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ABSTRACT

This paper outlines three new techniques to sound the catigrosf the lower stratosphere and troposphere from space
which are under development by the RAL Remote Sensing GrdtipraNERC'’s Data Assimilation Research Cen-
tre. The focus is on retrieval of ozone, water vapour andrdthee gases whose distributions are directly or indiyectl
important to climate. The first technique is to combine infation from Hartley band absorption with temperature-
dependent differential absorption in the Huggins bandstrierve height-resolved ozone profiles spanning the tiopae

and stratosphere from observations of backscattered woladiation by ESA's Global Ozone Monitoring Experiment
(GOME). To illustrate the performance of the RAL scheme,rezdistributions and linear diagnostics are presented
along with comparisons with ozonesondes and other spaes\@®ns. The second technique is to exploit the synergy
between limb- and nadir- observations of a given airmassttterve profiles spanning the troposphere and stratosphere
which improve on those attainable by either geometry imtdigily. Results are presented from the first application of
this technique in the retrieval domain to co-located measents from Envisat MIPAS and ERS-2 GOME. The third
technique is to retrieve horizontal as well as verticalctrte (ie 2-D fields) in the upper troposphere and lower @trat
sphere through tomographic limb-sounding. This is illatgtd with linear diagnostics and constituent fields regitby

the RAL scheme in non-linear, iterative simulations forgam-wave limb-sounder (MASTER) and (b) Envisat MIPAS
in its UTLS Special Mode (S6). Finally, the current statud ptans for future work in these areas are summarised.

1 Background

The distributions of certain trace gases in the troposphedestratosphere can influence climate either directly
(eg H,0 and Q) through their radiative properties or indirectly (eg tspheric CO or stratospheric CIO)
through chemical interactions with radiatively active gmsThe tropospheric distributions of trace gases such
as Q,, CO and CH reflect surface emission fluxes as well as chemical and pilysiocesses occurring within
the atmosphere. Tracer distributions can supplement fbeniation on dynamics which can be derived from
temperature fields. For these and other reasons, condiel@tédntion is now being paid to the assimilation by
global models of satellite observations of® O; and other trace gases.

The aim of the RAL Remote-Sensing Group within the NERC Datairhilation Research Centre is to produce
novel global data-sets for assimilation by applying newhiégues to sound the composition of the lower
stratosphere and troposphere from space. In the followgatjas of this paper, three such techniques are
briefly described.
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2 Ozone Profiles from GOME

A scheme has been developed to retrieve height-resolvedeogmfiles from measurements of solar uv
backscattered radiation made by ESAs Global Ozone MdnigoExperiment (GOME) on ERS-2. A novel
feature of the RAL scheme is to exploit temperature dependiffierential absorption structure in the Hug-
gins’ bands to extend to lower altitudes the information toatespheric ozone which can be retrieved from the
Hartley band. The strong, wavelength-dependent opacibzomfe in the Hartley band (260-310nm) has long
been exploited by NASA's "BUV” type instruments and offerseful, height-resolved information down to the
altitude of peak ozone concentration. In the RAL schems,ithiised aa priori information for a second step
employing the Huggins bands. Two pre-requisites for thés ét) contiguous spectral coverages&l.2nm
sampling afforded by GOME (cf measurements in discretetsgddzands ok1nm width by the "BUV” type
instruments) and (2) fitting precision in the 325-335nmrvaeof <0.1% RMS (cf 1% in the Hartley band).
To achieve a fitting precision af0.1% RMS, a number of instrumental and geophysical varsdudiglitional to
ozone must be accounted for. The value of adding the Huggindsbis illustrated il which compares aver-
aging kernels for the Hartley band only with those for the borad Hartley and Huggins bands for a retrieval
level spacing of 6km and ampriori uncertainty of 100% at all levels. Averaging kernels for Heetley band
are seen to have well-defined peaks only in the stratosplvbereas those for the composite retrieval are seen
to be well-behaved also in the troposphere. An independésitcomparison of averaging kernels has recently
been performed by BIRA-IASB for the ESA Working Group on GOKdEone Profile Retrieval (V.Soebijanta,
pri.comm.). Figure® and3 present the six most significant eigenvectors of the avegakgrnel matrices for

a typical ozone profile retrieval by the RAL scheme and by #ie &nd KNMI schemes. The 5th and 6th
eigenvectors of the RAL matrix are seen to have significantrimtions from the lower troposphere, unlike
the other two schemes.

Profiles retrieved by the RAL scheme have been validatechagailarge ensemble of ozonesondes and also
concurrent satellite observations. A number of sub-setfatd have been processed from the period 1995-9
(www.badc.rl.ac.uk) and a seasonal climatology of heigstlved ozone which spans the troposphere as well
as the stratosphere has recently been produsaitlfins(2003]. Figure 4 displays seasonal mean maps of
ozone retrieved in the lower troposphere from ground-pixelhich cloud fraction has been estimated to be
<0.05 Elevated ozone concentrations over south-east Adi@eamtral America during northern hemisphere
spring are associated with biomass burning. Over the USAntiith Atlantic and Europe, ozone concentra-
tions are highest in summer because of photochemical ptiodutom primary pollutants and the prevailing
westerlies. Anomalously high concentrations near thetcofidntarctica in southern spring are retrieval
artifacts associated with ozone hole occurrence in thelyorgrstratosphere which are under investigation.
Absence of data in a region extending over much of South Araexind the neigbouring Atlantic is because
detector dark-current fluctuations caused by particle ahjpathe South Atlantic Anomaly prevent the use of
the Hartley band.

From 1999 onwards, degradation of the GOME scan-mirrorasarhas caused a serious reduction in its
uv reflectivity. This reduction in reflectivity has been fauto depend strongly on time, wavelength and
view angle and exhibits the properties of a Fabry-Perobetaf steadily increasing thickness. Because this
reduction is greater in the direct-sun view than in the reidiw, sun-normalised radiances actually appear
to have increased (by up to 80%) after 1998. An empiricaletion scheme has been devised by fitting
a 2-D Legendre polynomial, of 4th order in wavelength anchlatder in time, to the fractional difference
between sun-normalised spectra between 260 and 310nm mreeédsuGOME and predicted by a radiative
transfer model using the Fortuin and Kelder climatolo§priuin and Keldei(1998)] (figure 5). An initial
assessment through comparisons with ozonesondes in 1@98uammer 2002 (figuré) indicates that the
correction scheme is functioning adequately. The standavihtion of retrieved profiles with respect to the
sondes is comparable or even smaller in 2002. The bias isalsparable in 2002, except in the 12-16km
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layer where it has increased from+10% to~+20%.

The RAL scheme has a negative bias of several 10's% in then®{@gker. Simulations have shown that
inadequate knowledge of slit-function shape in the Hugbiaisds can give rise to a bias of this magnitude
[Kerridge et al(2002,Siddang2003)].

The impact of the degradation correction on data qualithedtratosphere has also been gauged through an
assimilation exercise (M.Juckes, pri.comm.). Fig@rghows scatter plots of assimilated GOME data vs MlI-
PAS, SAGE-IIl, HALOE and GOME itself on the 650K potentiaiperature surface30hPa) for September
2002. The assimilated GOME data are biased with respecet8AGE-IIl and HALOE solar occultation ob-
servations by +0.24 and +0.55ppmyv, respectively; 19%".

Initial indications from comparisons with ozonesondes atiter satellite instruments are therefore that the
degradation correction is performing sufficiently well tesiify processing data from 1999-2003 as well as
1995-1998, ie the full (8-year) mission, to examine interal variability in the troposphere and stratosphere.
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Figure 1: Composite averaging kernels for ag @trieval from GOME Bands 1 and 2 adopting, for clarity, a famm
retrieval level spacing of 6km and anprioriuncertainty of 100% at each level. In the right-hand paneipése floor of
1% has been imposed, which is appropriate for Band 1 (Hatikayd) but effectively excludes information from Band 2
(Huggins bands). In the left hand panel, a noise floor of 0.4¥nposed, which is appropriate for Band 2, showing the
benefit in the troposphere of adding the Huggins bands.

IMIPAS data exhibited anomalous variability, especiallyigh southern latitudes, in the version used here, whicleas reduced
in subsequent versions
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Figure 2: The six most prominent eigenvectors of the aveggernel matrix for a typical Qretrieval (13th Jan 1997 at
10:41:12; 50.85N 3.85E) by the RAL scheme, as calculated®yetijanta (BIRA-IASB) for the ESA GOME Pxofile
Working Group. In the right panel, the standard ESA L1 datechlbeen used and in the left panel additional calibration
corrections have been applied to the L1 data by KNMI.
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Figure 3: The six most prominent eigenvectors of the IFE aNd/Kaveraging kernel matrices for {retrievals from
the same ground pixel as figuze
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Figure 4. Seasonal mean distributions of @ the lower troposphere derived from sub-sets of GOME datagssed
by the RAL scheme in the four year period 1995-8. Values @&sented for the surface retrieval level although, due to
vertical smearing, they actually represent an average tlrerlower troposphere. Data have been screened to include

only ground-pixels for which cloud fraction is estimated#<0.05.
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Figure 5: Fractional deviation between the sun-normalisadiance spectrum (260-310nm) measured by GOME and
that predicted by a radiative transfer model based on thel&ehnd Fortuin Q climatology, plotted as a function of

time. The left hand panel shows the average deviation fodagger month over the period 1995 - 2003, sampling every
fifth Band 1 ground pixel on a given day within the latitudegar65S to 80N. The right panel shows a 2-D Legendre

polynomial fit to these deviations, of 4th order in wavelbéragtd 14th order in time.
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Figure 6: Comparison of Qprofiles retrieved by the RAL scheme in cloud-free grounelgwith co-located ozoneson-
des, before (1998) and after (2002) the onset of scan-mimodegradation. The left panel shows the standard de-
viation of layer-averaged fractional differences betwagpriori and retrieved Q, on one hand, and the corresponding
ozonesonde profile, on the other. It should be noted thaheanthemisphere winter and spring were sampled in 1998 but
not in 2002 so, in the latter case, the standard deviatioa pfioriwith respect to ozonesondes is very much lower. The
right panel shows the mean of the layer-averaged fractidiféérences, indicative of the biasesaoprioriand retrieved

O, with respect to the ozonesondes. Retrieval bias in the Ol&j@n is likely to be due to error in the slit-function shape
used in modelling the Huggins bands.
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Figure 7: Comparison of assimilated GOME, @ata produced by the RAL scheme in September 2002 with aentur
observations by HALOE, SAGE-IIl and MIPAS (M.Juckes, pmm.). The four panels show scatter plots output from
an assimilation of GOME height-resolved @ata on the 650K potential temperature surface (near 30l®Pications

of observations by the other three sensors along with GOBHfitThe top right panel shows the assimilategdata to

be unbiassed with respect to the input GOMEW@lues.
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3 Limb-nadir synergy

It is well known that the characteristics of limb- and nadewing geometries are complementary. In the
absence of cloud, nadir-sounders can see to the EarthscsurfHowever, their vertical resolution is con-
trolled by atmospheric radiative transfer properties andamparatively low $¥4km with the exception of
tropospheric HO). Limb-sounders, by contrast, rarely see to the Earthfase but their vertical resolution
and sensitivity are both high due to, respectively, digscestmpling in the vertical and longer optical paths.
It has been recognisetigngen and Fuch@001),Kerridge et al(2001)] that a future space mission to sound
atmospheric composition should exploit the complemertharacteristics of limb- and nadir-viewing as fully
as possible.

Limb-sounding has traditionally been used to observe treosphere and mesosphere (eg UARS, Odin).
However, recent advances in millimetre-wave technologitha development of tomographic techniques (see
next section) enable the current generation of satellitd{sounders (eg ESA Envisat and NASA Aura) to
penetrate also into the troposphere. In principle, by atarsing accurately a constituent’s distribution in
the stratosphere and upper troposphere, limb-soundirgnaitons should also permit its lower tropospheric
distribution to be retrieved more accurately than from radunding observations alone. This is especially so
for a constituent whose concentration is larger in the assttere and/or upper troposphere, of which ozone is
a prime example.

The potential benefit to ozone of limb-nadir synergy has kaemonstrated in the data assimilation frame
by combining stratospheric profile information from UARS Blkvith total column information from GOME
[Struthers et ali2002)]. A significant first step has how been made towards limhbfrgchergy in the retrieval
domain by using MIPAS operational L2 products as a strangriori constraint for GOME ozone profile
retrieval from the Huggins bands only. The MIPAS L2 profilaerefore substitute for those retrieved from
the Hartley band in the first step of the standard GOME redfiésection2). A necessary pre-requisite for
this exercise was the level of agreement (withib0% throughout the stratosphere) which had been found
previously between MIPAS operational L2 products and tleddard RAL GOME retrieval scheme (with
degradation correction applied).

Although the MIPAS L2 profiles extend below the tropopaus@tamination from cloud at these lower al-
titudes had not been flagged in the version available forekjseriment. The ozone climatology which is
normally used as priori for the RAL GOME scheme was therefore overwritten only in sti@tosphere.
The a priori field combining MIPAS information in the stratosphere withmatological information in the
troposphere can be compared with its two components in figufde ozone field retrieved from the GOME
Huggins bands with a strong stratospheric constraint frolRA% may be compared in figui@ with that
retrieved from the GOME Hartley and Huggins bands constdhiny the standard ozone climatology. Devia-
tions of the combined GOME(Huggins)/MIPAS retrieval andlsd standard GOME retrieval with respect to
the MIPAS L2 field are also shown. The combined retrieval csmres the most obvious limitations of the
individual sensors, namely: absence of a GOME Hartley betrieval in the SAA region (see secti@pand
cloud contamination of MIPAS observations below the trapoge. While following closely the structure of
the MIPAS stratospheric field, structure captured in thpdsphere is similar to the standard GOME retrieval
and therefore constitutes a satisfactory first demonetradf limb-nadir synergy in the retrieval domain.

2|t should be noted that trace gas detection at IR wavelenighends upon temperature contrast with the surface, sitigignis
very low in the boundary layer.
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Figure 8: First demonstration of limb/nadir synergy in thetnieval domain by combining Envisat MIPAS and ERS-
2 GOME. Envisat and ERS-2 follow the same orbit tracks, aigioMIPAS scans in azimuth towards the poles at high
latitudes, so its tangent-point track deviates from thetdarbck. The GOME orbit track and three closest MIPAS tartgen
point tracks are shown in the bottom centre panel, and thezbaotal displacement between each GOME observation and
the closest MIPAS limb-scan are shown in the panel abovestBmelarda prioridistribution for the GOME Qretrieval

is shown in the top left panel and the output from the combiiteatiey and Huggins bands retrieval is shown in the panel
below, with data missing in the south Atlantic anomaly (SAZ9A’s MIPAS QL2 data at locations closest to GOME
are shown in the top centre panel, with cloud contaminatiadent in the upper troposphere, most notably at 12km near
10N. The top right panel shows arprioridistribution which merges MIPAS L2 data in the stratosphvéth the standard
GOMEAa prioriin the troposphere. The centre right panel shows output Ba€BOME Huggins band only retrieval which
has been tightly constrained to the MIPASd @rioriin the stratosphere. Desirable features of the synergistiteval in
comparison to the standard GOME retrieval and the MIPAS L& dae, respectively, coverage in the SAA and absence
of cloud contamination in the upper troposphere. The botfinand bottom right panels show fractional differences
between MIPAS L2 data and the standard GOME retrieval andyinergistic retrieval, respectively.
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4 Tomographic limb-sounding

To invert limb-sounding observations, it is usual to: (apptda model of the atmosphere which comprises a
series of concentric shells within which physical propertand composition vary only with altitude and (b)
retrieve a single vertical profile from a given limb-scan. réality, the lowest stratosphere and troposphere
are characterised by horizontal as well as vertical vdiigb$o profiles retrieved in the conventional manner
are, at best, an average over the true field and, at worst, rooniged by inconsistencies between observed
and modelled radiances. The tomographic limb-soundingnigae is intended to alleviate these limitations of
conventional limb-sounding. The assumption of spherigaireetry is dropped in favour of a 2-D atmosphere
in the radiative transfer model; the state vector comprigerospheric fields on a 2-D grid rather than a 1-D
profile and the measurement vector comprises a set of limbssghich are inverted simultaneously. Provided
that the atmospheric limb is scanned in the vertical plartb®fatellite orbit vector and the spacing between
adjacent tangent-points is fine enough to oversample thhedtate vector, a given air volume will be viewed
from a number of different directions, conferring a tomgynia advantage.

The principles of tomographic limb-sounding are straigiiard and the CPU speed and addressable memory
of computers now make feasible the practical implemematicthis technique. However, certain simplifica-
tions are still required to make the computational probleamtable. A tomographic retrieval scheme is under
development at RAL for application to mm-wave and IR limbigsion observations which solves the iterative
(ie non-linear) Optimal Estimation equation.

X1 =%+ (ST+KTSK)THKTS Hy = F(%)) + S % — %)) 1)

A simplification adopted in this scheme is to accumulate tIaHimKiTglKi sequentially, on a limb-view by
limb-view basis. This requires tI# matrix to be diagonal, ie measurement errors to be uncoeckfeom one
limb-view to the next. This permits the dimension of array$é stored to be reduced fraxy (which would
be unfeasibly large) tdl. SinceNy is itself large, further matrix manipulation is still reged to make the
computational problem viable.

The RAL 2-D scheme has now been applied in extensive simuktior the proposed ESA mm-wave limb-
sounder (MASTER). Linear diagnostics have been examineddsess retrieval precision, vertical and hor-
izontal resolution; to gauge sensitivity to various errargl to specify instrument requirements. Iterative
simulations have also been performed in the presence ddtiearrors to assess the accuracy with which 2-D
structure in UTLS fields of 5O, O;, CO and other species could potentially be retrieved. Tleofisinear
diagnostics is illustrated in figui® which plots HO retrieval precision vs horizontal grid spacing at différe
altitudes. These simulations assume an antenna half-pogsgnwidth of~2.3km, vertical and horizontal
tangent-point spacings of 1km and 64km, respectively, &nal \Zrtical spacing in the retrieval grié priori
uncertainty is 100no correlations. Useful precision (20)s seen to be attainable in the upper troposphere for
horizontal spacings in the retrieval grid down4d 00km, which is much finer than the horizontal resolution
traditionally associated with limb-sounding:%00 - 1000km).

Iterative (cloud-free) simulations have been conductedfoumber of 2-D scenarios using temperaturgQH
and G, fields from ECMWF analyses and 2-D distributions of othecérgases constructed with an equivalent
potential vorticity approachLary (1995)]. In figure 10, 2-D cross-sections retrieved from MASTER measure-
ments are compared to the true cross-sections used to siggtileese. Tha priori and initial guess fields for
these retrieval simulations had no horizontal gradiergsnyuch of the structure in the true fields is captured
quite well. The obvious exception is the altitude range inclvtimb-paths are opaque, which is controlled by
tropospheric HO, and therefore varies with geographical location andueegy band. The retrieval scheme
generally performs well up to O mixing ratios of~400ppmv.
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Aniterative (cloud-free) simulation has also been coneldi¢i.Parrington, pri.comm.) using the RAL scheme
for O; retrieval from the Envisat MIPAS UTLS special mode (S6). Btemode has been designed to permit
the tomographic technique to be demonstrated for the firgt;tisampling in the standard MIPAS mode is
too sparse for this. Sampling patterns for the standard &neh@les are shown in figuEl. The S6 mode
has narrower vertical spacing between limb-views in the BT2km cf 3km) and much narrower along-track
spacing (112km cf 512km). To compensate, it scans only upkm3angent-height (cf 68km) and its spectral
sampling is lower by a factor 4 (0.1crhcf 0.025cnT?).

By comparison td 0, it is apparent that Ocan be retrieved to lower altitudes by MIPAS in cloud freensse
although the extinction efficiency of cirrus is known to beahniigher at IR than mm wavelengths. In a current
ESA study, it is planned to perform 2-D simulations for mmverand IR limb-sounders which incorporate
clouds and also to devise a climatology of the occurrencdoofds which impact significantly on mm-wave
and IR limb-sounding. This is intended to provide a moreiséalevaluation of their respective capabilities in
the upper troposphere.

[ Altitude / km |

10F
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q 100 150 10 30
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Figure 9: Trade-off between JO retrieval precision at different retrieval altitudes aretrieval grid horizontal spacing.
The curves show how precision,(@agonal) varies with horizontal grid spacing in a 2-D siratibn for MASTER, as
all other parameters are held constant (see text).
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Figure 10: Iterative simulation of a 2-D 5O cross-section retrieval from the MASTER 325 GHz band. &heanel
shows an HO cross-section (30km verticad 6,000km horizontal) extracted from an ECMWF analysis figlae right
panel shows output from a 2-D iterative retrieval for MASTERGHz band measurements synthesised from this field and
the corresponding temperature field, with noise and othelisdc errors (temperature and pointing) added. Struetur
in the true field is seen to be captured down to the altitudetathvlimb-paths become opaque, and to follow thedlat
priori field below this altitude. In general, the true field is seeibéocaptured quite well where J@ mixing ratios are
<400ppmv, except at the edges of the cross-section.
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Figure 11: lterative simulation of a 2-D QOcross-section retrieval from the MASTER 300 GHz band. Ledtright
panels are as in figurd0Q, except for Q. The lower limit to which Q structure can be captured is determined by
atmospheric limb opacity, which is governed byCHin this band, as it is in the 325GHz band and all other MASTER

bands.
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Figure 12: Limb-scan patterns for Envisat MIPAS normal madd UTLS (S6) special mode. The left and right panels
show tangent-paths for successive limb-views in the nommde and S6 mode, respectively. In this projection, the
Earth’s surface is horizontal so the limb rays are curvede Tiuch denser distribution of tangent-points in the S6 mode
means that UTLS structure in the orbit plane is sampled seiffity to exploit tomography, whereas in the normal mode
it is not (see text).
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Figure 13: lterative simulation of a 2-D Dcross-section retrieval from MIPAS in UTLS (S6) special enod
(M.Parrington, pri.comm.). Left and right panels as fbt except MIPAS. By comparison 1d, structure in the true
O, field is seen to be captured down to lower altitude$km) by MIPAS than by MASTER. This is principally due to the
selected IRvindow extending to lower tangent-heights, but is also due to regleerrors other than noise in the MIPAS
simulation and to neglect of cloud.
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5 Summary and future work

A challenge for satellite remote-sensing is to measure libleagjdistributions of important trace gases on the
spatial scales required for research, monitoring and NWevlewing geometries and wavelengths of different
techniques are complementary in terms of: detectable epdoeight range, vertical and horizontal sampling
and resolution, penetration into the troposphere and ptibdity to cloud obscuration. The lower troposphere
can be observed only with nadir geometry and ozone profilasrépg the troposphere and stratosphere can
be retrieved by the RAL scheme from GOME observations. lfasmped to process the full 8-year GOME
mission with this scheme for evaluation by data assimitatiedels within DARC and ECMWF.

The vertical resolution is inherently higher for limb-esitn geometry than for nadir geometry, permitting the
stratosphere and upper troposphere to be observed wittegeezuracy and hence the lower tropospheric in-
formation retrieved from co-located nadir observationsg¢enaximized. Envisat offers the first opportunity to
pioneer the technigue of limb/nadir synergy together wathagraphic limb-sounding. Limb/nadir synergy has
been demonstrated in the retrieval domain by constrainB@&E Huggins’band retrieval with stratospheric
O; produced operationally from Envisat MIPAS (ie L2 producgimulations for mm-wave (MASTER) and
IR (MIPAS) limb-sounders using the RAL tomographic schermeuaately capture 2-D structure in the UTLS
and their intrinsic horizontal resolution has been showbhdamuch higher than that traditionally associated
with limb-sounding. It is planned within DARC to pursue bdltese new techniques and to compare their im-
plementations via retrieval and assimilation. A futuresitia to sound atmospheric composition from space
should seek to exploit these new techniques as fully aslgessi
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