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Abstract

Measuring greenhouse gas (GHG) profiles with global coverage and high accuracy
and vertical resolution in the upper troposphere and lower stratosphere (UTLS) is key
for improved monitoring of GHG concentrations in the free atmosphere. In this respect
a new satellite mission concept adding an infrared-laser part to the already well stud-5

ied microwave occultation technique exploits the joint propagation of infrared-laser and
microwave signals between Low Earth Orbit (LEO) satellites. This synergetic combina-
tion, referred to as LEO-LEO microwave and infrared-laser occultation (LMIO) method,
enables to retrieve thermodynamic profiles (pressure, temperature, humidity) and ac-
curate altitude levels from the microwave signals and GHG profiles from the simul-10

taneously measured infrared-laser signals. However, due to the novelty of the LMIO
method, a retrieval algorithm for GHG profiling did not yet exist. Here we introduce
such an algorithm for retrieving GHGs from LEO-LEO infrared-laser occultation (LIO)
data, applied as a second step after retrieving thermodynamic profiles from LEO-LEO
microwave occultation (LMO) data as recently introduced in detail by Schweitzer et al.15

(2011b). We thoroughly describe the LIO retrieval algorithm and unveil the synergy
with the LMO-retrieved pressure, temperature, and altitude information. We further-
more demonstrate the effective independence of the GHG retrieval results from back-
ground (a priori) information in discussing demonstration results from LMIO end-to-end
simulations for a representative set of GHG profiles, including carbon dioxide (CO2),20

water vapor (H2O), methane (CH4), and ozone (O3). The GHGs except for ozone
are well retrieved throughout the UTLS, while ozone is well retrieved from 10 km to
15 km upwards, since the ozone layer resides in the lower stratosphere. The GHG
retrieval errors are generally smaller than 1% to 3% r.m.s., at a vertical resolution of
about 1 km. The retrieved profiles also appear unbiased, which points to the climate25

benchmarking capability of the LMIO method. This performance, found here for clear-
air atmospheric conditions, is unprecedented for vertical profiling of GHGs in the free
atmosphere and encouraging for future LMIO implementation. Subsequent work will
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examine GHG retrievals in cloudy air, addressing retrieval performance when scanning
through intermittent upper tropospheric cloudiness.

1 Introduction

The LEO-LEO microwave and infrared-laser occultation (LMIO) method is a thor-
oughly defined synergistic combination of LEO-LEO microwave occultation (LMO) and5

LEO-LEO infrared-laser occultation (LIO), as schematically shown in Fig. 1 and in-
troduced in detail by Kirchengast et al. (2010a), Schweitzer (2010), and Kirchengast
and Schweitzer (2011). This new inter-satellite active limb sounding technique enables
the synergy of deriving thermodynamic variables, including pressure, temperature and
humidity, from LMO phase and amplitude data, and at the same time trace species10

concentrations and the line-of-sight wind speed from LIO intensity data. The primary
altitude domain of the measurements is the upper troposphere and lower stratosphere
(UTLS; ≈5 km to 35 km) where all main greenhouse gases (GHGs) except the synthetic
chlorine-flourine-containing species can be retrieved, i.e., water vapor, carbon dioxide,
methane, nitrous oxide, ozone, and carbon monoxide.15

As described by Kirchengast and Schweitzer (2011), the LMIO method can be con-
sidered as a next generation of the well established and successful GNSS-LEO radio
occultation (GRO) method (Ware et al., 1996; Kursinski et al., 1997; Steiner et al., 2001;
Anthes et al., 2008; Luntama et al., 2008; Steiner et al., 2009; Ho et al., 2009). LMIO
and GRO share the occultation measurement principle (Phinney and Anderson, 1968;20

Kirchengast and Hoeg, 2004) and the use of highly coherent and stable inter-satellite
signals, and therefore the potential of providing accurate, long-term, consistent bench-
mark data with high vertical resolution and global coverage. However, while GRO uses
decimeter-wave navigation signals from the Global Positioning System GPS, and of
other future navigation satellites, LMIO will use specifically developed centimeter- and25

millimeter-wave (LMO) and micrometer-wave signals (LIO), which vastly expand the
accessible atmospheric variables from the GRO focus on refractivity-related variables
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to the full suite of thermodynamic, composition, and wind variables noted above (for
more details see Kirchengast and Schweitzer, 2011).

The LMO part of LMIO has substantial heritage from a range of studies over the
recent decade (Kursinski et al., 2002, 2009; Herman et al., 2004; Kirchengast and
Hoeg, 2004; Gorbunov and Kirchengast, 2005, 2007). Currently, a prototype instru-5

ment is prepared to be used for an airplane-to-airplane demonstration experiment of
LMO (Kursinski et al., 2009) and recently a detailed LMO algorithm description and
performance analysis was provided by Schweitzer et al. (2011b). This heritage work
established well the expected performance of LMO for accurate thermodynamic state
profiling in the UTLS, which serves as the basis for the LIO-related GHG profiling intro-10

duced here.
We implemented the LIO retrieval as a complementary, subsequent part to the LMO

retrieval of Schweitzer et al. (2011b), completing the LMIO retrieval algorithm intro-
duced in a brief overview form in Kirchengast and Schweitzer (2011). We describe in
this study the detailed steps of the algorithm, which can be applied for single species15

(single-line trace species retrieval, SSR) or a set of several trace species (multi-line
trace species retrieval, MSR), and include a demonstration of its capabilities by end-
to-end performance simulation results. The synergy between LMO and LIO is pointed
out, since the LMO retrieval with its thermodynamic profiles as output serves as a
necessary provider of input information for the LIO retrieval. In addition, the effective20

independence from external (a priori) information and the high accuracy of the LIO
retrieval results, i.e., of the GHG and isotope profiles, is emphasized.

The paper is structured as follows. We start with introducing the geometry, the main
atmospheric effects relevant to the retrieval algorithm, and the simulation and retrieval
demonstration setup in Sect. 2. This preparatory information is followed by a detailed25

LIO algorithm description in Sect. 3, describing the core elements and necessary sys-
tematic update loops over the core. In Sect. 4 the demonstration results are discussed.
Finally, Sect. 5 presents a summary and conclusions of the study.
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2 Geometry and setup

2.1 Geometry and atmospheric effects

Figure 1 illustrates the LMO and LIO signal propagation paths, with all signals transmit-
ted from one joint platform, LEOTx, and received at another joint platform, LEORx. Both
LMO and LIO signals follow closely similar but not identical paths, i.e., the refraction5

becomes somewhat different for the microwave (MW) and infrared (IR) signals, pro-
portional to the amount of water vapor in the air (Thayer, 1974; Bönsch and Potulski,
1998; Kirchengast and Schweitzer, 2011; Schweitzer et al., 2011a). The correspond-
ing difference in bending of MW and IR ray paths is practically negligible above about
8 km to 12 km, a highly favorable property, and gradually increases downwards into the10

troposphere (Schweitzer et al., 2011a), leading to a difference of the tangent altitude
of about 0.5 km near 5 km in moist conditions (Kirchengast et al., 2010a).

Figure 1 highlights that this different bending of MW and IR rays, despite generally
being a very small effect, formally leads to different bending angles (αMW, αIR) at any
given time during an occultation event and likewise also different impact parameters15

(aMW, aIR) and radial distances from the center of curvature to the tangent points (rMW,
rIR), the latter implying as well different tangent point altitudes. The radial distances
from the center of curvature to the satellite platforms are given by rTx and rRx, with θ
being the opening angle between the two satellite vectors. This geometric setup of the
LIO signal propagation on top of the LMO signal propagation is, in addition to the LMO20

heritage summarized in the introduction, a key basis for formulating the LIO-related
GHG profiling algorithm.

The influences of absorption by atmospheric trace species and of other atmospheric
processes on the carefully selected quasi-monochromatic LIO signals are essential for
the LIO method. Besides the absorption of the target greenhouse gas, also other influ-25

ences due to the atmospheric background like defocusing, foreign species absorption,
Rayleigh scattering, aerosol extinction, cloud extinction, signal scintillations from tur-
bulence, Doppler shift of signal frequencies due to line-of-sight winds, and Rayleigh
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as well as cloud scattering of solar radiation into the receiver are potentially relevant.
The effects from these background influences, except for cloud extinction, are prac-
tically either negligibly small under most conditions or can be reduced to very small
levels of residual error (typically <0.1%) as discussed by Emde and Proschek (2010),
Schweitzer (2010), Kirchengast et al. (2010a), and Schweitzer et al. (2011a). In the5

LIO forward simulations of the received intensity signals for this study we account for
the main effects of attenuation, namely target and foreign species absorption, and de-
focusing (plus for the small Rayleigh scattering loss since easily co-modeled). Cloudy
air and a suitable retrieval will be treated in a separate study. The other effects can be
assumed negligible, or are sufficiently corrected to the level of thermal noise that we10

include. This is sufficient in the context here to demonstrate the new retrieval algorithm.
To isolate the absorption due to the target GHG from the absorption of foreign

species and broadband atmospheric effect, an adjacent pair of signals, one “absorption
signal” (at the center of an absorption line of a target species) and one “reference sig-
nal” (off-line of any trace species absorption) is employed using a differential absorption15

principle (Kursinski et al., 2002; Gorbunov and Kirchengast, 2007; Kirchengast et al.,
2010a; Kirchengast and Schweitzer, 2011; Schweitzer et al., 2011a), which will be ex-
plained in detail in Sect. 3. In the retrieval presented in Sects. 3 and 4, the target
species H2O, CO2, CH4, O3, N2O, and CO are specifically taken into account, with
focus on the first four. But we note that the retrieval algorithm itself is generically valid20

for any group of LIO target species.

2.2 Simulation and retrieval demonstration setup

For the simulation of the LMIO measurements, which we produced for demonstrating
the new retrieval algorithm, we used the End-to-End Generic Occultation Performance
Simulation and Processing System (EGOPS5.5) and the eXperimental End-to-End25

Generic Occultation Performance Simulation and Processing System (xEGOPS5.5)
(Fritzer et al., 2009, 2010). The EGOPS system development started for GRO end-
to-end simulations more than a decade ago (Kirchengast, 1996, 1998; Ramsauer and
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Kirchengast, 2000; Kirchengast and Ramsauer, 2002), was then extended to also en-
able LMO simulations (Kirchengast et al., 2007; Fritzer et al., 2009), and proved useful
in a myriad of GRO and LMO-related studies, including the recent study by Schweitzer
et al. (2011b). The complementary xEGOPS system (Fritzer et al., 2010) was devel-
oped more recently and extends EGOPS by LIO end-to-end simulation capabilities.5

We use EGOPS/xEGOPS here in the same way and logic for LMIO simulations as
Schweitzer et al. (2011b) used EGOPS for LMO simulations.

We start with the Mission Analysis Planning (MAP), a subsystem of EGOPS, to gen-
erate occultation events for a low-, mid- and high latitude region for 15 July 2007 (an
arbitrary example day). The two counter-rotating LEO satellites used were both sun10

synchronous, with the transmitter at an orbital height of 800 km and the receiver at
650 km (same as Schweitzer et al., 2011b). The MAP calculates occultation event
locations and related positions of the transmitter and receiver satellites during the
event. The occultation events chosen for further forward modeling are a tropical (TRO,
1.3◦ N/55.6◦ W), a standard (STD, 38.0◦ N/71.2◦W) and a sub-arctic winter event (SAW,15

72.8◦ S/13.7◦ E), together allowing to span a representative range of atmospheric con-
ditions.

The Forward Modeling (FOM) subsystem of EGOPS/xEGOPS uses the MAP results
(satellite positions and velocities) to simulate excess phase, amplitude (LMO) and in-
tensity (LIO) profiles as a function of time for each occultation event. For the simulation20

of realistic ray paths a highly accurate geometric optical ray-tracing algorithm is used at
a sampling rate of 10 Hz (Syndergaard, 1999). We assume a spherical symmetry of the
atmosphere about the occultation event location (to avoid including representativeness
errors; cf. Schweitzer et al., 2011b) and an ellipsoidal Earth shape (WGS84, Fuchs and
Stoffel, 1984). The ray-tracing uses for the LMO channels the microwave refractivity25

formula of Smith and Weintraub (1953) and for the LIO channels an accurate but sim-
plified approximation of the visible/infrared refractivity formula by Bönsch and Potulski
(1998) (more details in Sect. 3.3). Absorption by trace species is integrated along these
ray paths. The relevant absorption coefficients for the LMO channels are computed by
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an advanced version of Liebe’s Millimeter Wave Propagation Model MPM93 (Liebe
et al., 1993; Schweitzer et al., 2011b), those for the LIO channels by the Reference
Forward Model (RFM) (Edwards, 1996; Dudhia, 2008), which uses the spectroscopic
parameters from the HITRAN2004 database (Rothman et al., 2005) pages.

The atmospheric model used is the Fast Atmospheric Signature Code (FASCODE)5

model (in the form supplied online by FASCODE, 2008), including the US standard
atmosphere (Anderson et al., 1986). In line with the latitudes of occultation events
selected above we use the tropical (TRO), standard (STD), and sub-arctic winter
(SAW) atmospheres. Each FASCODE atmosphere comprises profiles of the thermo-
dynamic variables pressure p, temperature T , and humidity q and the concentration of10

all needed trace species profiles (X =N2O, CH4, 12CO2, 13CO2, C18OO, H2O, HDO,
H18

2 O, CO, O3), where the concentrations of the secondary isotopes are estimated from
the main isotope via isotopic fractional abundances following Rothman et al. (2005).
The outdated FASCODE value for CO2 (330 ppmv up to about the mesopause) was
updated to a more recent value of 380 ppmv (see also Kirchengast and Schweitzer,15

2011). The atmosphere is assumed to be free from clouds and aerosols; hence re-
fraction, defocusing and GHG trace species absorption are the processes effectively
contributing to the simulated LMO excess phase, LMO amplitude loss, and LIO inten-
sity loss data (Rayleigh scattering loss is formally co-integrated along the rays but is
negligible). The vertical simulation range is set to cover altitudes between 3 km and20

80 km. The frequency channels used for LMO are those of Schweitzer et al. (2011b)
(5 channels), the LIO channels used follow Schweitzer (2010) and Kirchengast and
Schweitzer (2011) and are summarized in Table 1.

The simulation of quasi-realistic observation system errors is done with the EGOPS
subsystem Observation System Modeling (OSM). Link budget computation account-25

ing for transmitter power, free space loss, total atmospheric loss, and instrument-
related losses are employed to model amplitude and intensity profiles in absolute
terms (in dBW) and to model thermal noise for adequate signal-to-noise ratios at the
receiver (67 dBHz C/N0 for LMO amplitudes at top-of-atmosphere, 34 dBHz SNR for
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LIO intensities; cf. Kirchengast et al., 2004; Schweitzer et al., 2011b; Kirchengast and
Schweitzer, 2011). Residual linear drift errors over the occultation event, reflecting ex-
pected short-term stability limitations of measured LMO and LIO amplitudes/intensities,
are superimposed as well; for LMO in the same way as by Schweitzer et al. (2011b), for
LIO according to the system requirement specifications in Kirchengast et al. (2010a).5

Clock errors and precise-orbit-determination (POD) errors, affecting the LMO excess
phase, and thermal noise on the phase are modeled in the same way as was done for
GRO simulations by Steiner and Kirchengast (2005) and adopted for LMO simulations
by Schweitzer et al. (2011b).

In order to finally provide the retrieved thermodynamic variables from LMO based10

on the simulated signals from the OSM subtool, we use the retrieval algorithm de-
scribed by Schweitzer et al. (2011b), which is implemented in the Occultation Process-
ing System (OPS) subsystem of EGOPS. As Schweitzer et al. (2011b) conclude, the
LMO-retrieved thermodynamic profiles are essentially unbiased and achieve r.m.s. er-
rors of <0.2% for the pressure, <0.5 K for the temperature and <10% for the specific15

humidity. The related altitude levels are determined to within 10 m accuracy. LMO is
thus evidently very suitable to provide the needed thermodynamic state and altitude
information to the LIO retrieval.

The LIO retrieval is then performed applying the OPS part of xEGOPS. It needs an
array of initial/background GHG profiles as input. The latitude-dependent FASCODE20

GHG profiles are used for this purpose when demonstrating the single core steps of
the SSR process in Sect. 3.4 and for the demonstration results in Sect. 4. The array
is, for test purposes, also set to zero initial values for the GHG species H2O, CO2, CH4
and O3 in the MSR process. This latter setting will demonstrate the importance of the
order in which the trace species are retrieved, as discussed in Sect. 3.5.25
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3 Retrieval algorithm

In this section we discuss in detail the LIO retrieval algorithm methodically supported
by quasi-realistic end-to-end simulations. The main goal is to clearly describe the
retrieval steps and processing flow and to show the utility of the combined LMO and
LIO observations. We show the effective independence of the LMIO retrieval results5

from external/background/first guess information and demonstrate the high accuracy
of the GHG profiles.

3.1 Algorithm overview and context

The retrieval flow of the LMO to the LIO variables is illustrated in Fig. 2, which visually
emphasizes the synergy of LMO and LIO in the combined LMIO method.10

In the left orange-bordered part of the scheme in Fig. 2, the LMO retrieval input
(bright green), main calculation steps (orange) and final outputs (dark green) are
shown. The detailed algorithm to derive the output variables from the LMO access
phase and amplitudes is described by Schweitzer et al. (2011b). The required vari-
ables of the LMO retrieval for the LIO retrieval are pressure (p) and temperature (T ) on15

a given grid (z), plus the MW impact parameter grid of the MW occultation rays that is
associated with the original time grid of the transmitter and receiver positions. Since
it is co-available, we also formally use the humidity (q) in computing the IR refractivity
but because its contribution is practically negligible at UTLS altitudes in the IR domain
(Bönsch and Potulski, 1998; Schweitzer, 2010) it could likewise be disregarded.20

The right red-bordered part of Fig. 2 illustrates the flow and inner-dependencies
of the SSR LIO retrieval 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 complemented by first guess (ini-
tial/background) GHG profiles (bright green) used for convenience on the z grid shared25

with p, T , and q from LMO. From the MW impact parameter, combined with the thermo-
dynamic variables, the “refractive” IR quantities are calculated (grey boxes), i.e., those
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quantities that are directly retrievable in the MW domain from the phase measurements
but not from the IR intensity-only measurements.

Based on first preparing an auxiliary MW altitude grid as a function of time from the
LMO input, these include the IR refractivity (Bönsch and Potulski, 1998), followed by
the IR impact parameter (cf. Bouguer’s rule in Born and Wolf, 1964), the IR bending5

angle as auxiliary profile (using the Abel transform, e.g., Fjeldbo and Eshleman, 1965;
Fjeldbo et al., 1971) and the IR tangent point altitude. These parameters are necessary
to allocate the LIO intensity signals measured as a function of time to their associated
IR altitude levels (recall from Fig. 1 that the propagation path differences between MW
and IR occultation rays are essentially negligible in the stratosphere but need to be10

accounted for in the upper troposphere where humidity increases downwards, in order
to ensure accurate retrievals within 20 m altitude geolocation accuracy down to 5 km).

After the preparatory calculations of the “refractive” quantities, the core steps (red
symbols in Fig. 2) of LIO SSR retrieval are performed. First, a correction for defo-
cusing loss is performed (an option not strictly needed if proceeding with differential15

transmissions) and the differential transmission is calculated from a pair of the LIO
intensity profiles comprising one absorption and its corresponding reference channel
(Table 1; Schweitzer, 2010; Kirchengast and Schweitzer, 2011), and the result allo-
cated to the IR altitude grid. Subsequently, the differential transmission and the mod-
eled species transmissions, which are derived by employing the RFM (Edwards, 1996;20

Dudhia, 2008) based on the initial/background GHG profiles, are used to isolate the tar-
get species transmission of the absorption channel. This target species transmission
is the pure transmission due to a single GHG (e.g., 12CO2), with effectively negligble
influence of foreign species. The target species transmission is then used, together
with the IR impact parameter and the IR refractivity, to retrieve the target species ab-25

sorption coefficient on the IR altitude grid by use of the “absorptive” Abel transform
(Kursinski et al., 2002; Schweitzer et al., 2011b). Finally, the GHG/isotope volume mix-
ing ratio profile is derived from the target species absorption coefficient and a modeled
absorption cross section of the target species for which we employ RFM based on the
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initial/background target species profile and the p and T profiles from LMO; likewise it
could also be the mole fraction profile. Optionally, also the absolute concentrations of
GHGs/isotopes could be computed as needed.

3.2 Algorithm dynamic structure and flow

While we focused above on an overview of the SSR core process of the LIO retrieval5

we focus in this subsection on an overview of the dynamic structure of the LIO algo-
rithm before we then proceed to explain it step by step. Overall the LIO algorithm is
a sequential order of retrieval calculation steps and two nested loops over the core
retrieval algorithm as illustrated in Fig. 3. The input parameters are the retrieved LMO
profiles, the LIO intensities and a set of initial/background GHG profiles as discussed10

above.
The first step in the LIO retrieval flow is to prepare the “refractive” quantities, where

we then need IR refractivity, IR impact parameter, and IR altitude profiles (details in
Sect. 3.3). The core part of the retrieval is then the SSR process (details in Sect. 3.4),
which estimates the GHG/isotope profiles starting from the LIO intensity signals at-15

tributed to the IR impact parameter and IR altitude grid. This SSR core part is included
in two nested loops, namely an inner MSR (multi-species retrieval) and an outer BUC
(basic-update-control) loop.

The inner MSR loop, an envelope process over the SSR process (details in
Sect. 3.5), performs a carefully defined consecutive order of SSR single species re-20

trievals. After every single inner loop step, the initial/background GHG profiles are
updated with the output from the SSR. This results in a step-wise improved set of GHG
profiles. The order in which the species are retrieved is important; first the most in-
dependent species is retrieved (meaning the species which is derived from a channel
pair which includes the smallest amount of foreign species absorption), followed by25

the other ones which are gradually more and more dependent on the target species
already retrieved before. These are available to the later profiles as background pro-
files already that have superseded the initial profiles in the array of initial/background
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GHG profiles. Additionally, in this MSR loop suitable single-line trace species outputs
are combined, i.e., 12CO2 and 13CO2, as well as H2O(X ) with X = {1, 2, 3, 4}, which
further improves the initial/background GHG profiles for CO2 and H2O for the next inner
loop step.

The outer BUC loop comprises Basic-Update-Control runs and is an envelope loop5

over the SSR and MSR processes (details in Sect. 3.6). This loop performs two itera-
tions of the basic GHG/isotope profiles retrieval of the first completed MSR loop. The
converged retrieval results after the BUC control run are then used as final best esti-
mate of the GHG/isotope profiles, as schematically shown in Fig. 3. We note that the
control run results in practice (in our end-to-end simulations) turn out to negligibly differ10

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 altitude15

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 conditions (p, 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. Fig. 2), a first algorithm step is necessary to20

calculate these IR parameters 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 tj , aMW
(
tj
)
, the

according MW altitude grid zj
(
tj
)

is calculated via an iterative process (iteration index
k). The starting profile of the MW altitude, zj,k=0

(
tj
)
, is derived by using the MW impact25

height for the purpose, i.e., we subtract the Earth’s local radius of curvature RC from the
MW impact parameter, zj,k=0

(
tj
)
= aMW

(
tj
)
−RC (RC is available as part of standard
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auxiliary output parameters from the LMO retrieval). At each iteration the MW refractive
index nMW

(
zj,k
)

at any MW altitude level zj,k
(
tj
)

is obtained by log-linear interpolation
from the known MW refractive index profile. It is calculated based on the formula by
Smith and Weintraub (1953) using p, T , q from LMO. Bouguer’s rule of the relation of
impact parameters to the radial distance of rays from the curvature center (Born and5

Wolf, 1964) is then used to calculate an updated MW altitude zj,k+1
(
tj
)

in the form

zj,k+1
(
tj
)
=

aMW
(
tj
)

nMW
(
zj,k
(
tj
)) − RC, (1)

where the iteration is accepted converged and stopped when the change of the MW alti-
tude per iteration step,

∣∣zj,k+1
(
tj
)
−zj,k

(
tj
)∣∣, becomes <0.1 m. The iteration algorithm

is robust and fast and convergence is reached within a single or very few iterations.10

The IR refractivity, impact parameter, and altitude computation now can use this MW
altitude grid as a function of time zj (tj ) in a form strictly consistent with the retrieved
MW impact parameters and p, T , q from LMO. Note that in principle one might use
the retrieved MW altitude from LMO directly. Dependent on algorithmic implementa-
tion of LMO retrieval this may not be strictly related to the time grid of the occultation15

rays, however, while the impact parameters will be naturally related based on proper
geometric-optical formulation of ray paths. Furthermore, the LIO computations will
base the IR refractivity computation on p, T , q, so that the same way of using the
information is advisable also for MW refractivity. This will ensure strict consistency of
final differences of MW and IR altitudes despite some retrieval errors involved in the20

LMO retrieval products. Therefore a preparation of zj (tj ) as introduced here is clearly
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 retrieval;
Schweitzer et al., 2011b).

Since we use the index j for the MW altitude at times tj , and later the index i for the25

IR grid at the same times ti = tj , the MW altitude notation is used in the simplified form
zj hereafter. We can now compute the IR refractivity, impact parameter, and bending
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angle at the zj grid. We formulate the IR refractivity (in N-units) based on Bönsch and
Potulski (1998) as

N
(
zj
)
=

(
c1 +

c2

d1 − 1
λ2

+
c3

d2 − 1
λ2

)
p
(
zj
)

T
(
zj
) − ε1 e

(
zj
)
, (2)

where the constants are c1 =23.7104 K hPa−1, c2 =6839.34 K hPa−1,
c3 =45.473 K hPa−1, d1 =130.0, d2 =38.9, and ε1 =0.038 hPa−1. λ is the wave-5

length of the IR-laser signals in units µm, for our LIO signals in the range of 2 µm
to 2.5 µm, p the pressure in hPa, T the temperature in K, and e the water vapor
partial pressure in hPa. This refractivity expression at the zj grid is computed after
first interpolating p, T , q from their native LMO grid to the zj grid. Equation (2) is
a streamlined one-equation form of the more sophisticated empirical formulation of10

Bönsch and Potulski (1998). It follows very closely the Bönsch and Potulski (1998)
formulation (at λ>0.5 µm) and can be considered an improved version of the classical
very similar optical refractivity formula developed by Edlén (1966). It is obvious that
different from the Smith-Weintraub formula of microwave refractivity used in LMO
(Schweitzer et al., 2011b), the water vapor term in this optical refractivity formula is15

essentially negligible because the frequencies are much too high for the permanent
dipole moments of the water vapor molecules to contribute an orientation polarization
term (the “wet term” in the microwave formula; e.g., Kursinski et al., 1997). Based on
N
(
zj
)
, the IR refractive index nj (dimensionless) is thus

nj = n
(
zj
)
= 1 + 10−6 N

(
zj
)
, (3)20

which is used in the further calculations.
The IR impact parameter aj is subsequently, again using Bouguer’s rule (Born and

Wolf, 1964), computed as

aj = a
(
zj
)
= n
(
zj
)
r
(
zj
)
= n
(
zj
) (

zj + RC
)
, (4)
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where r
(
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 nj , rj , and aj profiles, the IR bending angle profile α

(
aj
)

corresponding
to the zj grid is then computed as

α
(
aj
)
= 2 a

(
zj
) rtop∫
r(zj )

1√
n2 (z) r2 (z) − a2

(
zj
) d ln (n(z))

dr
dr, (5)5

which is the classical Abel transform for converting refractive index to bending angle
(Fjeldbo and Eshleman, 1965; Fjeldbo et al., 1971). For computing it, we employ a
standard numerical implementation of this Abel integral in EGOPS.

With the IR refractive index, impact parameter, and bending angle profiles available
at the MW altitude grid zj (tj ), we can now compute the impact parameter grid of the10

IR occultation rays, ai (ti = tj ). We do this by exploiting the unique geometrical rela-
tion which the bending angle and impact parameter have to fulfill for representing a
valid occultation ray at any joint LIO and LMO measurement time ti = tj between the
corresponding joint LIO and LMO transmitter and receiver positions, rTx,i = rTx,j and
rRx,i = rRx,j . This geometrical relation reads (Melbourne et al., 1994; Syndergaard,15

1999; Kirchengast et al., 2006)

αg (ai ) = θi − arccos
(
a(zi )
rTx,i

)
− arccos

(
a(zi )
rRx,i

)
, (6)

where αg (ai ) and a(zi ) denote the desired point on the (interpolated) IR bending angle
profile α

(
aj
)

(Eq. 5) that represents the IR occultation ray. θi is the opening angle
between the transmitter and the receiver at time ti (see Fig. 1). Since this is no ex-20

plicit formulation, we must find the desired point iteratively for which we also use the
(analytically available) derivative of Eq. (6), α

′

g(ai ), which reads
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α
′

g (ai ) =
d αg

da
(ai ) =

1

rTx,i

√
1 −

(
a(zi )
rTx,i

)2
+

1

rRx,i

√
1 −

(
a(zi )
rRx,i

)2
. (7)

We use a simple Newton iteration process (iteration index k), searching for the de-
sired impact parameter ai by updating the bending angle difference of αg (ai ) (Eq. 6)
and α(ai ) (Eq. 5), and the subsequently estimated impact parameter difference, until
convergence is achieved. In this process according to the update rules given below,5

α(ai ) is log-linearly interpolated from the profile α
(
aj
)

and the derivative α
′

g(ai ) sup-
ports the impact parameter difference estimate and provides the direction of the itera-
tive difference minimization process. As initial value for any time ti = tj we use the MW
impact parameter, a(k =0)= a(zi )= aj , which is a good initial guess since the IR and
MW ray path differences ai −aj and zi −zj are small. The update rules for the iteration10

are given by

∆ α(k + 1) = αg (a(k)) − α(a(k)) (8)

∆a(k + 1) =
1

η
(
zj
) ∆ α(k + 1)

α
′
g (a(k))

(9)

a(k + 1) = a(k) − ∆a(k + 1). (10)

In Eq. (9), the altitude-dependent relaxation factor η
(
zj
)

ensures robust convergence15

despite the iteration problem is one-sided convergent only for the larger MW and IR ray
separations into the troposphere (un-relaxed iteration can lead to convergence to a
spurious oscillating bi-stable solution of next higher order, i.e., beyond the first bifurca-
tion in the state space of the given iteration problem). We formulated η

(
zj
)

as

η
(
zj
)
= ηtop

(
1 +

3
2

exp

[
−
(
zj − zbase

)
Hatm

])
, (11)20
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where the minimum relaxation factor at high altitudes ηtop is set to 2, the base altitude
zbase to 5 km and the atmospheric scale height Hatm to 7 km. This provides robust
and at the same time still fast convergence within a few iterations. The iteration is
accepted converged and stopped when the change of the IR impact parameter per
iteration step, |∆a(k+1)|, becomes <0.1 m. Based on GRO and LMO experience with5

bending angle and impact parameter retrieval, an additional criterion back-checks the
impact parameter solution for vertical monotony (i.e., next downward ray to always
have impact parameter lower than the previous ray). The processing is terminated at
the altitude level where the monotony is first violated if that occurs before the bottom
of the zj grid. This safeguards from potential errors in the LMO-retrieved input data at10

lowest tropospheric altitude levels.
The final converged values a(k+1) at all measurement times ti = tj of the occultation

event provide the resulting ai grid of IR impact altitudes. We can now log-linearly
interpolate the IR refractive index from the aj grid corresponding to the zj grid (Eqs. 3
and 4) to this ai grid, yielding the resulting IR refractive index profile n(ai ). Using15

Bouguer’s rule again (as in Eq. 1), we finally also obtain the resulting zi grid of IR
altitudes. All subsequent LIO retrieval steps can thus now use together with the ti grid
also its associated ai or zi grids.

3.4 Single-line trace species retrieval (SSR)

The SSR algorithm is the core of the LIO trace species retrieval. In this step, one20

absorption-reference channel pair of measured LIO intensities is used to derive one
trace species profile (cf. Figs. 2 and 3, dark red boxes). The detailed steps are ex-
plained in the following sections, accompanied by illustration of the steps. Example
results are illustrated for the trace species 12CO2 (Fig. 4) and H2O(2) (Fig. 5); for a
full list of single-line trace species see Table 1 (for details on the related LMIO mission25

design see Kirchengast et al., 2010a; Schweitzer, 2010; Kirchengast and Schweitzer,
2011).
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3.4.1 Defocusing correction

The starting point are the raw, quasi-realistically simulated LIO signal power profiles in
dBW reaching the receiver detectors, as shown in Figs. 4a and 5a. These panels show
the signal power profiles as a function of time for the absorption channel (solid green
line) and for the reference channel (dashed-dotted red line). The atmospheric settings5

are defined in Sect. 2.2. In practice, power normalized to a reference power value, P̃
in W W−1, is then used. For real data the reference generally is the noise-equivalent
power of the detection system (Schweitzer et al., 2011a), leading to the signal-to-noise
ratio, and for simulated data in EGOPS we use the power value at the top-altitude level.
From the previous preparatory step (cf. Sect. 3.3) we can allocate to every power value10

P̃ (ti ) an IR impact parameter ai and IR altitude zi , respectively.
The defocusing correction clears the signal powers from the influence of spherical

signal spreading and differential bending, which reduces the signal power increasingly
from top to bottom by up to a maximum defocusing loss of near 5 dB at 5 km (cf.
Schweitzer et al., 2011a). The “bump” on the power profiles visible within 5 s to 7 s15

in Figs 4a and 5a is a feature of the defocusing around the tropopause height, due to
the sharp change of the vertical gradient of the refractive index there. The defocusing
correction is based on equations developed by Jensen et al. (2003). A detailed algo-
rithmic description of the defocusing correction for LMO, which we identically use in
the LIO retrieval, is given by Schweitzer et al. (2011b). As top-of-atmosphere (TOA)20

reference power, needed in the algorithm, we use the measured LIO signal powers at
an altitude of 65 km with an averaging interval of 4 km. At these high altitude levels
negligible absorption takes place at the channel frequencies selected so that we have
essentially unity transmission and otherwise only noise contributions. In the LMO re-
trieval (Schweitzer et al., 2011b), the defocusing loss is applied to amplitudes but it is25

equally valid for powers (with dB-conversion factor of 10 instead of 20). For LIO the cor-
rected power profiles in dB, applying a defocusing correction term (P̃dc (ai )) analogously
to Schweitzer et al. (2011b), are given by
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T (ai ) = −10
[
log
(
P̃ (ai )

)
− log

(
P̃dc (ai )

)]
. (12)

The resulting transmission profiles for absorption and reference channel after the
defocusing correction are illustrated in Figs. 4b and 5b. We note that the defocusing
correction is not necessarily needed if differential transmission is used, such as we
will use here for the GHG profiling. This applies because the very closely spaced LIO5

absorption and reference channel frequencies experience the same defocusing and
beam spreading, which is thus automatically corrected for simply by the use of dif-
ferential transmissions. However, differential transmissions can generally not be used
when targeting information such as aerosol extinction, scintillation strength, or cloud
layering profiles. These require the use of single-channel transmissions directly and in10

those cases the defocusing correction will thus be needed.

3.4.2 Target species transmission retrieval

The starting point for the target species transmission retrieval are the transmissions of a
channel pair consisting of an absorption and a reference channel (either raw transmis-
sions or defocusing-corrected transmission as explained in Sect. 3.4.1). Such trans-15

missions can be seen in Fig. 4b for the retrieval of 12CO2 and in Fig. 5b for the retrieval
of H2O(2), respectively. In this section we discuss how these transmission profiles are
corrected from further atmospheric influences, like scintillation noise, aerosol extinc-
tion, Rayleigh scattering and absorption due to foreign species. The output will be the
pure transmission profile due to the target species only.20

Correction for broadband atmospheric effects:

Since the transmissions of the absorption-channel signal TAbs (ai ) and the reference-
channel signal TRef (ai ), both given in dB, experience very similar broadband atmo-
spheric influences (in air without clouds especially scintillation, aerosol extinction,
broadband/continuum absorption, and Rayleigh scattering; cf. Schweitzer et al., 2011a;25
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Schweitzer, 2010), a simple difference of the two channel transmission profiles elimi-
nates these influences to a high degree

∆T (zi ) = ∆T (ai ) = TAbs (ai ) − TRef (ai ). (13)

This differential transmission profile ∆T (zi ) in dB at the zi grid (applicable interchange-
ably with the ai grid) is used next to correct potentially remaining absorption effects5

from absorption lines of foreign species that are not broad and overlap the target
species absorption line.

Correction for foreign species absorption:

As the absorption and/or reference signal have, despite a careful channel selection
process (Kirchengast and Schweitzer, 2011), some small but non-negligible sensitiv-10

ity to line absorption by foreign species (Schweitzer, 2010; Schweitzer et al., 2011a),
these residual foreign species absorptions need correction as well. Their influence is
modeled by use of the initial/background GHG trace species profiles. Specifically, the
absorption channel needs to be corrected from the absorption of all foreign species, the
reference channel from the absorption of all foreign species plus the target species (the15

latter being in the reference channel, where absorption ideally should be truely zero,
also a type of foreign species; therefore we use here the simplified generic terminology
“foreign species correction”). The set of foreign species accounted for is composed of
the potentially relevant foreign species {M :X \ {Target : Target∈X }} where X = {N2O,
CH4, 12CO2, 13CO2, C18OO, H2O, HDO, H18

2 O, CO, O3}; all others are negligible at the20

selected LIO channel frequencies.
The transmissions for the foreign species were calculated in the xEGOPS system

with the Reference Forward Model (RFM) (Edwards, 1996; Dudhia, 2008), using the
spectroscopic parameters from HITRAN2004 (Rothman et al., 2005) and user-supplied
atmospheric profiles (see RFM introduction in Sect. 2.2). Here we supply RFM with the25

LMO profiles p, T and the initial/background GHG profiles to obtain the ensemble of
modeled species transmissions needed (see Fig. 2). For the absorption channel we
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use the ensemble {M} for computing the background transmission TAbs,bgr (zi ) from the
foreign species, for the reference channel we use the ensemble of all species {X } to
compute the background transmission TRef,bgr (zi ). The difference of these two modeled
background transmission profiles yields the differential background transmission profile
from the foreign species, ∆Tbgr (zi ), given by5

∆Tbgr (zi ) = TAbs,bgr (zi ) − TRef,bgr (zi ). (14)

The pure target species transmission in the absorption channel, Ttgt (zi ), can thus
be obtained by subtracting the differential background transmission profile ∆Tbgr (zi )
(Eq. 14) from the differential transmission profile ∆T (zi ) (Eq. 13),

Ttgt (ai ) = Ttgt (zi ) = ∆T (zi ) − ∆Tbgr (zi ), (15)10

where the resulting target species transmission profile (in units dB) can again be alter-
natively used at the ai grid, which is needed for the next step of absorption coefficient
retrieval.

The magnitude of Ttgt (zi ), the target species absorption loss profile, is illustrated for

the 12CO2 and H2O(2) channels in Figs. 4c and 5c, respectively. The H2O(2) absorption15

loss exceeds the upper bound of favorable dynamic range (0.25 dB< |Ttgt (zi )|<13 dB,
corresponding to about 5% to 95% absorption; Kirchengast and Schweitzer, 2011;
Schweitzer et al., 2011a) at altitudes below about 8.5 km. This indicates why for H2O,
with its very high dynamic range of concentrations over the UTLS, several single-line
species are needed to properly cover the full UTLS. The absorption loss for 12CO2 is20

within the favorable dynamic range from top to bottom over the UTLS, reaching about
10 dB at an altitude of 5 km. Typical sizes of the target species and foreign species
transmissions of all other GHG species according to Table 1 are found in Schweitzer
et al. (2011a) for a set of representative atmospheric conditions.
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3.4.3 Absorption coefficient retrieval

The next important step is the retrieval of the (volume) absorption coefficient κ (zi ) in
units m−1 from the target species transmission profile Ttgt (ai ). For this purpose we em-
ploy the same absorptive Abel transform as used and described in detail by Schweitzer
et al. (2011b) for the LMO absorption coefficient retrieval. Besides the transmission5

profile the impact parameter profile ai and refractive index profile ni (ai ) enter this al-
gorithmic step (see Fig. 2), the transmission in form of a log-transmission derivative (in
units Neper) after the impact parameter. This intrinsically leads to noise amplification
by about a factor of 2 to 2.5 by this Abel transform (Sofieva and Kyrölä, 2004), similar
as by Eq. (5) performing forward modeling of refractivity to bending angle and contain-10

ing the log-refractive index derivative. The absorptive Abel transform implementation
in EGOPS is very robust, however, and designed to minimize this noise amplification
(Schweitzer et al., 2011b).

The resulting example absorption coefficient profiles for 12CO2 and H2O(2) are
shown in Figs. 4d and 5d, respectively. It is seen, best visible for the 12CO2 case, that15

the noise increases from the absorption loss profile to the absorption coefficient profile
due to the noise amplification discussed above. Future even more refined filtering may
slightly reduced this noise further; regarding resolution the filtering is currently set to
yield a high vertical resolution of about 1 km (Schweitzer et al., 2011b). In terms of ab-
sorption coefficient magnitudes, profiles are useful for subsequent atmosperic profiles20

retrieval with high accuracy (1% level) within an absorption coefficient range of about
10−7 m−1 to 10−5 m−1 as also discussed by Schweitzer et al. (2011b). Consistent with
the respective behavior of the absorption loss profile, the 12CO2 absorption coefficient
profile fully fits this range while the H2O(2) one begins to exceed it near 8 km and other
H2O channels will have to complement it in the lowest part of the UTLS towards 5 km.25
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3.4.4 Atmospheric profiles retrieval

The last step of the SSR process is the retrieval of atmospheric profiles, in particular of
the volume mixing ratio (VMR) profile of the GHG or minor isotope target species, χ (zi )
in units ppmv, from the absorption coefficient profile κ (zi ) in units m−1. In addition (see
Fig. 2) we need a modeled molar absorption cross section of the target species ε(zi )5

(units m2 mol−1). This is computed again with RFM, based on the initial/background
target species profile (units ppmv) and the p (units Pa) and T (units K) profiles from
LMO interpolated to the zi grid.

With these input profiles, the VMR profile χ (zi ) is then calculated as

χ (zi ) = 106 R∗ κ (zi )
ε(zi )

T (zi )
p(zi )

, (16)10

where R∗ =8.3145 J/(K mol) is the universal molar gas constant and the factor 106 is
the conversion factor from dimensionless fraction to ppmv. We note that alternatively or
additionally we also could compute the target species dry air mole fraction and/or the
target species absolute concentration, likely preferable for some applications in case of
real data. In this end-to-end simulation framework we can refrain from these additional15

profiles without loss of generality in this introductory context, however, since the VMR
profile is well representative and convertible with the help of the thermodynamic profiles
to any other representation.

The resulting example VMR profiles for 12CO2 and H2O(2) are shown in Figs. 4e
and 5e, and the relative VMR error is displayed in Figs. 4f and 5f, respectively. It can20

be seen that 12CO2 is retrieved to higher accuracy than H2O. The relative error of
CO2, looked at as a standard deviation, is within 2% over the ULTS due to the good
absorption signal at all altitudes (Fig. 4c and d). The H2O(2) is more at a standard
deviation near 3%, and beyond above about 32 km, since the absorption signal (Fig. 5c
and d) is less favorably distributed over the UTLS.25
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Generally these SSR single-line example retrievals appear unbiased and at fairly
high accuracy, within the target observational requirements (marked on the panels)
that were set by scientific objectives of atmosphere and climate research planned to
be supported by LMIO data (Larsen et al., 2009; Kirchengast et al., 2010a). More
details on performance as seen from the first demonstration results of this study are5

discussed in the sections below.

3.5 Multi-line trace species retrieval (MSR)

This section discusses the inner loop of the LIO retrieval, called multi-line trace species
retrieval (MSR) (cf. Fig. 3). This MSR loop handles the consecutive retrieval of the
multiple species. Its purpose is to ensure that the set of trace species is retrieved10

in a well defined order and to update the set of the initial/background GHG profiles
so that the SSR core process finds this set improved by a new retrieved profile after
every step of the MSR loop (details in Sect. 3.5.1). The set is needed in the SSR
for the foreign species correction (Sect. 3.4.2) within the target species transmission
retrieval and for the molar absorption cross section calculation (Sect. 3.4.4) within the15

atmospheric VMR profile retrieval. Additionally, the composite VMR profiles of CO2 and
H2O are improved at each step of the MSR loop by combining adequate SSR-retrieved
single-line species profiles (details in Sect. 3.5.2).

3.5.1 Trace species retrieval order

Generally, the SSR trace species retrieval requires the VMR profiles of the main at-20

mospheric absorbers to be able to assess the contribution of foreign species absorp-
tion on the transmission of the absorption and reference channels (as explained 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 H2O, CO2, CH4, N2O, O3, CO for our channels) is set to initial25

values, which might be a priori VMR profiles from an atmospheric model or even just
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zero. In the LIO retrieval these initial/background GHG profiles (cf. LIO auxiliary input
in Fig. 2) are either taken from a FASCODE atmosphere that is somewhat adjacent in
atmospheric conditions to the FASCODE atmosphere used as “true” one in the forward
modeling (e.g., standard atmosphere as initial if tropical is the “true”), or set to zero for
test purposes.5

After the first SSR step, one obtains the VMR profile of the target species (see
Sect. 3.4.4) that is first in the order. The respective initial/background GHG profile is
then updated by this retrieved one. All other species remain at the initial values. In this
spirit the MSR proceeds to perform a full chain of SSRs, consecutively retrieving the
target species in a sensible order, and after each SSR step the set of initial/background10

GHG profiles gets improved by a new retrieved profile. Hence, the foreign species cor-
rection for the absorption and reference channel in the SSR (cf. Sect. 3.4.2) gets im-
proved every step as more and more initial profiles are superseded by actual retrieved
profiles. Thus overall the MSR is an envelope process over the SSR, which after a
complete first MSR loop (complete basic run) has entirely superseded the original set15

of initial/background GHG profiles by retrieved profiles. Even if the intial values were
zero, this first full set of retrieved profiles can be expected to be very accurate already
since the foreign species interference is very small thanks to the careful selection of
the LIO channels (Kirchengast and Schweitzer, 2011; Schweitzer et al., 2011a).

To ensure such accurate retrieval results, it is key to employ a well defined sequence20

in which the VMR profiles of the single gases are retrieved by the SSR process. Since
the channels used for retrieving the species have different sensitivity to foreign species
absorption, those gases need to be retrieved first the channels of which exhibit least
sensitivity to any other species. In the case of the set of channels used in this study,
a very suitable sequence that we found based on the studies of atmospheric influ-25

ences on LIO signals by Schweitzer (2010) and Schweitzer et al. (2011a) is listed in
Table 1. That is, in Table 1 the sensitivity to foreign species absorption is generally low-
est to highest from top to bottom and at the same time the foreign influence on species
coming later is generally highest to lowest from top to bottom. This ensures accurate
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retrieval results even if one starts with an initial concentration of the foreign species of
zero, since the top listed ones are themselves fairly insensitive and on the other hand
precede the later ones which they influence. In this way the MSR-retrieved set of VMR
profiles is effectively independent of a priori information, enabling – together with other
favorable properties from using the occultation principle with coherent signals – its cli-5

mate benchmarking capability (Kirchengast et al., 2010a; Kirchengast and Schweitzer,
2011).

An illustrative example result of the dependency of the retrieval on the species or-
der in the set of initial/background GHG profiles is given in Fig. 6. In these panels
VMR errors are shown for the H2O(X ) single-line retrievals with X = {1, 2, 3, 4}. The10

individual H2O(X ) channels are suitable for different altitudes as indicated in Table 1.
Figure 6a shows the SSR retrieval error results for the four H2O(X ) cases when using
the correct initial/background GHG profile order according to Table 1 (N2O, CH4, CO2,
etc.). In contrast, Fig. 6b shows the VMR error profiles for the four H2O(X ) cases when
using a zero-valued initial/background CO2 profile, i.e., when not retrieving CO2 before15

H2O. N2O and CH4 were set to the correct values. It can be seen that the H2O(2) and
H2O(4) channels show a significant dependence on the CO2 VMR profile (while the
H2O(1) and H2O(3) channels show nearly no dependence). Although less ambitious
remote sensing systems would not care too much about errors still not higher than
about 10% (that in addition would be largely part of random rather than systematic20

error in ensembles of profiles), these H2O(2) and H2O(4) test results are clearly at the
margin of the demanding requirements for the LMIO method. It is therefore encourag-
ing to see in Fig. 6a that a sensible order of species in the MSR does a highly effective
job in keeping results unbiased and in terms of standard deviation keeping them well
within target requirements already in a single basic run of the MSR loop.25

3.5.2 Composite CO2 and H2O profiles

An important further part of the MSR process is the meaningful combination of suitable
VMR profiles from the SSR in order to improve the overall VMR error of a species. This
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is done for XCO2 channels for two different isotopes and for the four H2O(X ) single-line
species to merge the individual profiles covering the UTLS piecewise into a composite
profile covering the full UTLS.

As the general approach any composite species VMR profile χc (zi ) is derived via
summation of a number of n single-line species VMR profiles χm (zi ), scaled by their5

isotopic fractional abundances am and weighted by inverse-variances wm (zi ) repre-
senting their relative uncertainty,

χc (zi ) = ac

n∑
m=1

(
wm (zi )

χm (zi )
am

)
, (17)

where the additional factor ac is the assigned fractional abundance of the composite
(usually set to unity for representing the full abundance of all isotopes of a species).10

Note that for the single-line species other than CO2 and H2O such as CH4 and O3 we
also employ Eq. (17) in its simplest form (n=1, ac =1, wm (zi ) is unity), just for dividing
the single-species result from Eq. (16) by the respective isotopic abundance to obtain
the VMR for the full species abundance.

The inverse-variance weight wm (zi ) in Eq. (17) is defined by15

wm (zi ) =
1

n∑
m=1

(
1

ε2
m(zi )

) 1

ε2
m (zi )

. (18)

where the normalization factor of 1/ε2
m ensures that the sum of all weights wm is unity.

The isotopic fractional abundances am are taken from Rothman et al. (2005). The
standard error profiles εm(zi ) utilized to build the variances express the altitude-
dependent errors of the individual VMR profiles, determining the weight of any individ-20

ual profile relative to the other profiles; their formulation for our specific CO2 and H2O
composites is summarized below. The performance improvement derives from the fact
that the error of the composite profile from the simple optimal estimation formulated by
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Eqs. (17) and (18) will at any altitude level always be smaller than the smallest indi-
vidual profile error at that level. For example, combining two profiles with equal errors
would lead to a composite profile with the error reduced by a factor of 1/

√
2. On the

other hand, with two significantly unequal errors the composite profile error would be
only very slightly reduced against the smaller of the two errors.5

CO2 composite profile and its weighting:

The composite CO2 VMR profile χCO2
(zi ) is derived by combining the two isotopes

12CO2 and 13CO2 via inverse-variance weighting including static standard errors. The
rationale for combining just these two isotopes is their known highly stable isotopic
ratio δ13C in the free atmosphere, which can thus be relied on in the combination of10

the profiles over the UTLS (δ13C ratio variations <0.05%; Allison and Francey, 2007).
Employing Eq. (17) with the composite abundance ac set to unity, χCO2

(zi ) is given by

χCO2
(zi ) = w12CO2

(zi )
χ12CO2

(zi )

a12CO2

+ w13CO2
(zi )

χ13CO2
(zi )

a13CO2

. (19)

The needed relative VMR error profiles εCO2
(zi ) in % for 12CO2 and 13CO2 (we sup-

press the index m for brevity in formulating εCO2
(zi ) but it clearly applies to both profiles)15

are specified from experience with LIO retrieval performance for these two species so
far. This indicated a characteristic height dependence of the two errors relative to each
other. This dependence can be embodied into a simple static error model following the
empirical vertical error modeling approach developed in the GRO context by Steiner
and Kirchengast (2005) and recently also adopted by Scherllin-Pirscher et al. (2011).20

This simple model can be written as

εCO2
(zi ) =


ε0 + q0

[
1
zpi

− 1
zpTtop

]
, for zmin < zi ≤ zTtop

ε0, for zTtop < zi ≤ zSbot

ε0 exp
[

(zi − zSbot)
HS

]
, for zSbot ≤ zi < zmax

(20)
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It models the errors as constant (ε0 in %) in an UTLS core region, with an exponential
increase defined by an error scale height HS above this region, and with an increase
by an inverse altitude law, defined in shape by q0 and by the power parameter p of
z, below this region. For a more detailed discussion see Steiner and Kirchengast
(2005) and Scherllin-Pirscher et al. (2011). Roughly reflecting the 12CO2 and 13CO25

VMR errors estimated in initial performance analyses we set the model parameters
to zmin =0.5 km, zTtop =15 km, zSbot =25 km, zmax =80 km, ε0 =1.0% for 12CO2 and

0.5% for 13CO2, q0 =10% for 12CO2 and 15% for 13CO2, p=0.5 for both isotopes, and
HS =18 km for 12CO2 and 12 km for 13CO2. Additionally, the resulting error εCO2

(zi ) is
bounded to a maximum of 10%, which is a reasonable bound becoming effective below10

a height of 1 km (practically irrelevant in the context here) and above 60 km.
The two error profiles are illustrated in Fig. 7a for the altitude range of main inter-

est. Figure 7b shows the corresponding errors of the retrieved VMR profiles of 12CO2,
13CO2, and of the composite CO2 VMR profile obtained according to Eqs. (19) and (20).
The effect of more equal weighting is visible in particular at altitudes below about 10 km,15

where the two individual errors are comparable. At higher altitudes, the composite is
dominated by the lower 13CO2 VMR error but the 12CO2 VMR error is clearly seen to
aid as well, especially if the two errors are incidentally opposite in sign such as above
30 km. Overall the quality of the composite CO2 profile is clearly improved over either
individual profile, staying unbiased and reaching a standard deviation of within 1% over20

most of the altitude range.

H2O composite profile and its weighting:

The VMR profile of H2O is composed of the four H2O(X ) (X = {1, 2, 3, 4}) single-line
species VMR profiles, which exhibit their respective best sensitivities in different height
ranges. Hence the composite H2O profile can be expected to be very accurate through-25

out the whole UTLS whereas a single profile is accurate only in a limited height range
(cf. Table 1; typical validity height range per H2O channel quoted in brackets). Since the
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composite H2O profile consists of profiles having the same isotope abundance aH16
2 O,

Eq. (17) turns for χH2O (zi ) into the simple form

χH2O (zi ) =
1

aH16
2 O

4∑
m=1

(
wm (zi ) χH2O(m) (zi )

)
. (21)

In this case, the relative VMR error profiles εH2O (zi ) in % for the four individual pro-
files need a dynamical error model, since H2O is a highly variable species (also here we5

supress the index m in formulating εH2O (zi ) but it clearly applies to all four profiles). We
follow the semi-analytical retrieval error propagation modeling in the simplified LIO per-
formance simulator tool ALPS (Kirchengast et al., 2010b), which was described most
accurately recently by Kirchengast and Schweitzer (2011). In particular, a reasonable
simple estimate of the error profiles is given by the ratio of an empirically approximated10

absolute error profile (ET (zi )) in dB and the retrieved target species absorption loss
profile |Ttgt (zi )| in dB (cf. Sect. 3.4.2) in the form

εH2O (zi ) = 100
ET (zi )

|Ttgt (zi )|
, (22)

where the factor 100 is to provide units %. The absolute error profile ET (zi ) in Eq. (22)
is formulated as15

ET (zi ) = cf2dB

[
10

−
(

SNRAbs(zi )
10

)
+ ET ,resid

]
, (23)

where SNRAbs (zi ) in dB is an estimate of the signal-to-noise ratio profile of the absorp-
tion channel, ET ,resid is a fractional residual error set to 0.003 (lower bound error at
high altitudes), and cf2dB =4.3429 dB/1 is the conversion factor from fractional values
to units dB. The SNR profile SNRAbs (zi ) in Eq. (23) is dynamically estimated as20

SNRAbs (zi ) = SNRTOA − Lbgr (zi ) − |Ttgt (zi )|, (24)
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where SNRTOA is the top-of-atmosphere value of the SNR set to 33 dB (an adequate
value at TOA where transmission is unity; e.g., Kirchengast et al., 2010a; Kirchengast
and Schweitzer, 2011), Lbgr (zi ) in dB is a simple estimate of the total background loss
profile, and definitely also the target species absorption loss profile |Ttgt (zi )| needs to
be subtracted to have a reasonable estimate of the total SNR profile SNRAbs (zi ). The5

background loss profile Lbgr (zi ) can be approximated by the dominating contribution of
defocusing loss (cf. Schweitzer et al., 2011a) for which a simple exponential model in
units dB following Kirchengast et al. (2010b) is

Lbgr (zi ) = L0 exp
[
−

(zi − z0)

Hloss

]
, (25)

where L0 set to 10 dB is the estimated value of Lbgr at the base height z0 =0 km and10

where the defocusing loss scale height Hloss is set to 11 km.
Briefly to explain the behavior of the model εH2O (zi ) according to Eqs. (22) to (25),

the absolute error profile ET (zi ) in the numerator is basically dominated by the (decay-
ing) background loss profile Lbgr (zi ) at higher altitudes and by the increasingly growing
absorption loss profile |Ttgt (zi )| at lower altitudes. The absorption loss in the denomina-15

tor does not grow as fast downwards as the absolute error in the numerator, however,
so that also the relative error εH2O (zi ) strongly increases downwards when absorption
in a channel becomes strong. On the other hand εH2O (zi ) increases as well towards
higher altitudes since the absorption loss in the denominator becomes small upwards
faster than the absolute error. In order to limit the error below and above the height20

range where a particular channel is most sensitive, we keep εH2O (zi ) in practice con-
stant at altitudes, where the respective absorption loss profile is outside 0.25 dB to
17 dB (setting the constant to the error value at the altitudes just of these two threshold
values). This ensures sufficient overlap between the channels at all heights and at the
same time overall robustness of this dynamical composite profile estimation.25

Figure 7c shows the resulting error profiles for the four H2O(X ) profiles with X = {1,
2, 3, 4}. The altitude regions with the best sensitivity of the channels are clearly visible
as is the general altitude-dependent behavior described above. An illustration of the
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corresponding errors of the VMR profiles of the four H2O single-line retrievals and of
the composite H2O VMR profile is given in Fig. 7d. The benefit of the weighted profile
combination is well visible, since it is clearly seen that the composite profile is very
effective in exploiting at all altitude levels the best possible information. In this way
the overall quality of the composite H2O profile is substantially improved over either5

individual profile, staying unbiased and reaching a standard deviation of within 2%
essentially everywhere in the altitude range.

3.6 Basic-update-control (BUC) runs

The last step of the LIO retrieval is the outer loop, also called Basic-Update-Control
run (BUC) loop. This loop is a simple envelope loop over the MSR process, as shown10

in Fig. 3, to guarantee (update run) and cross-check (control run) the convergence of
the retrieved set of GHG/isotope profiles beyond the first complete step of the loop
(basic run). Each of these runs consists of a full MSR retrieval process, including all
trace species retrieved by the SSR core process in the well defined order presented in
Sect. 3.5.1, and including the generation of the composite CO2 and H2O profiles. After15

the basic run, all initial/background GHG profiles are replaced by the retrieved GHGs,
followed by the update run after which the GHG/isotope profiles are improved and the
retrieval results have nominally fully converged. The control run provides quantitative
quality control of the convergence of every single retrieved GHG profile over its full
altitude range.20

To provide an example of the effectiveness of the BUC loop, the output VMR profiles
after each step of the loop are illustrated for CH4 and H2O in Fig. 8 and for CO2 and O3
in Fig. 9, for three representative atmospheric conditions. It is clearly seen that already
the update run ensures full convergence for all species, which is verified by the control
run result; details on these demonstration results are discussed in Sect. 4.25

Regarding finally the computational efficiency of the complete LMIO retrieval algo-
rithm in the EGOPS/xEGOPS system (LMO thermodynamic state retrieval and after-
wards LIO multi-species retrieval with full BUC loop), it currently takes without any
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dedicated speed optimization effort and without compiler optimization about 30 min on
a standard Linux workstation of the 2 GHz CPU class (the most demanding part being
the RFM transmission computations for foreign species correction). Given its multi-
parameter retrieval power and substantial room for speed improvements, this compu-
tational performance is very encouraging. It is clear that all data of any real LMIO5

mission could be readily processed within adequate time slots with a very moderate
number of processors.

4 Demonstration results

Here we discuss the retrieval demonstration results of the set of representative example
species of this study (CO2, H2O, CH4, O3); a more complete analysis comprising all10

LIO species and statistical retrieval performance estimates from ensemble simulations
is on-going and will be published elsewhere. Figures 8 and 9 illustrate the GHG profiles
retrieval performance achieved for CH4, H2O, CO2, and O3 by the LMIO retrieval after
each run of the BUC loop in terms of VMR retrieval errors against the “true” VMR
profiles used in the forward modeling. Intentionally the order of showing the results15

of the four species follows the sequence as they are retrieved within the MSR loop,
facilitating to see (small) influences of whether a species is retrieved earlier or later.
Three representative atmospheric conditions are considered (top to bottom in Figs. 8
and 9), the sub-arctic winter (SAW), standard (STD), and tropical (TRO) atmospheres
of the FASCODE model (Anderson et al., 1986; FASCODE, 2008; with the CO2 VMR20

updated to 380 ppmv as noted in Sect. 2.2).
For these demonstration cases, we subsequently retrieved the single-line species

CH4, 13CO2, H2O(X ) (X = {1, 2, 3, 4}), 12CO2, and O3 by use of the MSR process,
with the SSR process embedded, in each run of the BUC loop. While CH4 and O3 are
single-line species, i.e., derived from a single channel pair utilizing a single absorption25

line, CO2 and H2O are composite profiles as discussed in Sect. 3.5. The initial values
for the four GHG profiles demonstrated here were set to zero to illustrate a “worst case”
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initialization. The other two initial/background GHG profiles needed (N2O, CO) were
set to their GHG values from the respective FASCODE atmosphere as we did not focus
on these two here; their influence as foreign species is very small anyway (Schweitzer,
2010) and their effects on the retrieval of the four example species generally negligible
even if only rough knowledge of their concentrations is used.5

CH4 is the species retrieved first in the sequence and Fig. 8 (left column) shows
the performance. Since the initial/background GHGs profiles at start of the basic run
were zero, the foreign species correction necessarily yielded no appropriate estimate
and indeed the CH4 error from the basic run shows a slight negative bias within 1%
to 2% below about 12 km under all atmospheric conditions (red profile). That this bias10

is relatively small despite the foreign species effects are not corrected at all indicates
the careful selection of very “clean” channels. However, as the LMIO method targets
to keep biases within 0.1% to 0.2%, a correction is clearly needed. It is seen that
this correction is very effectively done by the update run (yellow dashed profile), for
which all other GHGs are already available from the basic run. The control run (green15

dotted-dashed profile) then confirms that the CH4 error has converged to within the
0.1% level.

The single-line species next in sequence is 13CO2, since it is helpful to have a first
CO2 profile estimate (that itself is not sensitive to H2O) before retrieving H2O (cf. the
discussion of the sensitivity of H2O to CO2 in Sect. 3.5.1 and the related Fig. 6). This20

intermediate auxiliary single-line retrieval is followed by the retrieval of all four H2O
single-line profiles and the computation of the related H2O composite profile for which
the retrieval performance is shown in Fig. 8 (right column). Since for H2O the ini-
tial/background GHG profiles for CH4 and CO2 are available during the basic run, the
performance of this basic run is very good already. Small biases are visible only below25

about 9 km, especially for the moist tropical atmosphere, but staying within 1% even
there. In the dry sub-arctic winter case, where the first two single-line retrievals H2O(1)
and H2O(2) favorably reach with their sensitivity deeper into the upper troposphere,
the retrieval is already fully converged in the basic run. As for CH4 the update run
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effectively corrects the remaining biases in the lowest part of the UTLS and leads to
convergence to within the 0.1% level as confirmed by the control run.

The CO2 composite profile, which finishes retrieval as the third species next after
H2O, exhibits already very good performance from the basic run as illustrated in Fig. 9
(left column). Remaining biases are at the order of 0.1% also everywhere below 10 km5

already. This is possible for CO2 because the foreign species correction can use the
retrieved CH4 and H2O profiles as background in the basic run already. Only the ini-
tial/background GHG profile for O3 is still zero, but there is no relevant cross-sensitivity
of CO2 to O3 (cf. Schweitzer, 2010; Schweitzer et al., 2011a). The update run very
slightly changes the results from the basic run below about 10 km only and the control10

run again fully shadows the update run.
The species retrieved last is O3, the retrieval performance of which is shown in Fig. 9

(right column). Here the O3 VMR error resulting from the basic run is already fully
converged as confirmed by the update and the control run; there is only one small bias
visible from the basic run near 10 km in the tropical atmosphere, which points to the15

foreign influence of H2O, being the key cross-sensitivity of the O3 channels used. The
lower bound altitude domain requirements of O3 are higher than for the other species,
since the ozone layer resides in the stratosphere and the concentration becomes weak
towards the troposphere. Based on this the noise level starts to increase below about
15 km and further down below 10 km also the H2O influence begins to mask the O320

absorption (Schweitzer, 2010; Schweitzer et al., 2011a). The O3 channels thus focus
on accurate profiling of statospheric ozone above 10 km to 15 km.

Considering finally the overall GHG retrieval performance indicated by these intial
demonstration results of the new LMIO algorithm it looks very encouraging. The re-
sults from these quasi-realistic end-to-end simulations are consistent with and confirm25

the basic estimates from simplified error propagation modeling by Kirchengast and
Schweitzer (2011). The retrieval errors appear to be essentially unbiased over the full
height range of interest and the r.m.s. errors appear to lie well within target require-
ments. Since the errors are essentially random, climatological averages will enable
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very high accuracy at the 0.1% level, given sufficient care is taken related to avoiding
or mitigating potential systematic errors in all relevant elements of an LMIO mission de-
sign as dicussed by Kirchengast et al. (2010a) and Kirchengast and Schweitzer (2011).

Favorably CO2 appears to be the GHG that can be retrieved most accurately, within
1% to 2% of VMR error, but also the other species H2O, CH4 and O3 are retrieved5

to within 1% to 3% of VMR error almost everywhere in their targeted altitude domain.
Specifically regarding H2O, the results indicate that it can be retrieved in clear air from
LIO with significantly more accuracy than from LMO (the latter yields to within about
10%; e.g., Schweitzer et al., 2011b). Thus LIO could also help to further improve the
accuracy of the thermodynamic state p, T , q. For O3 the retrieval strength lies in the10

stratosphere from about 15 km upwards.

5 Summary and conclusions

In this study we introduced a new retrieval algorithm for the LIO part of the LMIO satel-
lite mission concept, which is a proposed occultation observing system that combines
LIO and LMO to retrieve thermodynamic profiles (pressure, temperature, humidity) and15

altitude levels from LMO and GHG profiles from simultaneously measured LIO data.
The LMO algorithm part for thermodynamic state retrieval was recently introduced by
Schweitzer et al. (2011b), the novel LMIO method as a whole by Kirchengast and
Schweitzer (2011). The LIO algorithm, completing the full LMIO retrieval, is applied as
a second step after the LMO algorithm. We described the LIO algorithm in detail and20

showed its performance – and the effective independence of the GHG retrieval results
from external (a priori) information – via demonstration results from LMIO end-to-end
simulations by the EGOPS/xEGOPS software system for a representative set of GHG
profiles (CO2, H2O, CH4, and O3) under three representative clear-air atmospheric
conditions (tropical, standard, sub-arctic winter).25

We showed how the LIO algorithm benefits from the LMO output, more precisely
from the thermodynamic profiles (pressure, temperature, humidity) and the impact
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parameter profile, the latter enabling acccurate geolocation of altitude levels. The LIO
intensity signals as a function of time, complemented by initial/background GHG pro-
files which can even be set to zero initially, are the LIO observational input to the
algorithm. The algorithm itself consists of a preparatory part, establishing IR refractiv-
ity, impact parameter, and altitude profiles from LMO output, a core part, the single-line5

trace species retrieval (SSR), and a dynamic part of envelope loops over the SSR, con-
sisting of the multi-line trace species retrieval (MSR) loop and the basic-update-control
run (BUC) loop, respectively.

The preparatory part establishes the IR refractivity, IR impact parameter, and IR
altitude profiles corresponding to the transmitter and receiver positions and the LIO in-10

tensity profiles available as a function of time. The SSR retrieves trace species volume
mixing ratio (VMR) profiles from single absorption lines, i.e., from the LIO intensities
of a single pair of absorption and reference channel, by exploiting the differential ab-
sorption principle which enables high-accuracy retrievals. The MSR loop, an envelope
process over the SSR process, performs single-line species retrievals in a carefully15

defined order and updates the set of initial/background GHG profiles after each SSR
step, resulting in a step-wise improved set of GHG profiles. A proper order provides
highly effective retrieval and enables to start even with initial profiles set to zero: we
first retrieve the most independent species (in terms of minimal absorption influence
in their channels from other species), followed by the less independent ones that can20

then already benefit from the previously retrieved ones in their correction for residual
foreign species absorption. In addition, the MSR combines suitable single-line species
profiles into composite profiles, which we employed for a composite CO2 profile from
12CO2 and 13CO2 and for a composite H2O profile from the four H2O single-line pro-
files of which each only partially covers the UTLS altitude range. The BUC loop is a25

simple envelope loop over the MSR process to complete (update run) and cross-check
(control run) the convergence of the retrieved set of GHG profiles after the first MSR
run (basic run).
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Regarding the EGOPS/xEGOPS end-to-end simulations, the GHG retrieval perfor-
mance indicated by the intial demonstration results of the new LMIO algorithm were
found very encouraging. The results are consistent with and confirm the basic es-
timates from simplified error propagation modeling by Kirchengast and Schweitzer
(2011). The retrieval errors appear to be essentially unbiased over the full height range5

of interest and the r.m.s. errors appear to lie well within target requirements set by
scientific objectives of atmosphere and climate research to be supported by the data.
CO2 appears to be the GHG that can be retrieved most accurately, within 1% to 2% of
VMR error, but also the other species H2O, CH4 and O3 are retrieved to within 1% to
3% of VMR error almost everywhere in their targeted altitude domain. The H2O results10

indicate that water vapor can be retrieved in clear air from LIO with higher accuracy
than from LMO so that LIO could also help this way to further improve the accuracy of
the thermodynamic state. For O3 the retrieval strength is on the stratospheric ozone
from about 15 km upwards as O3 signal-to-noise becomes small below 10 km to 15 km.
Since the individual-profile errors found here are essentially random, climatological av-15

erages will enable very high accuracy at the 0.1% level, given sufficient care is taken
related to avoiding or mitigating potential systematic errors in all relevant elements of
an LMIO mission design as dicussed by Kirchengast et al. (2010a) and Kirchengast
and Schweitzer (2011).

Overall the LMIO retrieval performance, found here for clear-air atmospheric con-20

ditions, is unprecedented for vertical profiling of GHGs in the free atmosphere and
encouraging for future LMIO implementation. On-going subsequent work includes a
more complete performance analysis, comprising all LIO species and statistical re-
trieval error estimates from end-to-end ensemble simulations, also using a greater
variety of atmospheric conditions. Further work addresses the advancement of the25

present GHG retrieval algorithm to cloudy air, for best-possible retrieval performance
also when scanning through intermittent upper tropospheric cloudiness, as well as the
advancement of the retrieval to also determine line-of-sight wind speed beyond the sim-
ple approach introduced by Schweitzer (2010) and Kirchengast and Schweitzer (2011).

2311

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2273/2011/amtd-4-2273-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2273/2011/amtd-4-2273-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 2273–2328, 2011

Greenhouse gas
profiling by IR-laser
and MW occultation

V. Proschek et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

On the experimental side a ground-based LIO demonstration experiment is prepared
for a 144 km link between high-altitude observatories at the Canary Islands, Spain
(ESA project by Univ. of York, Univ. of Manchester, and Univ. of Graz, P. F. Bernath et
al., 2010–2011). This work aims at a first experimental demonstration of the LIO tech-
nique for CO2, CH4, and H2O measurements under field conditions somewhat akin to5

a space link.
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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 range] wavenumber wavenumber freq. spacing

cm−1 cm−1 %

1 N2O 4710.340810 4731.03 −0.4373
2 CH4 4344.163500 4322.93 +0.4912
3 13CO2 4723.414953 4731.03 −0.1610
4 C18OO 4767.041369 4770.15 −0.0652
5 H2O(1) [13–48 km] 4204.840290 4227.07 −0.5259
6 H2O(2) [8–25 km] 4775.802970 4770.15 +0.1185
7 H2O(3) [5–10 km] 4747.054840 4731.03 +0.3387
8 H2O(4) [4–8 km] 4733.045010 4731.03 +0.0426
9 12CO2 4771.621441 4770.15 +0.0308
10 HDO 4237.016320 4227.07 +0.2353
11 H18

2 O 4090.871800 4098.56 −0.1876
12 CO 4248.317600 4227.07 +0.5027
13 O3 4029.109610 4037.21 −0.2006
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Fig. 1. Schematic view of the LEO-LEO microwave and infrared-laser occultation (LMIO) mea-
surement 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
text in Sect. 2.1 for further explanation.
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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 in Sect. 3.1 for further explanation.
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Fig. 3. Overview of the dynamic structure and flow of the LIO retrieval algorithm, highlighting
its preparatory part, establishing 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, consisting of the multi-line trace species retrieval (MSR) loop
and the basic-update-control run (BUC) loop, respectively (light-red boxes); see the text in
Sect. 3.2 for further explanation.
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Fig. 4. Illustration of the single-line trace species retrieval (SSR) algorithm for the single-line species 12CO2. (a) LIO
input profiles, simulated signal powers for the 12CO2 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 altitude grid. (c) 12CO2 absorption loss profile after absorption-reference channel
differencing and correction for all background effects. (d) 12CO2 absorption coefficient profile after Abel transform
retrieval. (e) Retrieved (blue solid) and true (black dashed-dotted) 12CO2 volume mixing ratio (VMR) profile. (f) 12CO2
VMR retrieval error profile (retrieved-minus-true relative to true). The horizontal and vertical dotted/dashed lines –
especially used in panel (f) indicate the target/threshold observational requirements for altitude domain and accuracy
for the LMIO mission concept (Larsen et al., 2009; Kirchengast et al., 2010a).
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Fig. 5. Illustration of the single-line trace species retrieval (SSR) algorithm for the single-line
species H2O(2). The layout is the same as in Fig. 4; see that caption for explanation.
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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 H2O(X) (X = {1,2,3,4}). VMR errors from a correct and sensible order

(a) are shown compared to VMR errors for an intentionally sub-optimal order, where no CO2 retrieval was

placed before the H2O retrievals (b); see the text in Sect. 3.5.1 for further explanation.
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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 H2O(X ) (X = {1, 2, 3, 4}). VMR errors
from a correct and sensible order (a) are shown compared to VMR errors for an intentionally
sub-optimal order, where no CO2 retrieval was placed before the H2O retrievals (b); see the
text in Sect. 3.5.1 for further explanation.
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Fig. 7. Ilustration of combining the 12CO2 and 13CO2 VMR profiles into a composite CO2 profile (top panels),

and of the four H2O(X) (X = {1,2,3,4}) VMR profiles into a composite H2O profile (bottom panels). The left

panels (a and 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 panels (b and

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).
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Fig. 7. Ilustration of combining the 12CO2 and 13CO2 VMR profiles into a composite CO2 pro-
file (top panels), and of the four H2O(X ) (X = {1, 2, 3, 4}) VMR profiles into a composite H2O
profile (bottom panels). The left panels (a, c) show the weighting error profiles used within the
respective weighting functions for inverse-variance-weighted combination of the profiles (differ-
ent color per single-line species). The right panels (b, 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).
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Fig. 8. Retrieval performance results of the LMIO end-to-end simulations for CH4 (left column) and H2O

(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.
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Fig. 8. Retrieval performance results of the LMIO end-to-end simulations for CH4 (left column)
and H2O (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.
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Fig. 9. Retrieval performance results of the LMIO end-to-end simulations for CO2 (left column) and O3 (right

column). The layout is the same as in Figure 8; see that caption for explanation.
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Fig. 9. Retrieval performance results of the LMIO end-to-end simulations for CO2 (left column)
and O3 (right column). The layout is the same as in Fig. 8; see that caption for explanation.
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