 1 year in
the equatorial UTLS, rising to 4 years by 30 km and over 6 y@atee mid strato-
sphere at the poles. Waugh and Hall (2002) highlight thersesleortage of Southern
hemispheric measurements of age-compatible specieddprgan ideal application
for MIPAS measurements. In addition, there is thought taabgdr seasonal variability

in age at high latitudes.
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8.2 Assigning Age to VMR

The lifetime is a major factor in determining the atmospbhé&rading of a species. The

stratospheric lifetime, for example, is simply defined as

atmospheric load

(8.1)

Tstrat = .
stratospheric sink

Lifetimes can be estimated from global emission inventoaled observations of cur-

rent concentrations and trends.

A measured volume of air is associated with a spectrum of @gessit times from
entry into the stratosphere) attached to its infinitesink@aments. Hall and Plumb
(1994) associated this age spectrum with a Green’s funofiime continuity equation

for a conserved tracer. This may be written as

X(x,1) = /O T olt — )G (x, )t (8.2)

wherex(x, t) is the mixing ratio at time and geolocatiorx andG(x,t') is the age
spectrum. The mixing ratio at the point of entry into the tstsahere is given by, ().
The age spectrum, already shown in Figure 8.1, is not dyrebiservable but its mean,
', can be measured.

rex) = | Trax, )t (8.3)

0

This is identified with the lag time between the tropospharnid stratospheric VMRs
for a linearly growing conserved tracer species (Hall anghi®l, 1994; Volk et al.,
1997). Chapter 5 discussed the properties gftB&t make it an almost perfect chrono-
logical tracer — its well known emission time-series, ngdinear growth rate, long

lifetime and stratospheric inertness. For such a perfecety the mean age corre-
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sponds to the lag time as given by Hall and Plumb (1994)

x(x,t) = xo(t = T'(x)) (8.4)

More complex relationships have also been determinedngakito account hemi-
spheric differences as well as the effect of tracer tramsieand non-linearity in the
tropospheric tracer time series. ForgSthese effects are generally small.

In an interesting application of tracers, Volk et al. (198@)on to show that knowl-
edge of a tracer gradient at the mid latitude tropopause as@idén of mean age,
allows the direct calculation of the net global tracer flusotigh the troposphere. In
addition, an approximate shape of the age spectrum may bea¢stl by using the
finite lifetimes of a set of trace gases to prakeThis relies on accurate knowledge of

the lifetimes.

8.2.1 Calculating Age from Sk VMR

Using a variety of data between 1987 and 1996, Geller et @@{)Lldetermine a sim-
ple quadratic relationship between time and ¥R, Equation 8.6. Quadratic fits
to hemispheric time series were also published and the eujbim others, such as
Maiss et al. (1996), in estimating the hemispheric exchainge and other dynamical

parameters from these results.

Xo(t) = a+b(t—to) —c(t —t)? (8.5)

[SFg](t) = 3.4361 + 0.2376(t — 1996) + 0.0049(t — 1996)? (8.6)

Indeed, as discussed in Chapter 5 there have been a seletctr@ma estimates

over the past 20 years, often given in terms of a percentagarpgim increase in-
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VMR to Date Conversion Curves
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Figure 8.4:Curves relating the SFVMR to age of air. They are the quadratic Equation 8.6 in
red, the CMDL surface flask measurements in [orange] and the restuhis afork in [blue].

In addition, a series of point measurements are shown, with the assoefdsehce shown on
the figure.

stead of a fitted quadratic. One such example is the 7% iremzserved by Rinsland
et al. (2003). Other authors have also investigated théoelaetween the VMR of
SFK; and the age of the observed air parcel. For example, WaugiHaihd2002)
and Harnisch et al. (1996) determine similar, constanti-gaayear rates of increase
during the mid 1990s between 0.2 and 0.3 pptv'yrA long term, highly accurate
and consistent set of surface flask measurements from ddlgites gives a mean
0.24 pptv yr! (around 5%) per year Sfncrease from 1996 to the end of 2003 along
with the highest literature value of 5.0 pptv for the end & ttear for the Northern
hemisphere (Mondeel et al., 2003; Butler et al., 2005). Thtaskt, from the National
Oceanic and Atmospheric Administration (NOAA) Climate Mimming and Diagnos-
tics Laboratory (CMDL), does point to a slight reduction i tjrowth of the rate of

emission. This value had previously been observed to bdaan®r even increasing)



169

from the late 1970s to the 1990s, although with significagtgater uncertainty on the
measurements. For now, the effect of this non-linearityissalinted, but it has the
potential to influence calculated ages. This greater uaicgyton older measurements
is potentially a major source of error for age determinatgnalthough the historic

trend is not useful for determining current trend it is théyomay to assign age to a
measured VMR below current values. Fortunately, the masirages are of the or-

der 7-10 years, and in future only the more accurate receasunements will be of

significance to age calculation.

The age calibration curves determined from the quadratiqumation 8.6, the 7%
value quoted by Rinsland et al. (2003), the CMDL flask measunésrend the 2002—
2003 trend calculated from MIPAS observations in ChaptereSadirshown in Figure
8.4. In addition there are a variety of point measurementSKfVMR from the
literature, concentrated in the mid 1990s, for comparisah the extrapolated trend

lines.

8.3 Results

Figure 8.5 shows the application of a composite of the Gellet CMDL curves to
the latitudinal profiles from Figure 5.13. Each stratosghezgion of these profiles
can be assigned an age since it was last at the tropical taogepy reference to its
VMR. As the flask sample trend and the MIPAS results are simildfering only
by absolute VMR, a constant offset of 18 months was appliedgsponding to the
VMR difference of 0.45 pptv for equivalent dates. This waseldecause the flask
data smoothly transitions to the trend quadratic that efisomposed mainly of in-
situ measurements. An allowance of 6 months to mix well frm durface sources

where the flask measurements take place to the tropicalpgeayse and entry into the
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VMR to Date Conversion Curves Age of Air Profiles
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Figure 8.5:[Left] Application of the simple VMR to age conversion. The two curves used
join smoothly around 1997-8, although almost all the measured VMRs lie to thteofighis
date, so a smooth transition is not a necessity. [Right] The effect of apgdlygalmost linear
guadratic age conversion curve composite by Geller et al. (1997) ar@Mid. to the mean
mid latitude Sk VMR profiles shown in Figure 5.13. A constant age offset has beeledpp
to compensate for the systematic difference between the remotely sensed poisptreric
MIPAS results and the surface flask measurements. The ages areiagtety comparable
with the simple symmetric age distribution in Figure 8.3. The solid symbols show thdlethde
age distribution from Figure 8.3, corresponding to equatorial (diamopd&r (triangles) and
mid latitudes (crosses).

stratosphere was also applied to the overall age calcnlatio

The simple age calibration curve can similarly be used towedrthe zonal mean
maps of Sk, presented previously, into zonal age distributions. F@di6 shows the
zonal mean ages estimated for August 2003. For the Soutlodain\pinter case, the
large amount of descent of chemically depleted mesospaieritto the top of the polar
vortex gives anomalously old age values. The values atdpepause are around zero
years, and there is the basic dynamical structure of thesgth®se visible in the zonal

mean.

Some model results are available for the variation in zoredmage with the sea-

sons, Reddmann et al. (2001). In effect this also acts as @ataln of the Sk zonal
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Figure 8.6: August 2003 zonal mean age from S#fata, originating from the VMR data
shown in Figure 5.14. The conversion was performed using the same dinsastrelation
as was applied to the latitude bands, in Figure 8.5. Overall the ages arecemagrt with
previous observations and the general understanding of atmosphedlaton. It shows a
young troposphere, with a hemispheric exchange time of about less theam (i.g. difference
in age). The oldest air is over the poles at higher altitudes, with this monthrsiptire effect
of depletion over the southern winter pole.

means if a purely linear age calibration curve was used (wiSia reasonable approx-
imation). Figure 8.7 shows zonal mean age plots for theiselsind equinox months
from model data. The corresponding MIPAS results are shawRigure 8.8, with
colour to make the distribution clearer. The MIPAS cont@aresnoisy and only extend
to 30 km. However, the gross features and basic age struatergmilar. Qualitative

comparison is precluded by the lack of machine-readabke dat
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Figure 8.7:Zonal mean age of air fields for the solstice and equinox months.

8.4 Conclusions

This chapter has shown that it is possible to use MIPAS resoltetermine the sea-
sonal changes in the age of stratospheric air from the irsxet, Sk. Potentially, with
the wide variety of species that MIPAS can observe, it shbelghossible to use the
distribution of multiple gases to infer the age spectrummyf point observed.

The Sk VMR to age conversion is sensitive to calibration curve usadtunately
the historic trend is highly linear, but even small non-iriges can influence the cal-
culated age. In a related fashion, there is a degree of setydid biases in the MIPAS
retrievals, especially at high altitude where the a priamtcibution is greater. The
prior information will show up as unreasonable age valudsr@as no such simple
check exists when examining the results as VMRSs.

Comparisons with model results showed the same gross seut¢iowever, there
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Figure 8.8:Seasonal MIPAS derived age measurements, derived from thed®&l means
shown in Chapter 5.

is known to be a wide variation in the age behaviour of the nmaagels in use world-
wide, so the lack of fine agreement — whilst disappointing -stilshelpful validation.
There has been interest in SBerived age fields in the modelling community.
Indeed, it has been noted that the age is by far preferabhetoaw’ VMR values.
In summary, the calculation of age of air from MIPAS;Rfata is a useful resource,
but requires more quantitative validation before it will dieectly usable by members

of the modelling community without remote sensing expergen
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Chapter 9

Conclusions

The aim of this thesis was to investigate the global distitsuof a selection of trace
gases. These gases were selected by considering a combioétscientific need
and a previous shortage of measurements. In other wordsewlbeld the greatest

improvement in our knowledge of the atmosphere be made?

Carbonyl sulphide has been shown to have a tropospheric VM#pmoximately
500 pptv, in line with climatological expectations. Thesenio evidence for an in-
terannual trend, although the short length of the time sarmiakes a firm conclusion
difficult. There is a small N-S interhemispheric differerafed-30 pptv, attributed to
differences in the geolocations of the dominant source amdterms. This shows
some seasonal dependance. The stratospheric resultshmave the lifetime of OCS
to be slightly longer than previous literature estimatéd,0ayears. This has an effect
on various terms of interest to calculating global sulphuddets and fluxes which
influence SSAs and hence the radiative balance of the Eattle. nfass of sulphur
attributable to OCS in the stratosphere is approximatelg Udwith the bulk of the
mass in the troposphere (4.94 Tg). The work on retrieving GO&1y much ‘com-

plete’ and could potentially become an operational species
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Sulphur hexafluoride has also been a successful targetespesiclear year-on-
year increase has been demonstrated, from 4.6 pptv in Dexe2fb2 to 4.9 pptv in
March 2005. There is also a well defined interhemispheri@isdity of 0.1-0.2 pptv
that is directly attributed to the interaction of dynamicghwan almost exclusively
Northern hemispheric source terms. The inertness @féid its interannual trend
coupled with vertical transport into the stratosphere attlopics produces an almost
ideal tracer. By looking at historic trends and the current /df regions of the
stratosphere, it is possible to calculate the amount of tlmaé has passed since that
parcel was at the tropical tropopause. The resulting agekdisons are useful in

validating model dynamics.

Sulphur dioxide was used to explore the more complex methbdeaddition as
there was insufficient signal-to-noise for the nominaliestrl scheme. Using the same
a priori substitution approach as for Sgave rise to a smooth S@ield showing rea-
sonable zonal structure. However, the northern mid laggighowed no anthropogenic
enhancement and there was an anomalous enhancement atitherisavinter pole
that could not be assigned to an interfering species. Wniately, the mean radiance
approach exhibited very noisy retrievals as there was megshprior information con-
straining them. The mean residual approach showed somet@dbtavith well formed
diagnostics and generally smooth profiles. However, theeuppratospheric values
seemed anomalously high and the lower stratospheric mmimu SQ was not well
resolved. Fourthly, the Kalman filter approach was triedhwome promising results.
It showed strong zonal structure, anthropogenic enhanceamel the S@ minimum.
However, it too showed enhanced southern winter pole validgny of the zonal
structures observed are not unreasonable, but they theyoareproduced by mod-
els and height resolved measurements to high altitude isdhthern hemisphere are

lacking.
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Finally, the retrieval of ammonia was attempted. Althouggre is some evidence
for zonal sensitivity in the retrieval, the results haverbeery difficult to validate.
However, a new mean tropospheric profile which exhibits epstertical concentration

gradient has been suggested, and this improves the rétliagnostics.

9.1 Future Work

Regarding the four species discussed, the main future wedceged with OCS and
SF; would be the calculation of all months for which the nominal fesolution data
exists (September 2002 to March 2004). This would form aulskeftaset of previously
rare gases. For 3Rhere are more detailed analyses that can be performedesiblect
to the age of air calculations, although there are unlikelyg any major changes below
20-25 km. For S@ there seems to be potential in the Kalman type approachhasd t
is a strong candidate for further investigation. It may algointeresting to try this
method on SE; to avoid the need for substituting the prior informatiornhegt topmost

altitudes.

9.2 Summary

This thesis has demonstrated that the measurement of OGSS&Fand NH; by

satellite, with its global coverage, has greatly improvadimnowledge of the distribu-
tion and variation in their abundances. The prior lack of sse@ments was a direct
consequence of the difficulty with which the spectral infation on these species
may be extracted from the remote measurements. As a rdsglthesis has investi-
gated a selection of methods for combining multiple measergs prior, during and

post retrieval. It has also considered the implicationssf@ prior information and
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the optimal estimation technique to constrain the fittingheftrace gas profiles to the
measured spectral data. This work has also attempted tosbroe of the applications
of well characterised 3D global measurements at high réealuby investigating the
stratospheric sulphur budget contribution from OCS as veelhgerring the age of re-
gions of stratospheric air by using S¥MRs as an age proxy. Both S@nd NH;
were less successful — defeated by signal-to-noise anane £xtent, atmospheric
variability. However, there has been some progress in thie tesolution of S@, both
in volcanic plumes and zonally. New constraints on the mezpospheric distribution
of ammonia have also been estimated. Indeed, both thesesbave required more

complex techniques that are likely to be of use in other sl
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