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Abstract. Measuring greenhouse gas (GHG) profiles with retrieved throughout the UTLS, while ozone is well retrieved
global coverage and high accuracy and vertical resolution irfrom about 10 km to 15 km upwards, since the ozone layer
the upper troposphere and lower stratosphere (UTLS) is keyesides in the lower stratosphere. The GHG retrieval errors
for improved monitoring of GHG concentrations in the free are generally smaller than 1% to 3%r.m.s., at a vertical res-
atmosphere. In this respect a new satellite mission conceptlution of about 1 km. The retrieved profiles also appear un-
adding an infrared-laser part to the already well studied mi-biased, which points to the climate benchmarking capabil-
crowave occultation technique exploits the joint propagationity of the LMIO method. This performance, found here for
of infrared-laser and microwave signals between Low Earthclear-air atmospheric conditions, is unprecedented for verti-
Orbit (LEO) satellites. This synergetic combination, referred cal profiling of GHGs in the free atmosphere and encourag-
to as LEO-LEO microwave and infrared-laser occultation ing for future LMIO implementation. Subsequent work will
(LMIO) method, enables to retrieve thermodynamic profilesexamine GHG retrievals in cloudy air, addressing retrieval
(pressure, temperature, humidity) and accurate altitude levelperformance when scanning through intermittent upper tro-
from the microwave signals and GHG profiles from the si- pospheric cloudiness.

multaneously measured infrared-laser signals. However, due
to the novelty of the LMIO method, a retrieval algorithm for
GHG profiling is not yet available. Here we introduce such
an algorithm for retrieving GHGs from LEO-LEO infrared-

laser occultation (LIO) data, applied as a second step after "The LEO-LEO microwave and infrared-laser occultation
trieving thermodynamic profiles from LEO-LEO microwave

occultation (LMO) data. We thoroughly describe the LIO bination of LEO-LEO microwave occultation (LMO) and

retr!eval algorithm and unveil the synergy W'th the I.‘MO' LEO-LEO infrared-laser occultation (LIO), as schematically
retrieved pressure, temperature, and altitude information. We

L Shown in Fig.1 and introduced in detail bi¢irchengast et al.
furthermore demonstrate the effective independence of th?20106) Schweitze(2010), andKirchengast and Schweitzer
GHG retrieval results from background (a priori) informa- ' ' 9

tion in discussing demonstration results from LMIO end-to- (2011).' This proposed inter-satellite act|ve_l|_mb sounding
end simulations for a representative set of GHG profiles in_techmque would enable the synergy of deriving thermody-
P P " namic variables, including pressure, temperature and hu-

cluding carbon dioxide (Cg&), water vapor (KHHO), methane - ;
(CHgy), and ozone (@). The GHGs except for ozone are well midity, .from LMO phgse and ampl_ltude data, apd at the
same time trace species concentrations and the line-of-sight

wind speed from LIO intensity data. The primary alti-
tude domain of the measurements is the upper troposphere

Correspondence tov. Proschek and lower stratosphere (UTLSy5km to 35km) where
BY (veronika.proschek@uni-graz.at) all main greenhouse gases (GHGs) except the synthetic
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1 Introduction

(LMIO) method is a thoroughly defined synergistic com-
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IR Laser Signals - LIO
LMO&LIO = LMIO

Fig. 1. Schematic view of the LEO-LEO microwave and infrared-laser occultation (LMIO) measurement geometry, as a combination of
LMO signals (MW, orange signal paths) and LIO signals (IR, red signal paths) which pass the vacuum as straight lines and are refracted by
the atmosphere. Characteristic MW and IR parameters defining this geometry are marked; see the te2 if@earther explanation.

chlorine-flourine-containing species can be retrieved, i.e., The LMO part of LMIO has substantial heritage from a
water vapor, carbon dioxide, methane, nitrous oxide, ozonerange of studies over the recent decaBerginski et al,
and carbon monoxide. 2002 2009 Herman et al. 2004 Kirchengast and Hoeg

As described byirchengast and Schweitz¢2011), the 2004 Gorbunov and Kirchengas2005 2007 and very re-
LMIO method can be considered as a next generation of theently a detailed LMO algorithm description and perfor-
well established and successful GNSS-LEO radio occultaimance analysis was provided Bghweitzer et al(20118.
tion (GRO) method\/are et al. 1996 Kursinski et al, 1997, This heritage work established well the expected perfor-
Steiner et al.2001;, Anthes et al.2008 Luntama et a|.2008 mance of LMO for accurate thermodynamic state profiling
Steiner et al.2009 Ho et al, 2009. LMIO and GRO share in the UTLS, which serves as the basis for the LIO-related
the occultation measurement principkh{nney and Ander- GHG profiling introduced here.
son 1968 Kirchengast2004 and the use of highly coher- e implemented the LIO retrieval as a complemen-
ent and stable inter-satellite signals, and therefore the potengry, subsequent part to the LMO retrieval 8Ehweitzer
tial of providing accurate, long-term, consistent benchmarket a|. (20110, completing the LMIO retrieval algorithm
data with high vertical resolution and global coverage. How-jntroduced in a brief overview form irKirchengast and
ever, while GRO uses decimeter-wave navigation signalsschweitzer(2011). We describe in this study the detailed
from the Global Positioning System GPS, and of other futuresteps of the algorithm, which can be applied for single
navigation satellites, LMIO will use specifically developed species (single-line trace species retrieval, SSR) or a set
centimeter- and millimeter-wave (LMO) and micrometer- of several trace species (multi-line trace species retrieval,
wave signals (LIO). These vastly expand the accessible atysR), and include a demonstration of its capabilities by end-
mospheric variables from the GRO focus on refractivity- to-end performance simulation results. The synergy between
related variables to the full suite of thermodynamic, compo-| MO and LIO is pointed out, since the LMO retrieval with
sition, and wind variables noted above (for more details segts thermodynamic profiles as output serves as a necessary
Kirchengast and Schweitze2011). provider of input information for the LIO retrieval. In ad-

dition, the effective independence from external (a priori)
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information and the high accuracy of the LIO retrieval re- scattering of solar radiation into the receiver are potentially
sults, i.e., of the GHG and isotope profiles, is emphasized. relevant. The effects from these background influences, ex-
The paper is structured as follows. We start with intro- cept for cloud extinction, are practically either negligibly
ducing the geometry, the main atmospheric effects relevansmall under most conditions or can be reduced to very small
to the retrieval algorithm, and the simulation and retrieval levels of residual error (typically 0.1 %) as discussed by
demonstration setup in Se@. This preparatory informa- other studiesEmde and ProscheR01Q Schweitzer201Q
tion is followed by a detailed LIO algorithm description in Kirchengast et a].2010a Schweitzer et a].20113. In the
Sect.3, describing the core elements and necessary systen-IO forward simulations of the received intensity signals for
atic update loops over the core. In Setthe demonstration this study we account for the main effects of attenuation,
results are discussed. Finally, Setpresents a summary namely target and foreign species absorption, and defocusing
and conclusions of the study. (plus for the small Rayleigh scattering loss since easily co-
modeled). Cloudy air and a suitable retrieval will be treated
in a separate study; a brief discussion of cloud influences, in-

2 Geometry and setup cluding limitations to tropospheric penetration of part of the
events especially in the tropics, is given Bghweitzer et al.
2.1 Geometry and atmospheric effects (20118. The other effects can be assumed negligible, or are

sufficiently corrected to the level of thermal noise that we in-
Figure 1 illustrates the LMO and LIO signal propagation clude. This is sufficient in the context here to demonstrate
paths, with all signals transmitted from one joint platform, the new retrieval algorithm.
LEOrx, and received at another joint platform, Lk©O Both To isolate the absorption due to the target GHG from the
LMO and LIO signals follow closely similar but not iden- absorption of foreign species and broadband atmospheric ef-
tical paths, i.e., the refraction becomes somewhat differentect, an adjacent pair of signals, one “absorption signal” (at
for the microwave (MW) and infrared (IR) signals, propor- the center of an absorption line of a target species) and one
tional to the amount of water vapor in the dlihayer 1974 “reference signal” (off-line of any trace species absorption) is
Bonsch and Potulskil998 Kirchengast and Schweitzer employed using a differential absorption principgkai(sinski
2011, Schweitzer et al.20113. The corresponding differ- et al, 2002 Gorbunov and Kirchengas2007 Kirchengast
ence in bending of MW and IR ray paths is practically neg- et al, 2010a Kirchengast and Schweitze&2011, Schweitzer
ligible above about 8km to 12km, a highly favorable prop- et al, 20113, which will be explained in detail in Sec8.
erty, and gradually increases downwards into the tropospherg the retrieval presented in Seckand4, the target species
(Schweitzer et al 20119, leading to a difference of the tan- H,0, CO,, CHy, O3, N0, and CO are specifically taken into
gent altitudes of about 0.5 km near 5km in moist conditionsaccount, with focus on the first four. But we note that the re-
(Kirchengast et a|20103. trieval algorithm itself is generically valid for any group of

Figurel highlights that this different bending of MW and LIO target species.

IR rays, despite generally being a very small effect, formally
leads to different bending angles\w, «ir) at any given 2.2 Simulation and retrieval demonstration setup
time during an occultation event and as well also to differ- . ] .
ent impact parameterayw, air) and radial distances from For the simulation of thg LMIO measurgments, Wh|ch we
the center of curvature to the tangent pointsw, 7ir), the produced for demonstratmg' the new rgtneval algorithm, we
latter implying as well different tangent point altitudes. The USed the End-to-End Generic Occultation Performance Sim-

radial distances from the center of curvature to the satellit¢/lation and Processing System (EGOPS5.5) and the eXperi-
platforms are given byry andrry, with 6 being the opening mental End-to-End Generic Occultation Performance Simu-
angle between the two satellite vectors. This geometric setufftion and Processing System (xEGOPSSHjtger et al,

of the LIO signal propagation on top of the LMO signal prop- 2009 2010Q. The EGOPS system development started

agation is, in addition to the LMO heritage summarized in for GRO end-to-end simulations more than a decade ago

the introduction, a key basis for formulating the LIO-related (Kirchengast1996 1998 Ramsauer and Kirchenga200Q
GHG profiling algorithm. Kirchengast et al.2002, was then extended to also enable

The influences of absorption by atmospheric trace speciesMO simulations Kirchengast et &|.2007 Fritzer et al,
and of other atmospheric processes on the carefully selecteg?09: and proved useful in a myriad of GRO and LMO-
quasi-monochromatic LIO signals are essential for the Lior€lated studies, including the recent study Bghweitzer
method. Besides the absorption of the target greenhouse ga&t &l (2011D. The complementary xEGOPS systeffnitzer

2010 was developed more recently and extends

also other influences due to the atmospheric background sucht @ ) . 2
as defocusing, foreign species absorption, Rayleigh scatEGOPS by LIO end-to-end simulation capabilities. We use
tering, aerosol extinction, cloud extinction, signal scintilla- EGOPS/XEGOPS here in the same way and logic for LMIO

tions from turbulence, Doppler shift of signal frequencies Simulations asSchweitzer et al(2011h used EGOPS for
due to line-of-sight winds, and Rayleigh as well as cloud MO simulations.
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We start with the Mission Analysis Planning (MAP), a isotope via isotopic fractional abundances followiRgth-
subsystem of EGOPS, to generate occultation events foman et al.(2005. The outdated FASCODE value for GO
a low-, mid- and high latitude region for 15 July 2007 (330ppmv up to about the mesopause) was updated to a
(an arbitrary example day). We used LEO satellites inmore recent value of 380 ppmv (see alsischengast and
sun-synchronous orbits, two transmitters and two counterSchweitzer 2017). The atmosphere is assumed to be free
rotating receivers, with the transmitters at an orbital heightfrom clouds and aerosols (cf. discussion in S2cl); hence
of 800 km and the receivers at 650 km, yielding about 230refraction, defocusing and GHG trace species absorption are
globally well distributed occultation events per day (samethe processes effectively contributing to the simulated LMO
as Schweitzer et al.2011. The MAP calculates occul- excess phase, LMO amplitude loss, and LIO intensity loss
tation event locations and related positions of the transmit-data (Rayleigh scattering loss is formally co-integrated along
ter and receiver satellites during the event. The occultatiorthe rays but is negligible). The vertical simulation range is set
events chosen for further forward modeling are a tropicalto cover altitudes between 3km and 80km. The frequency
(TRO, 1.3 N/55.6 W), a standard (STD, 38WNN/71.2 W) channels used for LMO are thoseS¢hweitzer et a(20119
and a sub-arctic winter event (SAW, 72%/13.7 E), to- (5 channels, 17.25GHz, 20.2 GHz, 22.6 GHz, 179 GHz and
gether allowing to span a representative range of atmospherit82 GHz), the LIO channels used folldBchweitzer(2010
conditions. andKirchengast and Schweitz2011) and are summarized

The Forward Modeling (FOM) subsystem of in Tablel.
EGOPS/XEGOPS uses the MAP results (satellite posi- The simulation of quasi-realistic observation system er-
tions and velocities) to simulate excess phase, amplitudeors is done with the EGOPS subsystem Observation Sys-
(LMO) and intensity (LIO) profiles as a function of time tem Modeling (OSM). Link budget computation account-
for each occultation event. For the simulation of realistic ing for transmitter power, free space loss, total atmospheric
ray paths a highly accurate geometric optical ray-tracingloss, and instrument-related losses are employed to model
algorithm is used at a sampling rate of 10 Fy\idergaard  amplitude and intensity profiles in absolute terms (in dBW)
1999. We assume spherical symmetry of the atmosphereand to model thermal noise for adequate signal-to-noise
about the occultation event location (to avoid including ratios at the receiver (67 dBHz C§Nor LMO amplitudes
representativeness errors; 8chweitzer et al.2011 and  at top-of-atmosphere, 34dBHz SNR for LIO intensities;
an ellipsoidal Earth shape (WGS84#uchs and Stoffel  cf. ?Schweitzer et al.2011h Kirchengast and Schweitzer
1984. The ray-tracing uses for the LMO channels the 2011). Residual linear drift errors over the occultation event,
microwave refractivity formula ofSmith and Weintraub reflecting expected short-term stability limitations of mea-
(1953 and for the LIO channels an accurate but simplified sured LMO and LIO amplitudes/intensities, are superim-
approximation of the visible/infrared refractivity formula posed as well; for LMO in the same way as $ghweitzer
by Bonsch and Potulskil998 (more details in SecB.3). et al. (2011Bh, for LIO according to the system requirement
Absorption by trace species is integrated along these ragpecifications irKirchengast et a2010g. Clock errors and
paths. The relevant absorption coefficients for the LMO precise-orbit-determination (POD) errors, affecting the LMO
channels are computed by an advanced version of Liebe'excess phase, and thermal noise on the phase are modeled in
Millimeter Wave Propagation Model MPM92.igbe et al, the same way as was done for GRO simulationsSShsiner
1993 Schweitzer et al.20111, those for the LIO channels and Kirchengas{2005 and adopted for LMO simulations
by the Reference Forward Model (RFMEdwards 1996 by Schweitzer et al(2011h. Errors in spectroscopic param-
Dudhig 2008, which uses the spectroscopic parameterseters are not considered in this study because, on the one
from the HITRAN2004 databas&¢6thman et a).2005. hand, they lead to essentially time-constant retrieval errors

The atmospheric model used is the Fast Atmospheric Sigenly with negligible effects on observing GHG variability
nature Code (FASCODE) model (in the form supplied on- and, on the other hand, their reduction is a separate matter of
line by FASCODE 2008, including the US standard at- spectroscopic laboratory worlKirchengast and Schweitzer
mosphere Anderson et a).1986. In line with the lati- (2011, section S2 therein, artdarrison et al(2011) discuss
tudes of occultation events selected above we use the tropicaihe requirements and needs for reducing spectroscopic errors
(TRO), standard (STD), and sub-arctic winter (SAW) atmo- to within ~0.1 % in detail.
spheres (the STD atmosphere for the example cases illustrat- In order to finally provide the retrieved thermodynamic
ing the algorithm steps in Sect8.4 and 3.5, all three at-  variables from LMO based on the simulated signals from
mospheres for the demonstration results in Séct.Each  the OSM subtool, we use the retrieval algorithm described
FASCODE atmosphere comprises profiles of the thermo-by Schweitzer et al(2011h, which is implemented in the

dynamic variables, namely pressurg),(temperature 1), Occultation Processing System (OPS) subsystem of EGOPS.
and humidity §), as well as the concentration profiles of As Schweitzer et al(20110 conclude, the LMO-retrieved
all needed trace specieX € {N,O, CHy, 1°CO,, 13C0O,,  thermodynamic profiles are essentially unbiased and achieve

C'®00, H,0, HDO, HO, CO, @}), where the concentra- r.m.s. errors of<0.2% for the pressure<0.5K for the
tions of the secondary isotopes are estimated from the maitemperature ane 10 % for the specific humidity; the related
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Table 1. Trace species retrieval order, associated absorption and reference wavenumbers, and their frequency spacing.

Retrieval Target species Absorption Reference (Abs-Ref)/Ref
order [valid rangé wavenumber wavenumber  freq. spacing
cm1 cm1 %
1 No,O 4710.340810 4731.03 —0.4373
2 CHy 4344.163500 4322.93 +0.4912
3 13co, 4723.414953 4731.03 —0.1610
4 cl8oo 4767.041369 4770.15 —0.0652
5 HoO(1) [13—-48km  4204.840290 4227.07 —0.5259
6 H,O(2)[8-25km  4775.802970 4770.15 +0.1185
7 H,O(3)[5-10km  4747.054840 4731.03 +0.3387
8 HoO(4) [4—8 kmy 4733.045010 4731.03 +0.0426
9 12co, 4771.621441 4770.15 +0.0308
10 HDO 4237.016320 4227.07 +0.2353
11 H;80 4090.871800 4098.56 —0.1876
12 co 4248.317600 4227.07 +0.5027
13 Os 4029.109610 4037.21 —0.2006

altitude levels are determined to within 10 m accuracy. LMO excess phase and amplitudes is describesdiyveitzer et al.
is thus evidently very suitable to provide the needed thermo{2011H. The required variables of the LMO retrieval for
dynamic state and altitude information to the LIO retrieval. the LIO retrieval are pressurg) and temperature7() on

The LIO retrieval is then performed applying the OPS parta given grid £), plus the MW impact parameter grid of the
of XEGOPS. It needs an array of initial/background GHG MW occultation rays that is associated with the original time
profiles as input. The latitude-dependent FASCODE GHGgrid of the transmitter and receiver positions. Since it is co-
profiles are used for this purpose when demonstrating thevailable, we also formally use the humidity) (n comput-
single core steps of the SSR process in S&et.and for  ing the IR refractivity but because its contribution is practi-
the demonstration results in Sedt. The array is, for test cally negligible at UTLS altitudes in the IR domaiBdnsch
purposes, also set to zero initial values for the GHG speciesnd Potulski 1998 Schweitzer 2010 it could as well be
H20, COp, CHg and G in the MSR process. This latter set- disregarded.
ting will demonstrate the importance of the order in which  The right red-bordered part of Fig.illustrates the flow
the trace species are retrieved, as discussed in B8ct. and inner-dependencies of the LIO SSR parameters. The
direct LIO-observed input parameters are the received LIO
intensity signals on the time grid shared with LMO signals
and the transmitter and receiver positions. This input is com-
plemented by first guess (initial/background) GHG profiles
(bright green) used for convenience on thgrid shared with
p, T, andg from LMO. From the MW impact parameter,
combined with the thermodynamic variables, the “refractive”
IR quantities are calculated (grey boxes), i.e., those quan-
tities that are directly retrievable in the MW domain from
éhe phase measurements but not from the IR intensity-only

3 Retrieval algorithm

In this section we discuss in detail the LIO retrieval algo-
rithm, methodically supported by quasi-realistic end-to-end
simulations. The main goal is to clearly describe the re-
trieval steps and processing flow and to show the utility of the
combined LMO and LIO observations. We show the effec-
tive independence of the LMIO retrieval results from exter-
nal/background/first guess information and demonstrate th

high accuracy of the GHG profiles. measuremen.ts. i . . ,
Based on first preparing an auxiliary MW altitude grid as
3.1 Algorithm overview and context a function of time from the LMO input, these quantities in-

clude the IR refractivity Bonsch and Potulskil998, fol-

The retrieval flow of the LMO to the LIO variables is illus- lowed by the IR impact parameter (cf. Bouguer’s rule in
trated in Fig.2, which visually emphasizes the synergy of Born and Wolf 1964), the IR bending angle as auxiliary pro-
LMO and LIO in the combined LMIO method. file (using the Abel transform, e.gFjeldbo and Eshleman

In the left orange-bordered part of the scheme in Eithe 1965 Fjeldbo et al. 1971 and the IR tangent point alti-
LMO retrieval input (bright green), main calculation steps tude. These parameters are necessary to tie the LIO intensity
(orange) and final outputs (dark green) are shown. The designals measured as a function of time to their associated IR
tailed algorithm to derive the output variables from the LMO altitude levels (recall from Figl that the propagation path
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Fig. 2. Schematic overview of the LMIO retrieval processing system as implemented in the EGOPS/XEGOPS software, with its LMO (left,
framed in orange) and LIO (right, framed in red) retrieval parts; see the text inSgfar further explanation.

differences between MW and IR occultation rays are essen3.2 Algorithm dynamic structure and flow

tially negligible in the stratosphere but need to be accounted

for in the upper troposphere where humidity increases downWhile we focused above on an overview of the SSR core
wards, in order to ensure accurate retrievals within 20 m alti-process of the LIO retrieval we focus in this subsection on
tude geolocation accuracy down to 5 km). an overview of the dynamic structure of the LIO algorithm

After the preparatory calculations of the “refractive” quan- before we then proceed to explain it step by step. Overall
tities, the core steps (red symbols in FB). of the SSR  the LIO algorithm is a sequential order of retrieval calcula-
process are performed. First, a correction for defocusingion steps and two nested loops over the core retrieval algo-
loss is performed (an option not strictly needed if proceed-fithm as illustrated in Fig3. The input parameters are the
ing with differential transmissions) and the differential trans- retrieved LMO profiles, the LIO intensities and a set of ini-
mission is calculated from a pair of the LIO intensity pro- tial/lbackground GHG profiles as discussed above.
files comprising one absorption and its corresponding refer- The first step in the LIO retrieval flow is to prepare the
ence channel (Tabl& Schweitzer 201Q Kirchengast and “refractive” quantities, where we then need IR refractiv-
Schweitzer 2011), and the result allocated to the IR alti- ity, IR impact parameter, and IR altitude profiles (details in
tude grid. Subsequently, the differential transmission andSect.3.3). The core part of the retrieval is then the SSR pro-
the modeled species transmissions, which are derived by entess (details in Sec8.4), which estimates the GHG/isotope
ploying the RFM Edwards 1996 Dudhig 2008 based on  profiles starting from the LIO intensity signals attributed to
the initial/background GHG profiles, are used to isolate thethe IR impact parameter and IR altitude grid. This SSR core
target species transmission of the absorption channel. Thipart is included in two nested loops, namely an inner MSR
target species transmission is the pure transmission due tgnulti-species retrieval) and an outer BUC (basic-update-
a single GHG (e.g.1>C0,), with effectively negligble in-  control) loop.
fluence of foreign species. The target species transmission The inner MSR loop, an envelope process over the SSR
is then used, together with the IR impact parameter and thgrocess (details in SecB.5), performs a carefully defined
IR refractivity, to retrieve the target species absorption co-consecutive order of single species retrievals. After every
efficient on the IR altitude grid by use of the “absorptive” single inner loop step, the initial/lbackground GHG profiles
Abel transform Kursinski et al, 2002 Schweitzer et al.  are updated with the output from the SSR. This results in
2011h. Finally, the GHG/isotope volume mixing ratio pro- a step-wise improved set of GHG profiles. The order in
file is derived from the target species absorption coefficientwhich the species are retrieved is important; first the most
and a modeled absorption cross section of the target speciésdependent species is retrieved (meaning the species which
for which we employ RFM based on the initial/background is derived from a channel pair which includes the small-
target species profile and theand T profiles from LMO;  est amount of foreign species absorption), followed by the
likewise it could also be the mole fraction profile. Optionally, other ones which are gradually more and more dependent on
also the absolute concentrations of GHGs/isotopes could bthe target species already retrieved before. These are avail-
computed as needed. able to the later profiles as background profiles that have
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GHGlisotope profiles, as schematically shown in BigWe
note that the control run results in practice (in our end-to-end
simulations) turn out to negligibly differ from the update run
result. Thus in case of real LMIO data it likely will serve just
as a quality control whether any problem with convergence
has occurred at any altitude level with any GHG.

3.3 Computation of IR refractivity, impact parameter,
and altitude

From the LIO measurements we do not get any information
on the tangent point altitude of each ray as this measurement
information only comprises the received IR-laser intensities
in dBW as a function of time. Also, related to this, we have
no information about the thermodynamic conditiops T,
q) affecting the LIO signal at this altitude. Therefore, since
the LIO retrieval requires refractivity, impact parameter and
altitude information for the IR occultation rays (cf. FB), a
first algorithm step is necessary to calculate these IR param-
eters on the basis of the MW parameters. For this algorithm
step we proceed as follows.

First, from the MW impact parameter grid as a function
of time#;, amw (7;), the according MW altitude grid; (7;)
is calculated via an iterative process (iteration inflexThe
starting profile of the MW altitudes j x—o(;), is derived by
using the MW impact height for the purpose, i.e., we sub-
tract the Earth’s local radius of curvatuRe from the MW
impact parametet;; x—o(z;) = amw (;) — Rc (Rc is avail-
able as part of standard auxiliary output parameters from the
LMO retrieval). At each iteration the MW refractive index
nmw (z),¢) at any MW altitude levet ; « (¢;) is obtained by
log-linear interpolation from the known MW refractive index
profile. It is calculated based on the formula $snith and
Weintraub(1953 using p, T, ¢ from LMO. Bouguer’s rule

Fig. 3. Overview of the dynamic structure and flow of the LIO  of the relation of impact parameters to the radial distance of
retrieval algorithm, highlighting its preparatory part, establishing rays from the curvature centeBgrn and Wolf 1964) is then

IR refractivity, impact parameter, and altitude profiles (grey box),
its core part, the single-line trace species retrieval SSR (red box)
and its dynamical part of envelope loops over the SSR, consistin
of the multi-line trace species retrieval (MSR) loop and the basic-
update-control run (BUC) loop, respectively (gradient-red boxes);Z;,k+1 (lj) =

see the text in SecB.2for further explanation.

used to calculate an updated MW altituglg+1(z;) in the
orm

amw (1))
naw (2. (7))

where the iteration is accepted converged and stopped
when the change of the MW altitude per iteration step,

— Rc, 1)

already superseded the initial profiles in the array of ini-|z; «y1(t;) —z;k(¢;)|, becomes<0.1 m. The iteration algo-
tial/background GHG profiles. Additionally, in this MSR rithm is robust and fast and convergence is reached within a
loop suitable single-line trace species outputs are combinedsingle or very few iterations.
i.e., 12C0O, and3CO,, as well as HO(X) with X ={1, 2, 3, The IR refractivity, impact parameter, and altitude com-
4}, which further improves the initial/lbackground GHG pro- putation now can use this MW altitude level as a function
files for CQ, and HO for the next inner loop step. of time z;(¢;) in a form strictly consistent with the retrieved
The outer BUC loop comprises Basic-Update-Control runsMW impact parameters ang, 7, g from LMO. Note that in
and is an envelope loop over the SSR and MSR processgwinciple one might use the retrieved MW altitude from LMO
(details in Sect3.6). This loop performs two iterations of directly. Dependent on algorithmic implementation of LMO
the basic GHG/isotope profiles retrieval of the first com- retrieval this may not be directly related to the time grid of
pleted MSR loop. The converged retrieval results after thethe occultation rays, however, while the impact parameters
BUC control run are then used as final best estimate of theare formally related based on geometric-optical formulation
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of ray paths. Furthermore, the LIO computations will base The IR impact parameter; is subsequently, again using
the IR refractivity computation op, T, ¢, so that the same Bouguer’s rule Born and Wolf 1964), computed as

way of using the information is advisable also for MW re-

fractivity. This will ensure strict consistency of final differ- 4j = a(zj) = n(z;) r(z;) = n(z;) (z; + Re), (4)
ences of MW and IR altitudes despite the small extra errorg, vare s
that have been incurred when retrievipg T, ¢ from MW
refractivity. Therefore a preparation of(¢;) as introduced
here is better than a direct use of MW altitudes, even if the
latter are kept related to the original time grid in the LMO
retrieval (as we currently also do in the EGOPS LMO re-
trieval; Schweitzer et al2011h. In principle also a different

(zj)=rj=zj +Rc is the radial distance from the
Earth’s curvature center at the mean tangent point location
of the occultation event.

Based on the ;, r;, anda; profiles, the IR bending angle
profilea(aj) corresponding to the; grid is then computed

altitude grid than the MW grid used here could be employed o 1 d I (2)
as starting point but this one was found clearly most suitablex(a;) = 2a(z;) —— - g 9 )
for a reliable and fast subsequent derivation of the IR impact r(z;) \/" @) r2(2) = a®(z)

parameter and altitude grid. o . )
Since we use the indekfor the MW altitude at times; which is the classical Abel transform for converting refrac-

and later the indexfor the IR level at the same times=7;,, U@ index to bending angleF{eldbo and Eshlemari965

the MW altitude notation is used in the simplified foun Fjeldbo etal.1971). For computing it, we employ a standard
hereafter. We can now compute the IR refractivity, impact "Umerical implementation of this Abel integral in EGOPS
parameter, and bending angle at thegrid. We formulate (settingriop to 80 km, leaving negligible residual error at the

the IR refractivity (in N-units) based ddbnsch and Potulski  altitudes of interest up to 40 krteiner et al.1999.
(1999 as With the IR refractive index, impact parameter, and bend-

ing angle profiles available at the MW altitude geg(z;),
c2 c3 p(z;) we can now compute the impact parameter grid of the IR
NG) = (Cl - di— 5 * dy — A12> T (z)) —ae) (@) occultation raysg; (t; =t¢;). We do this by exploiting the
unigue geometrical relation which the bending angle and im-
where the constants ate =23.7104KhPal, c;=6839.34  pact parameter have to fulfill for representing a valid occulta-
KhPal, c3=45.473KhPal, d1=130.0,d>=38.9, and tion ray at any joint LIO and LMO measurement time= 7
£1=0.038hPa’. ) is the wavelength of the IR-laser sig- between the corresponding joint LIO and LMO transmitter
nals in units um, for our LIO signals in the range of 2 um to and receiver positions;ry; =rrx,j and rrx; =rrx j. This
2.5um, p the pressure in hP4d, the temperature in K, anel  geometrical relation read#/elbourne et al.1994 Synder-
the water vapor partial pressure in hPa. This refractivity ex-gaard 1999 Kirchengast et a) 2006
pression at the; grid is computed after first interpolating
T.q from th(_elr native LMO grlq to the ; grid. Equation 2)  aglan) = 6; — arccos(a(zz)) _ arccos<a(Z')>, ©)
is a streamlined single-equation form of the more sophisti- rTX,i TRx,i
cated empirical formulation dBonsch and Potulskil998.
It follows very closely theBonsch and Potulskil998 for-
mulation (at» > 0.5 um) and can be considered an improved
version of the classical very similar optical refractivity for-
mula developed b¥dlen (1966. Different from the Smith-
Weintraub formula of microwave refractivity used in LMO
(Schweitzer et a).20118, the water vapor term in this opti-
cal refractivity formula is essentially negligible because the

whereag(a;) anda(z;) denote the desired point on the (in-
terpolated) IR bending angle profiée(a;) (Eq. 5) that rep-
resents the IR occultation ray. The angeis the opening
angle between the transmitter and the receiver at tirteee
Fig. 1). Since this is no explicit formulation, we must find
the desired point iteratively for which we also use the (ana-
lytically available) derivative of Eq.6), aé(ai), which reads

frequencies are much too high for the permanent dipole mo- N dag( ) 1 N 1
ments of the water vapor molecules to contribute an orienta”@"“’ = "6z “’ = 1 (m))z 1 (a(z,))z.
tion polarization term (the “wet term” in the microwave for- e i TRe TRxi

mula; e.g.Kursinski et al, 1997). The difference of the MW
refractivity and the IR refractivity is illustrated over the range
2 um to 3 um bySchweitzer et al(20113. Based onV (z;),
the IR refractive index ; (dimensionless) is

We use an implementation of Newton’s method for the it-
eration process (iteration indéy, searching for the desired
impact parametes; by updating the bending angle differ-
ence ofag(a;) (EQ. 6) anda (a;) (interpolated from EQS5),

nj = n(Zj) — 1410 N(Zj), @) anq the subsequeqtly est'lmated |mpqct parameter dlffe_rence,
until convergence is achieved. In this process according to
which is used in the further calculations. the update rules given below,(q;) is log-linearly interpo-

lated from the profilex(a;) and the derivative/g(ai) sup-
ports the impact parameter difference estimate and provides
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the direction of the iterative difference minimization process. trace specie$?CO, (Fig. 4) and HO(2) (Fig.5); for a full
As initial value for any timer; =¢; we use the MW impact list of single-line trace species see Tabl@or details on the
parametera,—o = a(z;) = aj, which is a good initial guess related LMIO mission design sd&rchengast et a].2010a
since the IR and MW ray path differencgs-a; andz; —z; Schweitzer201Q Kirchengast and Schweitze2017).

are small. The update rules for the iteration are given by _ _
3.4.1 Defocusing correction

Aagy1 = aglag) — a(ax) 8)
The starting point are the raw, quasi-realistically simulated
2 9) LIO signal power profiles in dBW reaching the receiver de-
n(z;) eglar) tectors, as shown in Figda and5a. These panels show the
(10) s_ignal power prqfiles as a function of time for the absorp-
tion channel (solid green line) and for the reference channel
In Eq. ), the altitude-dependent relaxation fac{p(lzj) (dashed-dotted red line). The atmospheric settings are de-
ensures robust convergence despite the iteration problem #ned in Sect2.2 In practice, power normalized to a refer-
one-sided convergent for the larger MW and IR ray separa€nce power valueP in WW1, is then used. For real data
tions into the troposphere (un-relaxed iteration can lead tdhe reference generally is the noise-equivalent power of the
convergence to a spurious oscillating bi-stable solution, bedetection system3chweitzer et a).20119, leading to the
yond the first bifurcation in the state space of the given itera-Signal-to-noise ratio, and for simulated data in EGOPS we

1 Aot

Aagy1 =

ag+1 = ax — Adgya.

tion problem). We formulateg (Zj) as use the power value at the top-altitude level. From the previ-
( e) ous preparatory step (cf. Sedt3) we can allocate to every
. 3 Zj — Zbas power valueP (7;) an IR impact parametes; and IR altitude
1(zj) = nop (1 TS exp [‘W]) 11) z;, respectively.

o . i ) . The defocusing correction clears the signal powers from
where the minimum relaxation factor at high altitudes i the influence of spherical signal spreading and differential
set to 2, the base altitudgaseto Skm and the atmospheric penging, which reduces the signal power increasingly from
scale heightHam to 7 km. This provides robust and at the top to bottom by up to a maximum defocusing loss of near
same time still fast convergence within a few iterations. Theg 4B at 5 km (cf.Schweitzer et a).20113. The “bump” on
iteration is_ accepted converged qnd stppped when the changge power profiles visible within 5 to 7's in Figka andsa
of the IR impact parameter per iteration st¢fiai11], be- s a feature of the defocusing around the tropopause height,
comes<0.1m. Based on GRO and LMO experience with gye to the sharp change of the vertical gradient of the re-
bending angle and impact parameter retrieval, an additiongfactive index there. The defocusing correction is based on
criterion back-checks the impact parameter solution for Velequations developed hiensen et al2003. A detailed al-
tical monotony (i.e., next downward ray needs to always haveyorithmic description of the defocusing correction for LMO,
an impact parameter lower than the previous ray). The proynich we identically use in the LIO retrieval, is given by
cessing is terminated at the altitude level where the monotonypweitzer et al(2011h who also address its limitations in
is first violated if that occurs before the bottom of thegrid.  non-spherically symmetric atmospheres; residual effects of
This safeguards from potential errors in the LMO-retrieved porizontal gradients only cancel in differential transmissions
input data at lowest tropospheric altitude levels. between neighbor frequencies as formed in Sget.2 be-

The final converged valueg . ; at all measurementtimes |5 As top-of-atmosphere (TOA) reference power, needed
1; =t; of the occultation event provide the resultiaglevels i, the algorithm, we use the measured LIO signal powers at
of IR impact altitudes. We can now log-linearly interpolate 5, aititude of 65 km with an averaging interval of 4km. At
the IR refractive index from the; grid corresponding to the  these high altitude levels negligible absorption takes place at
z; grid (Egs.3 and4) to thisa; grid, yielding the resulting  the channel frequencies selected so that we have essentially
IR refractive index profile:(a;). Using Bouguer's rule again - nity transmission and otherwise only noise contributions. In
(@s in Eq.1), we finally also obtain the resulting grid of  the | MO retrieval Gchweitzer et aJ2011b, the defocusing
IR altitudes. All subsequent LIO retrieval steps can thus now|sss js applied to amplitudes but it is equally valid for powers
use together with the grid also its associated or z; grids.  (with dB-conversion factor of 10 instead of 20). For LIO the
corrected power profiles in dB, applying a defocusing correc-
tion term (f’dc(ai)) analogously t&schweitzer et al2011b,
are given by

3.4 Single-line trace species retrieval (SSR)

The SSR algorithm is the core of the LIO trace species re
trieval. In this step, one apsorption-refergnce channel pair PfZ'(ai) — _10 [Iog (ﬁ (ai)> - |Og(ﬁdc(ai)):|- (12)
measured LIO intensities is used to derive one trace species

profile (cf. Figs.2 and3, red boxes). The detailed steps are  The resulting transmission profiles for absorption and ref-
explained in the following sections, accompanied by illus- erence channel after the defocusing correction are illustrated
tration of the steps. Example results are illustrated for thein Figs.4b and5b. We note that the defocusing correction
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Fig. 4. lllustration of the single-line trace species retrieval (SSR) algorithm for the single-line sﬁéﬁ]@. (a) LIO input profiles,
simulated signal powers for tH’@COZ absorption (green solid line) and reference (red dashed-dotted line) channel as a function of time.
(b) Transmission profiles for the two channels after defocusing and spreading correction and allocation to the IR altitgde’d6m,
absorption loss profile after absorption-reference channel differencing and correction for all background (aﬂe%%éloz absorption
coefficient profile after Abel transform retrievale) Retrieved (blue solid) and true (black dashed—dott’e’d)Oz volume mixing ratio

(VMR) profile. (f) 12C0O, VMR retrieval error profile (retrieved-minus-true relative to true). The horizontal and vertical dotted/dashed
lines — especially used in panél — indicate the target/threshold observational requirements for altitude domain and accuracy for the LMIO
mission conceptl@arsen et aJ.2009 Kirchengast et a|20103.

is not necessarily needed if differential transmission is useddifferential transmissions can generally not be used when tar-
such as we will use here for the GHG profiling. This ap- geting information such as aerosol extinction, scintillation
plies because the very closely spaced LIO absorption and refstrength, or cloud layering profiles. These require the use
erence channel frequencies experience the same defocusif single-channel transmissions directly and in those cases
and beam spreading, which is thus automatically correctedhe defocusing correction will thus be needed.

for simply by the use of differential transmissions. However,
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Fig. 5. lllustration of the single-line trace species retrieval (SSR) algorithm for the single-line spec¥2)HThe layout is the same as in
Fig. 4; see that caption for explanation.

3.4.2 Target species transmission retrieval Rayleigh scattering and absorption due to foreign species.
The output will be the pure transmission profile due to the

The starting point for the target species transmission reiarget species only.

trieval are the transmissions of a channel pair consisting of

an absorption and a reference channel (either raw transmig=orrection for broadband atmospheric effects

sions or defocusing-corrected transmission as explained in

Sect.3.4.7). Such transmissions can be seen in Bly for Since the transmissions of the absorption-channel signal
the retrieval of2CO, and in Fig.5b for the retrieval of  Taps(a;) and the reference-channel sigrifes(a;), both
H20(2), respectively. In this section we discuss how thesegiven in dB, experience very similar broadband atmospheric
transmission profiles are corrected from further atmospheridgnfluences (in air without clouds especially scintillation,
influences, such as scintillation noise, aerosol extinction,aerosol extinction, broadband/continuum absorption, and
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Rayleigh scattering; cEchweitzer et a]2011a Schweitzer Tgt(ai) = Tgt(zi) = AT (zi) — ATpgr(zi), (15)

2010, a simple difference of the two channel transmission

profiles eliminates these influences to a high degree where the resulting target species transmission profile (in
units dB) can again be alternatively used atdhgrid, which

AT (zi) = AT (ai) = Taps(ai) — Tref(ai). (13)  is needed for the next step of absorption coefficient retrieval.

The magnitude offiy(z;), the target species absorption

. . ) ; D loss profile, is illustrated for th&2CO, and HO(2) chan-
grid (applicable interchangeably with thegrid) is corrected nels in Figs.4c and5c, respectively. The pD(2) absorp-

for potentially remaining absorption effects from absorptlontion loss exceeds the upper bound of favorable dynamic

lines of for(_algn species th_at are not broad and overlap therange (0.25dBx | Tiq(z)| < 13dB, corresponding to about
target species absorption line.

5% to 95 % absorptiorKirchengast and Schweitze2011;
Schweitzer et al.20113 at altitudes below about 8.5 km.
This indicates why for HO, with its very high dynamic range

As the absorption and/or reference signal have, deOf concentrations over the UTLS, several single-line species
Spite a careful channel selection proce&ﬁfc(hengast and are needed to properly cover the full UTLS. The absorption
Schweitzer 2011), some small but non-negligible sensitiv- 10ss fort2CO;, is within the favorable dynamic range from
ity to line absorption by foreign specieSc¢hweitzey 201Q top to bottom over the UTLS, reaching about 10dB at an al-
Schweitzer et a).20113, these residual foreign species ab- titude of 5km. Typical sizes of the target species and foreign
sorptions need to be eliminated as well. Their influence isSpecies transmissions of all other GHG species according to
modeled by use of the initial/lbackground GHG trace speciesiable 1 are found inSchweitzer et al(20113 for a set of
profiles. Specifically, the absorption channel needs to be cortepresentative atmospheric conditions.

rected for the absorption of all foreign species, the reference ) o .

channel for the absorption of all foreign species plus the tar3-4-3 Absorption coefficient retrieval

get species (the latter being in the reference channel, Wherx|=_he next important step is the retrieval of the (volume) ab-
absorption ideally should be truely zero, also a type of for-

: . R _sorption coefficienk (z;) in units nT 1 from the target species
eign species; the_refore we use her«_a the simplified generic _ cmission profilelig(a;). For this purpose we employ
te_rmmolog_y foreign Species correction’). The set of fqr- the same absorptive Abel transform as used and described in
€ign species accouqted for is composed of the IOOt(_:"f]t"a"ydetail by Schweitzer et al(2011h for the LMO absorption
rel_evant foragngpeme{%:X\{Tgrget Targete X}}whgere coefficient retrieval. This type of Abel transform leads to
X ={N20, CHy, 12C0O,, 3C0;, C*800, H,0, HDO, H0,

CO, Os}; all others are negligible at the selected LIO channel n0|s_,_einampl|f|cat|ohn by about.a factorl of 2 tc; 2$)(|ev? and
frequencies. Kyrola, 2004. The absorptive Abel transform implemen-

The transmissions for the foreign species were calculate(‘flatlon in EGOPS is very robust, however, and designed to

in the XEGOPS system with the Reference Forward Model "mimize th|§ noise amphﬁcatlonS(ghwenze_r (_at "’”201?5-
: ) The resulting example absorption coefficient profiles for
(RFM) (Edwards 1996 Dudhig 2008, using the spec- 1, P
. CO, and HO(2) are shown in FigsAd and5d, respec-
troscopic parameters from HITRAN200&gthman et a). . : -
. . . . tively. It is seen, best visible for th#CO, case, that the
2005 and user-supplied atmospheric profiles (see RFM in- " ~°" . . :
L . noise increases from the absorption loss profile to the ab-
troduction in Sect2.2). Here we supply RFM with the LMO . - ' : e )
. . ) sorption coefficient profile due to the noise amplification dis-
profilesp, T and the initial/background GHG profiles to ob- e .
. ) - cyssed above. Future more special filtering may slightly re-
tain the ensemble of modeled species transmissions neede . . ) : : o)
. . uce this noise further; regarding resolution the filtering is
(see Fig2). For the absorption channel we use the ensemble : . : .
. i currently set to yield a high vertical resolution of about 1 km
{M} for computing the background transmissifys hgr(z;) : . .
) . Schweitzer et al20111. In terms of absorption coefficient
from the foreign species, for the reference channel we us : . .
; magnitudes, profiles are useful for subsequent atmosperic
the ensemble of all speci¢} to compute the background rofiles retrieval with high accuracy (1% level) within an
transmissiorretngr(z;). The difference of these two mod- P 9 Y 0

- . : . . absorption coefficient range of about ¥on—1to 10°>m~1
eled background transmission profiles yields the differential . ; .
. . : . as also discussed chweitzer et al(2011. Consistent
background transmission profile from the foreign species

ATour(z1), given b with the respective behavior of the absorption loss profile,
br(zi) @ y the 12CO, absorption coefficient profile fully fits this range
ATpgr(zi) = Tabsbgr(zi) — TRetbgr(Zi)- (14) while the HO(2) one begins to exceed it near 8 km and other

H>0 channels will have to complement it in the lowest part
The pure target species transmission in the absorptioRf the UTLS towards 5 km.

channel7ig(z;), can thus be obtained by subtracting the dif-
ferential background transmission profilépg(z;) (EQ. 14)
from the differential transmission profil®7 (z;) (Eq. 13),

This differential transmission profila7 (z;) in dB at thez;

Correction for foreign species absorption
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3.4.4 Atmospheric profiles retrieval The set is needed in the SSR for the foreign species cor-
rection (Sect.3.4.2 within the target species transmission

The last step of the SSR process is the retrieval of atmoretrieval and for the molar absorption cross section calcu-

spheric profiles, in particular of the volume mixing ratio |ation (Sect.3.4.4 within the atmospheric VMR profile re-

(VMR) profile of the GHG or minor isotope target species, trieval. Additionally, the composite VMR profiles of GO

x (zi) in units ppmy, from the absorption coefficient profile and HO are improved at each step of the MSR loop by com-

k (z;) in units L. In addition (see Fig2) we need amod-  pining adequate retrieved single-line species profiles (details
eled molar absorption cross section of the target specigs in Sect.3.5.2.

(units m? mol~1). This is computed again with RFM, based
on the initial/background target species profile (units ppmv)3.5.1 Trace species retrieval order
and thep (units Pa) and’ (units K) profiles from LMO in-

terpolated to the; grid. Generally, the SSR process requires the VMR profiles of
With these input profiles, the VMR profilg (z;) is then  the main atmospheric absorbers to be able to compute the
calculated as contribution of foreign species absorption to the transmis-
) T (zi sion of the absorption and reference channels (as explained
x (i) = 108 pr <0 TGO (16) ’ e

in Sect.3.4.2. At the very start of the MSR process (at the
start of the basic run of the outer loop), the array of retrieved
trace species profiles of the relevant atmospheric absorbers
(which are BO, CQp, CHy4, N2O, O3, CO for our channels)

€@z) pai)’
whereR* = 8.3145 J/(K mol) is the universal molar gas con-
stant and the factor $0s the conversion factor from dimen-

S|onless_ fraction to.ppmv (e.galby, 1999. We note that is set to initial values, which might be a priori VMR pro-
alternatively or additionally we also could compute the tar- . .
files from an atmospheric model or even just zero. In the

Ssltustgei:%re;zgr%/r:tliror:Olliek;acnrz?e?;lg(::‘(t)?esct)arlrﬁe;Spltiagz!\(teif)r?s_IO retrieval these initial/background GHG profiles (cf. LIO
’ yp bp auxiliary input in Fig.2) are either taken from a FASCODE

in case of real data. In this end-to-end simulation frame- . . . :
. . o atmosphere that is somewhat adjacent in atmospheric con-
work we can refrain from computing these additional pro- ... - .
. . g . _ditions to the FASCODE atmosphere used as “true” one in
files, however, since the VMR profile is well representative ; L
. . . . the forward modeling (e.g., standard atmosphere as initial if
and convertible with the help of the thermodynamic profiles L . N
to any other representation tropical is the “true”), or set to zero for test purposes.
e resuling exemple VR prfies 000, and M 18 3L 590 S, e cbans e YR ot o
H>0(2) are shown in Figsle and5e, and the relative VMR N - _ )
20(2) g ’ The respective initial/background GHG profile is then up-

error s displayed in Figs#f and 5, respectively. It can be dated by this retrieved one. All other species remain at the
that?CO;, is retrieved to high than®. . A
seen that“Co, is retrieved to higher accuracy thar initial values. In this spirit the MSR proceeds to perform a

The relative error of C@ looked at as a standard deviation, full chain of SSR tively retrieving the t ¢ .
is within 2 % over the ULTS due to the good absorption sig- rulf chain o S, CoNsecutively retrieving the target species
in a sensible order, and after each SSR step the set of ini-

nal at all altitudes (Figdc and d). The HO(2) is more ata . . .
standard deviation near 3 %, and beyond above about 32 kn’i"f’“/ backgro_und GHG profiles gets |mp_roved by a new re-
tfieved profile. Hence, the foreign species correction for the

since the absorption signal (Fifc and d) is less favorably absorption and reference channel in the SSR (cf. SetD)

distributed over the UTLS. . - '
Generally these single-line example retrievals appear ungetS improved every step as more and_ more initial profiles
are superseded by actual retrieved profiles. Thus overall the

biased and at fairly high accuracy, within the target obser- _ .
vational requirements (marked on the panels) that were sel}/ISR is an envelope process over the SSR, which after a

by scientific objectives of atmosphere and climate researcl‘i:ormjlete first MSR _Ioop (compk_et.e basic run) has entirely
planned to be supported by LMIO dataagsen et al.2009 superseded the original set of initial/background GHG pro-

Kirchengast et al.20103. More details on the performance I'A.es ft_)y treftrlllevetd p;roﬁtle_s. EO\I/en n]:_':he |nt|albv alues wter;: ferl;) '
are discussed in the sections below. is first full set of retrieved profiles can be expected to be

very accurate already since the foreign species interference
3.5 Multi-line trace species retrieval (MSR) is very small thanks to the careful selection of the LIO chan-

nels Kirchengast and Schweitze2011, Schweitzer et al.
This section discusses the inner loop of the LIO retrieval,20113.
called multi-line trace species retrieval (MSR) (cf. F&). To ensure such accurate retrieval results, it is key to em-
This MSR loop handles the consecutive retrieval of the mul-ploy a well defined sequence in which the VMR profiles of
tiple species. Its purpose is to ensure that the set of tracéhe single gases are retrieved by the SSR process. Since the
species is retrieved in a well defined order and to update thehannels used for retrieving the species have different sen-
set of the initial/lbackground GHG profiles so that the SSRsitivity to foreign species absorption, those gases need to be
core process finds this set improved by a new retrieved profetrieved first the channels of which exhibit least sensitiv-
file after every step of the MSR loop (details in S&6.1). ity to any other species. In the case of the set of channels
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Fig. 6. Demonstration of the influence of the single-line trace species order in the MSR loop on VMR retrieval errors of the four single-line
species HO(X) (X ={1, 2, 3, 4). VMR errors from a correct and sensible or@&rare shown compared to VMR errors for an intentionally
sub-optimal order, where no GQ@etrieval was placed before the@ retrievalgb); see the text in SecB.5.1for further explanation.

used in this study, a very suitable sequence that we foundmbitious remote sensing systems would not care too much
based on the studies of atmospheric influences on LIO sigabout errors still not higher than about 10 % (that in addition
nals bySchweitzer(2010 and Schweitzer et al(20113 is would be largely part of random rather than systematic er-
listed in Tablel. That is, in Tablel the sensitivity to for-  ror in ensembles of profiles), these®(2) and BO(4) test
eign species absorption is generally lowest to highest fronresults are clearly at the margin of the demanding require-
top to bottom and at the same time the foreign influence omments for the LMIO method. It is therefore encouraging to
species coming later is generally highest to lowest from topsee in Fig.6a that a sensible order of species in the MSR
to bottom. This ensures accurate retrieval results even if oneloes a highly effective job in keeping results unbiased and in
starts with an initial concentration of the foreign species ofterms of standard deviation keeping them well within target
zero, since the top listed ones are themselves fairly insensirequirements already in a single basic run of the MSR loop.
tive and on the other hand precede the later ones which they

influence. In this way the MSR-computed set of VMR pro- 3.5.2 Composite CQ and H2O profiles

files is effectively independent of a priori information, en-
abling — together with other favorable properties from using o . .
the occultation principle with coherent signals — its climate Ingful combination of suitable VMR profiles from the SSR

benchmarking capabilityirchengast et al2010a Kirchen- in order to improve the overall VMR error of a species. This
gast and Schweitze201J). is done forX CO, channels for two different isotopes and for

the four HO(X) single-line species to merge the individual
profiles covering the UTLS piecewise into a composite pro-
file covering the full UTLS.

As the general approach any composite species VMR pro-
file x¢(z;) is derived via summation of a numberokingle-
line species VMR profilesim (z;), scaled by their isotopic
fractional abundances, and weighted by inverse-variances
wm(z;) representing their relative uncertainty,

An important further part of the MSR process is the mean-

An illustrative example result of the dependency of the re-
trieval on the species order in the set of initial/background
GHG profiles is given in Fig6. In these panels VMR errors
are shown for the pD(X) single-line retrievals withX ={1,

2, 3, 4. The individual BO(X) channels are suitable for
different altitudes as indicated in Takle Figure6a shows
the SSR error results for the foupB(X) cases when using
the correct initial/background GHG profile order according

to Tablel (N2O, CHy, CO, etc.). In contrast, Figsb shows _ n xm (zi) 17
the VMR error profiles for the four $D(X) cases when us-  Xc(zi) = dc > | wm) ) 17)
ing a zero-valued initial/lbackground G@rofile, i.e., when m=1

not retrieving CQ before HO. The concentrations of XD where the additional facter; is the assigned fractional abun-
and CH, were set to the correct values. It can be seendance of the composite (usually set to unity for representing
that the HO(2) and HO(4) channels show a significant de- the full abundance of all isotopes of a species). Note that for
pendence on the GOVMR profile (while the BO(1) and the single-line species other than £€é&nd HO such as ChHl
H>0(3) channels show nearly no dependence). Although lesand G we also employ Eq.1(7) in its simplest form 4 =1,
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ac=1, wm(z;) is unity), just for dividing the single-species Kirchengast(2005 and recently also adopted I8cherllin-
result from Eqg. 16) by the respective isotopic abundance to Pirscher et al(2011). This simple model can be written as
obtain the VMR for the full species abundance.

The inverse-variance weighiy (z;) in Eq. (17) is defined €0 + 4o [% - Tt,] for zmin < zi < zTtop
by £c0 (Zi) = | gq, l " for zttop < zi < zsbot (20)
1 1 €0 €Xp [W]’ for zsphot < zi < zZmax
wm(zi) = 7 2~ (18) A AN
3 ( 1 ) em(zi) It rrllodels. the errors as goqstab (n %) in an UTLS core
oo e region, with an exponential increase defined by an error scale

height Hs above this region, and with an increase by an in-

where the normalization factor of 42, ensures that the sum verse altitude law, defined in shape fyand by the power
of all weightswn, is unity. parameterp of z, below this region. For a more detailed

The isotopic fractional abundances, are taken from discussion se8teiner and Kirchenga&2005 andScherllin-
Rothman et al(2005. The standard error profilesa(z;)  Pirscher et al(201). Roughly reflecting théCO, and
utilized to build the variances express the altitude-dependent-CO2 VMR errors estimated in initial performance analyses
errors of the individual VMR profiles (in units %), which de- We set the model parameterszigin = 0.5 km, z1top =15 km,
termine the weight of any individual profile relative to the Zsbot=25 kM, zmax=80km,e0=1.0% for**CO, and 0.5%
other profiles; their formulation for our specific Gand  for *COz, go=10% for**CO; and 15 % for'*COy, p =0.5
H,O composites is summarized below. The performance imfor both isotopes, andis =18 km for **COz and 12 km for
provement derives from the fact that the error of the compos--CO2. Additionally, the resulting errarco, (z;) is bounded
ite profile from the simple optimal estimation formulated by t0 & maximum of 10 %, which is a reasonable bound becom-
Egs. (L7) and (L8) will at any altitude level always be smaller ing effective below a height of 1 km (practically irrelevant in
than the smallest individual profile error at that level. For ex- the context here) and above 60 km.
ample, combining two profiles with equal errors would lead ~ The two error profiles are illustrated in Figa for the alti-
to a composite profile with the error reduced by a factor oftude range of main interest. Figure shows the correspond-
1/./2. On the other hand, with two significantly unequal er- ing errors of the retrieved VMR profiles 6fCO,, 13COy,
rors the composite profile error would be only very slightly and of the composite COVMR profile obtained according

reduced against the smaller of the two errors. to Egs. (9 and @0). The effect of more equal weighting
is visible in particular at altitudes below about 10 km, where
CO, composite profile and its weighting the two individual errors are comparable. At higher altitudes,

the composite is dominated by the lowWé€0O, VMR error
The composite C® VMR profile xco, (z:) is derived by ~ but thel?CO, VMR error is clearly seen to aid as well, es-
combining the two isotope¥’CO, and 13CO;, via inverse-  pecially if the two errors are incidentally opposite in sign
variance weighting including static standard errors. The ra-Such as above 30km. Overall the quality of the composite
tionale for combining just these two isotopes is their known CO2 profile is clearly improved over either individual pro-
h|gh|y stable isotopic ratiQSl‘?’C in the free atmosphere, ﬁle, Staying unbiased with a standard deviation of less than
which can thus be relied on in the combination of the pro- 1% over most of the altitude range.
files over the UTLS §3C ratio variations<0.05 %;Allison
and Francey2007). Employing Eq. 17) with the composite
abundancec set to unity,xco, (z;) is given by

H,0O composite profile and its weighting

The VMR profile of HO is composed of the four #D(X)

(X ={1, 2, 3, 4) single-line species VMR profiles, which

exhibit their respective best sensitivities in different height

ranges. Hence the composite®iprofile can be expected to

where aizco, = 0.98420 andaisco, = 0.01106 Rothman be very accurate throughout the whole UTLS whereas a sin-

et al, 2005. gle profile is accurate only in a limited height range (cf. Ta-
The needed relative VMR error profilego, (z;) in % for ~ Ple L; typical validity height range per #0 channel quoted

12C0, and13CO, (we suppress the index for brevity in ~ In brackets). Since the composite® profile consists of

formulating sco, (z;) but it clearly applies to both profiles) Profiles having the same isotope abundance, EQ. thrns

are specified from experience with simulated LIO retrieval for xH.0(zi) into the simple form

performance for these two species so far. This indicated a 1 4

characteristic height dependence of the two errors relative tg,, 5 (z;) = Z (wm (i) XH,00m) (z1)), (21)

each other. This dependence can be embodied into a simple aulso =1

static error model following the empirical vertical error mod- _
eling approach developed in the GRO contex8tginer and WhereaH%GO =0.997317 afteRothman et al(2003.

X12¢c (Z) X13¢c (Z)
%00y (@) = Wizco, (@) T2+ wisco, (2) T2, (19)
aizco, aisco,
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Fig. 7. llustration of combining thé2c02 and13002 VMR profiles into a composite Coprofile (top panels), and of the four®(X)

(X=1{1, 2, 3, 4) VMR profiles into a composite $O profile (bottom panels). The left panéis c) show the weighting error profiles used

within the respective weighting functions for inverse-variance-weighted combination of the profiles (different color per single-line species).
The right panelgb, d) show the VMR retrieval error results of the individual single-line species (colored lines) overplotted by the error of
the composite profile (black line).

In this case, the relative VMR error profileg,o(z;) in where the factor 100 is to provide units %. The absolute error
% for the four individual profiles need a dynamical error profile £7(z;) in Eq. 22) is formulated as
model, since HO is a highly variable species (also here we SNRape(41)
supress the index in formulatingen,o(z;) butitclearly ap-  £7(z;) = cfoaB [10(10) + 5T’resid], (23)
plies to all four profiles). We follow the semi-analytical re-
trieval error propagation modeling in the simplified LIO per- where SNRys(z;) in dB is an estimate of the signal-to-noise
formance simulator tool ALPSKjrchengast et al.20108,  ratio profile of the absorption channély resiqis a fractional
which was described most accurately recentlykischen-  residual error set to 0.003 (lower bound error at high alti-
gast and Schweitzg¢P011). In particular, a reasonable sim- tudes), andtqg = 4.3429 dB/1 is the conversion factor from
ple estimate of the error profiles is given by the ratio of anfractional values to units dB. The SNR profile SNR(z;)
empirically approximated absolute transmission error profilein Eq. (23) is dynamically estimated as
(E7(z;)) in dB and the retrieved target species absorption
loss profile|7igt (z;) | in dB (cf. Sect3.4.2) in the form SNRaps(zi) = SNRroa — Lgr(zi) — [Tgt(zi) |, (24)

Er (1) where SNRoa is the top-of-atmosphere value of the SNR
TT (22)  set to 33dB (an adequate value at TOA where transmis-
| Trgt(zi) | sion is unity; e.g.Kirchengast et a).2010a Kirchengast
and Schweitzgr2011), Lpgr(z;) in dB is a simple estimate

of the total background loss profile, and definitely also the

en,0(z;) = 100
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target species absorption loss profi&g(z;)| needs to be envelope loop over the MSR process, as shown in Bjg.
subtracted to have a reasonable estimate of the total SNB guarantee (update run) and cross-check (control run) the
profile SNRyps(z;). The background loss profil€ng(z;) convergence of the retrieved set of GHG/isotope profiles be-
can be approximated by the dominating contribution of defo-yond the first complete step of the loop (basic run). Each of
cusing loss (cfSchweitzer et al.20113 for which a simple  these runs consists of a full MSR process, including all trace
exponential model in units dB followiniirchengast et al.  species retrieved by the SSR core process in the well defined
(20108 is order presented in Se@&.5.], and including the generation
of the composite C®and RO profiles. After the basic run,
u] (25) all initial/background GHG profiles are replaced by the re-
Hioss trieved GHGs, followed by the update run after which the
where Lo set to 10dB is the estimated value Ofg at the GHG/isotope profiles are improved and the retrieval results
base heighto=0km and where the defocusing loss scale have nominally fully converged. The control run provides

Lbgr(zi) = Lo exp |:_

height HigssiS set to 11 km. guantitative quality control of the convergence of every sin-
Briefly to explain the behavior of the modei,o (z;) ac- gle retriev_ed GHG profile over the full al_titude range.
cording to Egs.22) to (25), the absolute error profilgy (z;) To provide an example of the effectiveness of the BUC

in the numerator is basically dominated by the (decaying)loop, the output VMR profiles after each step of the loop are
background loss profil&hg(z;) at higher altitudes and by illustrated for CH and RO in Fig. 8 and for CQ and G
the increasingly growing absorption loss profily(z;)| at in Fig. 9, for three representative atmospheric conditions. It
lower altitudes. The absorption loss in the denominator doeds clearly seen that already the update run ensures full con-
not grow as fast downwards as the absolute error in the nuvergence for all species, which is verified by the control run
merator, however, so that also the relative ewrgyo(z;) result; details on these demonstration results are discussed in
strongly increases downwards when absorption in a chanSect4.
nel becomes strong. On the other hamgo(z;) increases Regarding finally the computational efficiency of the com-
as well towards higher altitudes since the absorption loss irPlete LMIO retrieval algorithm in the EGOPS/XEGOPS sys-
the denominator becomes small upwards faster than the agem (LMO thermodynamic state retrieval and afterwards LIO
solute error. In order to limit the error below and above the Multi-species retrieval with full BUC loop), it currently takes
height range where a particular channel is most sensitive, wavithout any dedicated speed optimization effort and with-
keepen,o(z;) in practice constant at altitudes, where the re- out compiler optimization about 30 min on a standard Linux
spective absorption loss profile is outside 0.25dB to 17 dBWorkstation of the 2GHz CPU class (the most demand-
(setting the constant to the error value at the altitudes associng part being the RFM transmission computations for for-
ated with these two threshold values). This ensures sufficien@ign species correction). Given the multi-parameter retrieval
overlap between the channels at all heights and at the samRower and substantial room for speed improvements, this
time overall robustness of this dynamical composite profilecomputational performance is very encouraging. It is clear
estimation. that all data of any real LMIO mission could be readily pro-
Figure 7c shows the resulting error profiles for the four cessed within adequate time slots with a very moderate num-
H,O(X) profiles with X ={1, 2, 3, 4. The altitude regions ber of processors.
with the best sensitivity of the channels are clearly visible as
is the general altitude-dependent behavior described above; )
the contribution of the HO(4) channel is limited in this STD 4 Demonstration results
atmosphere case, its value is to support the very moist trop- . . )
ical conditions. An illustration of the corresponding errors Here we discuss the retrieval demonstration results of the set
of the VMR profiles of the four HO single-line retrievals ~ ©f representative example species of this study{(G®0,
and of the composite #0 VMR profile is given in Fig7zd. ~ CHa, Os); @ more complete analysis comprising all LIO
The benefit of the weighted profile combination is well visi- SPecies and statistical retrieval performance estimates from
ble, since it is clearly seen that the composite profile is veryenSeémble simulations is on-going and will be published else-
effective in exploiting at all altitude levels the best possible Where. Figures and9 illustrate the GHG profiles retrieval
information. In this way the overall quality of the composite Performance achieved for GHH;O, CQ,, and G by the
H,O profile is substantially improved over either individual LMIO retrieval after each run of the BUC loop in terms of
profile, staying unbiased and reaching a standard deviatioff MR retrieval errors against the “true” VMR profiles used

of within 2 % essentially everywhere in the altitude range. 1" the forward modeling. Intentionally the order of showing
the results of the four species follows the sequence as they

3.6 Basic-update-control (BUC) runs are retrieved within the MSR loop, facilitating to see (small)
influences of whether a species is retrieved earlier or later.

The last step of the LIO retrieval is the outer loop, also calledThree representative atmospheric conditions are considered

Basic-Update-Control run (BUC) loop. This loop is a simple (top to bottom in Figs8 and9), the sub-arctic winter (SAW),
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Fig. 8. Retrieval performance results of the LMIO end-to-end simulations fof @&ft column) and HO (right column). VMR retrieval
errors are shown for sub-arctic winter (top), standard (middle), and tropical (bottom) atmosphere conditions, for GHG retrieval results after
the basic run (red line), update run (yellow line) and control run (green dashed-dotted line) of the basic-update-control run (BUC) loop.

standard (STD), and tropical (TRO) atmospheres of the FASThe initial values for the four GHG profiles demonstrated
CODE model Anderson et a).1986 FASCODE 2008 with here were set to zero to illustrate a “worst case” initializa-
the CQ VMR updated to 380 ppmv as noted in S&p). tion. The other two initial/background GHG profiles needed
For these demonstration cases, we subsequently retrievgiN.O, CO) were set to their GHG values from the respec-
the single-line species GH13CO,, HO(X) (X ={1, 2, 3, tive FASCODE atmosphere as we did not focus on these two
4}), 12C0,, and @ by use of the MSR process, with the here; their influence as foreign species is very small anyway
SSR process embedded, in each run of the BUC loop. WhiléSchweitzer 2010 and their effects on the retrieval of the
CHs and @G are single-line species, i.e., derived from a four example species generally negligible even if only rough
single channel pair utilizing a single absorption line, £O knowledge of their concentrations is used.
and HO are composite profiles as discussed in S8d.
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Fig. 9. Retrieval performance results of the LMIO end-to-end simulations fog @&t column) and @ (right column). The layout is the
same as in FigB; see that caption for explanation.

CH, is the species retrieved first in the sequence andargets to keep biases within 0.1% to 0.2 %, a correction is
Fig. 8 (left column) shows the performance. Since the ini- clearly needed. It is seen that this correction is very effec-
tial/background GHGs profiles at start of the basic run weretively done by the update run (yellow dashed profile), for
zero, the foreign species correction necessarily yielded navhich all other GHGs are already available from the basic
appropriate estimate and indeed the CGHror from the ba-  run. The control run (green dotted-dashed profile) then con-
sic run shows a slight negative bias within 1% to 2 % below firms that the CH error has converged to within the 0.1 %
about 12 km under all atmospheric conditions (red profile).level.

That this bias is relatively small despite the foreign species The single-line species next in sequenc®B0,, since it
effects are not corrected at all indicates the careful selectiofis helpful to have a first Cprofile estimate (that itself is not
of very “clean” channels. However, as the LMIO method sensitive to HO) before retrieving HO (cf. the discussion of
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the sensitivity of HO to CQ in Sect.3.5.1and the related are essentially random, climatological averages will enable
Fig. 6). This intermediate auxiliary single-line retrieval is very high accuracy at the 0.1 % level, given sufficient care is
followed by the retrieval of all four bO single-line profiles  taken related to avoiding or mitigating potential systematic
and the computation of the relatede® composite profile  errors in all relevant elements of an LMIO mission design as
for which the retrieval performance is shown in Ryright dicussed byKirchengast et al(20103 andKirchengast and
column). Since for HO the initial/lbackground GHG pro- Schweitzel(2011).
files for CHy and CQ are available during the basic run, the  Favorably CQ appears to be the GHG that can be re-
performance of this basic run is very good already. Smalltrieved most accurately, within 1% to 2% of VMR error,
biases are visible only below about 9 km, especially for thebut also the other species@, CH; and G are retrieved to
moist tropical atmosphere, but staying within 1 % even therewithin 1% to 3% of VMR error almost everywhere in their
In the dry sub-arctic winter case, where the first two single-targeted altitude domain. Specifically regardingHthe re-
line retrievals HO(1) and HO(2) favorably reach with their  sults indicate that it can be retrieved in clear air from LIO
sensitivity deeper into the upper troposphere, the retrieval isvith significantly more accuracy than from LMO (the latter
already fully converged in the basic run. As for gthe up-  yields to within about 10 %; e.gSchweitzer et a).20118.
date run effectively corrects the remaining biases in the low-Thus LIO could also help to further improve the accuracy
est part of the UTLS and leads to convergence to within theof the thermodynamic statg, 7, ¢g. For Oz the retrieval
0.1 % level as confirmed by the control run. strength lies in the stratosphere from about 15 km upwards.
The CQ composite profile, which finishes retrieval as the
third species next after #D, exhibits already very good per-
formance from the basic run as illustrated in Fdleft col-
,?hrgr:))r' deRreng!T%;;ngse:}eﬂlsﬁ\éfetggg \lNCf(;] \Iirenr.g'T'E(i::isa;Jeoﬁn this study we introduced a retrieval algorithm for the LIO

sible for CQ because the foreign species correction can usé)art of the LM'.O satell|te-m|35|on concept, Wh'.Ch IS & pro-
the retrieved Cland HO profiles as background in the ba- posed occultation observing system that combines LIO and

sic run already. Only the initial/background GHG profile for LMO to retr.|e_ve thermodyna}mlc proﬂ]es (pressure, temper-
o . o ature, humidity) as a function of altitude from LMO and
Os is still zero, but there is no relevant cross-sensitivity of

CO, to Os (cf. Schweitzer201Q Schweitzer et 320113, GHG prof|l_es from simultaneously mef’:\sured LIO _data. The
. LMO algorithm part for thermodynamic state retrieval was
The update run very slightly changes the results from the ba-

. . recently introduced byschweitzer et al(2011h, the novel
sic run below about 10km only and the control run again . .
. LMIO method as a whole bKirchengast and Schweitzer
confirms the update run.

: : . . (2011). The LIO algorithm, completing the full LMIO re-
The species retrieved last iQhe retrieval performance trieval, is applied as a second step after the LMO algorithm
of which is shown in Fig9 (right column). Here the © ' P P 9 '

VMR error resulting from the basic run is already fully con- We described the LIO algorithm in detail and showed its

verged as confirmed by the update and the control run; thergerformance — and the effective independence of the GHG

| . _ : Fetrieval results from external (a priori) information — via
is only one small bias visible from the basic run near 10 km : . .

. . . . .~ "demonstration results from LMIO end-to-end simulations by
in the tropical atmosphere, which points to the foreign in-

fluence of HO, being the key cross-sensitivity of thes O the EGOPS/XEGOPS software system for a representative set

channels used. The lower bound altitude domain require-OfG|_K.3 profiles (.CQ’ H20, CH‘" and Q?) underthree repre-
. . . sentative clear-air atmospheric conditions (tropical, standard,
ments of Q are higher than for the other species, since the S
ozone layer resides in the stratosphere and the concentratio“:'nUb_arCtIC winter).
We showed how the LIO algorithm benefits from the LMO

becomes weak towards the troposphere. Based on this the

noise level starts to increase below about 15km and furthe?urts:;hr;nci;empr;gti?g P:rl?nr:i dtith(§ atlzzr?]gom]a;;c grrgI:Zfer
down below about 10 km also the;B8 influence begins to P ' P ’ y pactp

mask the @ absorption Bchweitzer201Q Schweitzer et al profile, the latter enabling acccurate geolocation of altitude

. levels. The LIO intensity signals as a function of time, com-
20113. The G channels thus focus on accurate profiling of I . !
stratospheric ozone from about 10 km to 15 km upwards. plemented by initial/background GHG profiles which can

S ! even be set to zero initially, are the LIO observational input
Considering finally the overall GHG retrieval performance to the algorithm. The alqorithm itself consists of a prepara-
indicated by these intial demonstration results of the new 9 : 9 prep

LMIO algorithm it looks very encouraging. The results tory part, establishing IR refractivity, impact parameter, and

from these quasi-realistic end-to-end simulations are consis"EIItItUde profiles from LMO output, a core part, the single-line

tent with and confirm the basic estimates from simplified trace species retrieval (SSR), and a dynamic part of envelope

error propagation modeling birchengast and Schweitzer loops over the SSR, consisting of the multi-line trace species
(2011). The retrieval errors appear to be essentially unbi_retrieval (MSR) loop and the basic-update-control run (BUC)

ased over the full height range of interest and the r.m.s. errorlsOOp’ respectively.

appear to lie well within target requirements. Since the errors

5 Summary and conclusions
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The preparatory part establishes the IR refractivity, IR im- dicussed byKirchengast et al(20103 andKirchengast and
pact parameter, and IR altitude profiles corresponding to the&Schweitze(2011). Overall the LMIO retrieval performance,
transmitter and receiver positions and the LIO intensity pro-found here for clear-air atmospheric conditions, is unprece-
files available as a function of time. The SSR provides tracedented for vertical profiling of GHGs in the free atmosphere
species volume mixing ratio (VMR) profiles from single ab- and encouraging for future LMIO implementation.
sorption lines, i.e., from the LIO intensities of a single pair  On-going subsequent work includes a more complete per-
of absorption and reference channel, by exploiting the dif-formance analysis, comprising all LIO species and statistical
ferential absorption principle which enables high-accuracyretrieval error estimates from end-to-end ensemble simula-
retrievals. tions, also using a greater variety of atmospheric conditions.

The MSR loop, an envelope process over the SSR procesgurther work addresses the advancement of the present GHG
performs single-line species retrievals in a carefully definedretrieval algorithm to cloudy air, for best-possible retrieval
order and updates the set of initial/lbackground GHG profilesperformance also when scanning through intermittent upper
after each SSR step, resulting in a step-wise improved setropospheric cloudiness, as well as the advancement of the
of GHG profiles. A proper order provides highly effective retrieval to also determine line-of-sight wind speed beyond
retrieval and enables to start even with initial profiles set tothe simple approach introduced Bchweitzer(2010 and
zero: we first retrieve the most independent species (in term&irchengast and Schweitz§2011). On the experimental
of minimal absorption influence in their channels from other side a ground-based LIO demonstration experiment is carried
species), followed by the less independent ones that can thesut for a 144 km link between high-altitude observatories at
already benefit from the previously retrieved ones in theirthe Canary Islands, Spain (ESA project by Univ. of York,
correction for residual foreign species absorption. In addi-Univ. of Manchester, and Univ. of Graz, P. F. Bernath et al.,
tion, the MSR combines suitable single-line species profiles2010-2011). This work aims at a first experimental demon-
into composite profiles, which we employed for a compositestration of the LIO technique for G CHy, and HO mea-

CO, profile from*2C0O, and3CO, and for a composite O surements under field conditions somewhat akin to a space
profile from the four HO single-line profiles of which each link.
only partially covers the UTLS altitude range.

The BUC loop is a simple envelope loop over the MSR Acknowlgdgementhe thank_ J. Fritzer and M. Sclanz .for_
process to complete (update run) and cross-check (Contr(ﬂommentlng on the manuscript of the paper and for contributions

to EGOPS/XEGOPS developments. EGOPS was developed by

run) the convergence of the retrieved set of GHG profiles af-~ - . . . . .
ter the first MSR run (basic run). an international consortium led by UniGraz (AT) and involving

. . . __partners at Danish Meteorol Inst. (DK), Obukhov Inst. of At-
Regarding the EGOPS/XEGOPS end-to-end Slrnul"’monsmos. Physics (RU), Chalmers Univ. of Technology (SE), Univ. of

the GHG retrieval performance indicated by the intial gremen (DE), Met. Office (UK), Terma Elektronik A/S (DK),
demonstration results of the LMIO algorithm were found and RUAG Space GmbH (AT). XEGOPS was developed by
very encouraging. The results are consistent with and conuniGraz (AT), with contributions by E. Martini (CNIT, IT) and
firm the basic estimates from simplified error propagationV. Sofieva (FMI, FI) to scintillation modeling and by C. Emde
modeling byKirchengast and Schweitz¢2011). The re-  (Univ. of Munich, DE) to cloud extinction modeling. Funds for
trieval errors appear to be essentially unbiased over the fulthe EGOPS/XEGOPS development were provided by ESA/ESTEC
height range of interest and the r.m.s. errors appear to lie weliNL), FWF and FFG-ALR (AT), and EUMETSAT/HQ (DE). RFM
within target requirements set by scientific objectives of at-and FASCODE were provided by A. Dudhia (Univ. of Oxford,
mosphere and climate research to be supported by the data”X) Via Www.atm.ox.ac.uk/RFMand HITRAN was provided by

L. Rothman (Harvard Univ., USA) viaww.cfa.harvard.edu/hitran

Carbon dioxide appears to be the GHG that can be " This study was funded by ESA/ESTEC (NL) under the GSP-

trieved most accurately, within 1% to 2% of VMR error, acti g and STSE-IRDAS studies and partially by FFG-ALR
but also the other species@, CHy and G are retrieved t0  (aT) under the ASAP-ACCU-Clouds study.
within 1% to 3% of VMR error almost everywhere in their
targeted altitude domain. TheB results indicate that wa- Edited by: K. B. Lauritsen
ter vapor can be retrieved in clear air from LIO with higher
accuracy than from LMO so that LIO could also potentially
help this way to further improve the accuracy of the thermo-
dynamic state. For ©the retrieval strength is on the strato-
spheric ozone from about 15 km upwards as thesignal-
to-noise ratio becomes small below about 10 km to 15 km.
Since the individual-profile errors found here are essen-
tially random, climatological averages will enable very high
accuracy at the 0.1% level, given sufficient care is taken
related to avoiding or mitigating potential systematic er-
rors in all relevant elements of an LMIO mission design as
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