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Abstract

LEO-LEO infrared-laser occultation (LIO) is a new occultation technique between Low
Earth Orbit (LEO) satellites, which applies signals in the short wave infrared spectral
range (SWIR) within 2 µm to 2.5 µm. It is part of the LEO-LEO microwave and infrared-
laser occultation (LMIO) method, recently introduced by Kirchengast and Schweitzer5

(2011), that enables to retrieve thermodynamic profiles (pressure, temperature, hu-
midity) and accurate altitude levels from microwave signals and profiles of greenhouse
gases and further variables such as line-of-sight wind speed from simultaneously mea-
sured LIO signals. For enabling trace species retrieval based on differential transmis-
sion, the LIO signals are spectrally located as pairs, one in the centre of a suitable10

absorption line of a target species (absorption signal) and one close by but outside of
any absorption lines (reference signal). Due to the novelty of the LMIO method, de-
tailed knowledge of atmospheric influences on LIO signals and of their suitability for
accurate trace species retrieval did not yet exist. Here we discuss the atmospheric
influences on the transmission and differential transmission of LIO signals. Refrac-15

tion effects, trace species absorption (by target species, and cross-sensitivity to for-
eign species), aerosol extinction and Rayleigh scattering are studied in detail. The
influences of clouds, turbulence, wind, scattered solar radiation and terrestrial thermal
radiation are discussed as well. We show that the influence of defocusing, foreign
species absorption, aerosols and turbulence is observable, but can be rendered small20

to negligible by use of the differential transmission principle and by a design with close
frequency spacing of absorption and reference signals within 0.5 %. The influences of
Rayleigh scattering and thermal radiation on the received signal intensities are found
negligible. Cloud-scattered solar radiation can be observable under bright-day condi-
tions but this influence can be as well made negligible by a design with a close time25

spacing (within 5 ms) of interleaved laser-pulse and background signals. Cloud extinc-
tion loss generally blocks SWIR signals, except very thin or sub-visible cirrus clouds,
which can be addressed by a design allowing retrieval of a cloud layering profile from
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reference signals and its use in trace species retrieval when scanning through inter-
mittent upper tropospheric cloudiness. Wind can have a small influence via Doppler
shift resulting in a slightly modified trace species absorption in comparison to calm air,
which can be made negligible by using a simultaneously retrieved wind speed profile
or a moderately accurate (to about 10 m s−1) background wind profile. Considering all5

these influences, we conclude that the set of SWIR channels proposed for implement-
ing the LMIO method (Kirchengast et al., 2010; Kirchengast and Schweitzer, 2011)
provides adequate sensitivity to accurately retrieve eight greenhouse gas/isotope trace
species of key importance to climate and atmospheric chemistry (H2O, 12CO2, 13CO2,
C18OO, CH4, N2O, O3, CO) in the upper troposphere/lower stratosphere region outside10

clouds under all atmospheric conditions. Two further isotope species (HDO, H18
2 O) can

be retrieved in the upper troposphere.

1 Introduction

Recently, the satellite mission ACCURATE – climate benchmark profiling of green-
house gases and thermodynamic variables and wind from space – was proposed to the15

European Space Agency by Kirchengast et al. (2010) and received positive evaluation
and recommendations for further study. This mission concept applies the occultation
measurement principle (Phinney and Anderson, 1968; Kirchengast, 2004) in a novel
way, called LEO-LEO microwave and infrared-laser occultation (LMIO), recently intro-
duced by Kirchengast and Schweitzer (2011). A graphical view of the concept is given20

in Fig. 1. Laser signals in the short wave infrared (SWIR) spectral region (within 2 µm to
2.5 µm; pulsed signals) are used simultaneously with microwave (MW) signals at cm-
and mm-wavelengths (within 8 GHz to 30 GHz and 175 GHz to 200 GHz; continuous-
wave signals). These signals are transmitted between two Low Earth Orbit (LEO)
satellites and thereby pass the Earth’s atmosphere; the focus region is the upper tro-25

posphere/lower stratosphere (UTLS) (5 km to 35 km).
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The signals are refracted and absorbed during propagation which enables to retrieve
vertical profiles of thermodynamic and dynamic variables (refractivity, pressure, tem-
perature, specific humidity, line-of-sight wind speed) and composition variables (green-
house gas/isotope concentrations of H2O, 12CO2, 13CO2, C18OO, CH4, N2O, O3, CO,
HDO, H2

18O) in the free atmosphere. By-products can be profiles of cloud liquid water5

(from the MW signals), cloud layering and aerosol extinction coefficient (from the SWIR
signals) as well as turbulence strength (from both). The retrieved profiles are expected
very accurate, have a high vertical resolution (about 1 km) and typically cover the whole
UTLS region, which is an important region for climate and chemistry (Solomon et al.,
2007; Li et al., 2008; Steiner et al., 2009). For a detailed introduction of the LMIO10

method, and the proposed mission concept ACCURATE to implement it, see Kirchen-
gast and Schweitzer (2011); Kirchengast et al. (2010); Schweitzer (2010).

The part using the SWIR signals is called LEO-LEO infrared-laser occultation (LIO)
and is suitable for retrieving profiles of trace species and line-of-sight (l.o.s.) wind speed
(besides the byproducts mentioned above; details on the trace species retrieval are15

given by Proschek et al., 2011). The retrieval principle is based on differential trans-
mission (Kursinski et al., 2002; Gorbunov and Kirchengast, 2007), alternatively also
called differential absorption principle. Regarding trace species, this means that each
species is derived from the ratio of the transmissions of two signals (which corresponds
to a difference in the dB space of log-transmission, proportional to optical thickness)20

termed a channel pair. One of these signals is primarily absorbed by the target species
of interest and is called absorption (on-line) signal. The other signal is ideally not ab-
sorbed at all and only affected by broadband background effects; it is called reference
(off-line) signal. Hence, most background effects can be eliminated by using differential
transmission profiles. This and a self-calibration step in the retrieval algorithm, which25

is intrinsic to the occultation method since the transmitted intensities during an occul-
tation event are generally normalised with the unattenuated intensity measured at the
top of the atmosphere, are the reason why the LIO retrieval results are expected to be
very accurate and essentially free of biases (Kirchengast and Schweitzer, 2007, 2011;
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Schweitzer, 2010; Proschek et al., 2011). This means that the retrieval results are of
high quality on a single-occultation-event basis, effectively independent of the specific
LMIO mission that provides the measurements. It enables direct comparability of data
from e.g., a series of successive missions, also without overlap. This long-term stability
property of the data is very important in climate research.5

The part using the MW signals is called LEO-LEO microwave occultation (LMO),
which is well established already, even though it was not yet operated in space. More
details on this technique, its capabilities and the quality of retrieval results can be found
in Feng et al. (2000); Herman et al. (2004); Kursinski et al. (2002, 2004); Kirchengast
and Høeg (2004); Gorbunov and Kirchengast (2005, 2007); Kursinski et al. (2009);10

Schweitzer et al. (2011). A closely related occultation method is the GNSS-LEO radio
occultation (GRO), which uses L-band signals from the US Global Positioning System
(GPS) system. GRO is meanwhile regularly operated in space and proved to be very
useful for atmosphere and climate research and weather forecasting (e.g., Kursinski
et al., 1997; Steiner et al., 2001, 2009; Hajj et al., 2002; Gobiet et al., 2005; Healy and15

Thépaut, 2006; Anthes et al., 2008; Ho et al., 2009; Cardinali, 2009).
The LIO technique is the novel part of the LMIO method and was an original con-

ception for the ACCURATE mission, adding to the LMO technique of the predecessor
mission concept ACE+ (Kirchengast and Høeg, 2004). Hence, all scientific and tech-
nical characteristics of this technique needed to be assessed essentially from scratch.20

One important point for this assessment was the development of tools to simulate the
measurements and to retrieve the atmospheric variables. For the simulation of the
measurements, it was necessary to identify atmospheric and instrumental influences
on the propagation of the signals. In this paper, we focus on investigation of the at-
mospheric influences which are of importance for the LIO technique and the utility of25

the LIO signals for accurate trace species retrieval. In particular, we analyse refractive
effects (due to bending and defocusing) and components influencing the transmission
(trace species absorption, aerosol extinction, Rayleigh scattering). We also show the
total impact of these atmospheric influences on the received signal intensity; this total
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influence is an important ingredient for power-budget calculations along the LEO-LEO
intersatellite link and is needed to determine power requirements in an LIO mission
design. Likewise it is an important input to generate simulated measurements subse-
quently used in retrieval processing in the frame of end-to-end simulations (Proschek
et al., 2011). We also discuss other atmospheric effects like the influence of clouds,5

turbulence, wind, and solar and thermal radiation; details especially on clouds, turbu-
lence, and wind will be published elsewhere.

As implemented by ACCURATE, LIO is nominally operated in combination with LMO,
i.e., as a full LMIO approach. From the measurement of phase and amplitude of LMO
signals, profiles of the thermodynamic variables pressure, temperature and humidity10

can be derived as well as accurate altitude levels. Hence, just the intensity of the SWIR
signals needs to be evaluated additionally to be able to derive the atmospheric trace
species and the l.o.s. wind speed from LIO measurements (Proschek et al., 2011).
In principle, LIO could also be used stand-alone if sophisticated instruments measur-
ing also the phase of these infrared signals are available (allowing retrieval of altitude,15

pressure, and temperature). But this would require robustly tracked continuous-wave
signals, which need much more power and have more limitation in intermittent cloudi-
ness than incoherent detection of the intensity of pulsed signals without active tracking.
Since the combined method allows use of such simple pulsed signals, the combined
LMIO mode is preferable. Another option would be to take pressure, temperature and20

altitude information, which are needed in the LIO retrieval process, from high-quality
atmospheric fields (e.g., ECMWF analyses or short-term forecasts), but this compro-
mises the independent benchmarking capability of the full LMIO method. Any of these
implementations of LIO needs a careful characterisation and understanding of atmo-
spheric influences on the propagating SWIR signals, which is therefore the focus of25

this study.
The paper is structured as follows. We first present the method used to investigate

the atmospheric influences on LIO (see Sect. 2). Next we discuss each influence in-
dividually in Sect. 3, whereby the refractive effects are presented first (Sects. 3.1 and
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3.2), followed by the influences affecting the transmission and differential transmission
of the signals (Sects. 3.3 to 3.7). The influences discussed but not analysed in de-
tail within this study are addressed in Sect. 3.8. Finally, results are summarised and
conclusions drawn in Sect. 4.

2 Method5

The influence of atmospheric processes on the transmission of LIO signals was stud-
ied by means of propagation simulations with the End-to-end Generic Occultation
Performance Simulation and Processing System (EGOPS)+eXperimental EGOPS
(xEGOPS) (Fritzer et al., 2010a,b). This system provides the framework for end-to-
end simulations as well as processing of real data of occultation missions, the latter10

for GRO only. It was originally developed for studying and evaluating GRO and LMO
satellite missions and more recently extended by capabilities needed for characterising
the LIO method. Below, we describe the analysis layout used for this study (Sect. 2.1)
and the algorithms applied in the simulations (Sect. 2.2).

2.1 Analysis layout15

In the Earth’s atmosphere, LIO signals experience several refractive influences and
influences affecting the received intensity of the signal or, equivalently, the observed
transmission. The most important refractive effects are bending and defocusing of the
LIO signals, which are attributable to the vertical gradient and curvature structure of
the atmospheric refractivity. Interesting influences affecting the received signal inten-20

sity and transmission are trace gas absorption (both from target species and foreign
species with cross-sensitivity), aerosol extinction, Rayleigh scattering, cloud extinction,
scintillations induced by turbulence, and the influence of solar radiation scattered into
the receiver and of the atmosphere’s thermal radiation. Furthermore, l.o.s. wind speed
induces a frequency shift resulting in a slightly modified trace species absorption loss.25
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We investigate the influence of these effects on the transmission and differential
transmission of LIO signals. We show most of them for the set of 19 LIO channels (re-
sulting in 13 channel pairs for the retrieval of 10 different species) proposed by Kirchen-
gast et al. (2010) and Kirchengast and Schweitzer (2011), which have been selected
on the basis of studies by Schweitzer (2010). The frequencies belonging to these5

channel pairs and their spectral separation are summarised in Table 1. Quasi-realistic
propagation simulations with the EGOPS+ xEGOPS system are used to discuss the
influence of defocusing (Sect. 3.2), trace gas absorption (Sects. 3.3 and 3.4), aerosol
extinction (Sect. 3.5), Rayleigh scattering (Sect. 3.6) and the total influence of all of
these atmospheric effects as well as the resulting received signal power in an LIO sys-10

tem (Sect. 3.7). The trace gas absorption is considered from two perspectives: on the
one hand, the target species absorption is shown (Sect. 3.3), which is due to the influ-
ence of the desired absorber of an absorption channel; on the other hand, the foreign
species absorption is investigated (Sect. 3.4), which is the sum of the influences of all
unwanted background absorbers (which corresponds to all absorbers in a reference15

channel, and all absorbers except for the target species in an absorption channel).
The influences studied are inspected by means of the direct atmospheric losses

resulting from single channels, and/or by means of differential losses after computing
differential transmission from channel pairs (note that atmospheric loss in units dB
is the magnitude of atmospheric transmission in dB, which would have a negative20

sign). The direct loss is important for the power budget of the intersatellite link, since
it degrades the signal-to-noise ratio (SNR) of the received signal. Hence it should
be small for all unwanted background effects so that target species absorption is as
dominating as possible. On the other hand, the loss due to target species absorption
must be significant but also not excessive (which would again degrade SNR too much),25

in order to enable accurate retrieval of target species concentrations (Kirchengast and
Schweitzer, 2011; Proschek et al., 2011). The differential loss reflects the residual
influence of an effect after differencing the two transmissions (in units dB) of a channel
pair, which is why it should be as small as possible for all unwanted background effects.
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The favourable range of magnitudes of these losses depends on the mission design,
above all on the available SNR at the receiver without atmospheric attenuation, i.e., on
the ratio of received signal power to the noise-equivalent power (NEP) of the detec-
tion system. For the ACCURATE mission this is designed to be at least 34 dB at 1 Hz
bandwidth (Kirchengast et al., 2010; Kirchengast and Schweitzer, 2011). The total at-5

mospheric loss down to the UTLS bottom (5 km) should thus not exceed about 21 dB,
leaving 13 dB SNR margin (5 % relative accuracy of signal). The target species ab-
sorption loss, the signal portion of interest, should be within about 0.25 dB and 13 dB,
corresponding to an absorption of about 5 % to 95 % (cf. Schweitzer et al., 2011). This
leaves about 8 dB for background losses of which defocusing will use up to about 5 dB10

(as seen further below), and 3 dB or more is thus the remaining margin for other effects
like aerosol under post-volcanic conditions. Overall, the direct losses due to back-
ground influences should fit into these margins, ideally be below 0.25 dB (within 5 %
perturbation), and in particular their impact in the differential transmission should be, or
be correctable to, smaller than 0.005 dB (<0.1 % residual error) in order to ensure that15

their influence on the accuracy of retrieved trace species is negligible. In the case that
the direct loss of a background influence exceeds about 0.25 dB, it becomes a potential
observable itself and information can be retrieved by applying a suitable algorithm to
direct transmission profiles. For LIO signals this will enable to retrieve, for example,
cloud layering (Schweitzer et al., 2010), aerosol extinction (given significant aerosol20

load), and turbulence strength profiles.
The bending of the LIO signals is not discussed directly, since the refraction process

behind is basically the same as for LMO and GRO signals, which is described by, e.g.,
Kursinski et al. (2000). Instead, we discuss the difference between the SWIR and MW
refractivities, which is relevant for adequate processing of LIO measurements as part25

of the full LMIO method (Sect. 3.1).
The other atmospheric influences (clouds, turbulence, wind, scattered-solar and ter-

restrial radiation) are discussed in an introductory, semi-quantitative style in Sect. 3.8,
referring to several grey literature reports related to which key results will be published
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elsewhere. The reason is that except for thermal radiation these influences are more
complex and therefore require separate papers. Moreover, since these influences ex-
ert, except for clouds, small to negligible effects in differential transmission (Schweitzer,
2010; Kirchengast et al., 2010; Kirchengast and Schweitzer, 2011), they are not that
fundamental in the context of this paper. Clouds will typically block the whole signal,5

leading to effectively zero transmission and no received SWIR-laser pulse signal at
cloud-contaminated height levels. While it is important to keep this extreme attenuation
by clouds in mind, which is separately addressed in mission design and processing, it
is not relevant in the context here where we focus on exploitable signals in non-cloudy
conditions.10

The LIO propagation simulations were performed using the EGOPS+xEGOPS sys-
tem. The atmosphere conditions (pressure, temperature, trace gas volume mixing
ratios) underlying the simulations were taken from the FASt Atmospheric Signature
CODE (FASCODE) atmosphere model (Anderson et al., 1986, provided by A. Dudhia,
Univ. of Oxford, UK, via http://www.atm.ox.ac.uk/RFM/atm); the volume mixing ratio15

(VMR) for 12CO2 therein was updated to a more recent value of 380 ppmv. First, ge-
ometry data for three occultation events resulting from a constellation of two transmitter
(Tx) and two receiver (Rx) satellites in counter-rotating orbits (receiver at 650 km, trans-
mitter at 800 km, circular orbits at true-polar/90◦ inclination) were determined using the
Mission Analysis and Planning (MAP) system of EGOPS. These events are located20

in three different latitude regions: one at mid latitudes, where FASCODE standard
atmosphere conditions are used (STD: 39.7◦N, 114.0◦W), one at high latitudes with
FASCODE subarctic winter conditions (SAW: 67.5◦S, 7.3◦E), and one in the tropics
with FASCODE tropical conditions (TRO: 1.1◦N, 86.0◦W). These atmospheric condi-
tions provide representative selections from the range of atmospheric variability (from25

dry and cold over medium to moist and warm conditions) and are thus suitable to indi-
cate the variability of the atmospheric influences.

For these three occultation events, propagation simulations were performed us-
ing the geometric optical ray-tracing algorithm of the EGOPS+ xEGOPS Forward
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Modeling (FOM) system (Syndergaard, 1999, details in Fritzer et al., 2010a). The ver-
tical simulation range was 3 km to 80 km and the sampling rate 10 Hz. The simulations
were arranged for the 19 channels listed in Table 1. Atmospheric losses included in
the simulations were those due to defocusing, trace gas absorption, aerosol extinction,
and Rayleigh scattering. The atmosphere was assumed to be spherically symmetric5

and the Earth figure to be an ellipsoid (WGS84, Landolt-Börnstein, 1984). A detailed
description of the whole EGOPS+ xEGOPS FOM system is contained in Fritzer et al.
(2010a).

2.2 Algorithms for propagation simulation

2.2.1 Refractivity10

The refractivity is described using a streamlined one-equation form of the more so-
phisticated empirical refractivity formulation of Bönsch and Potulski (1998), which is an
improvement of the closely similar optical refractivity formula by Edlén (1966). This for-
mula is accurately valid for optical frequencies including SWIR frequencies (λ>0.5 µm)
and reads, after Proschek et al. (2011),15

N =

(
c1+

c2

d1− 1
λ2

+
c3

d2− 1
λ2

)
· p
T
−ε ·e, (1)

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 ε = 0.038 hPa−1. λ is the wavelength of
a channel in µm, p the pressure in hPa, T the temperature in K and e the water vapour
partial pressure in hPa.20

The refractivity is responsible for the bending of the LIO ray paths in the atmo-
sphere as well as for the defocusing loss and is discussed below regarding its dif-
ference to microwave refractivity as felt by the LMO ray paths. How the refractivity
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is embedded in the propagation simulations using the geometric-optics ray tracer of
EGOPS+ xEGOPS is described in detail by Fritzer et al. (2010a).

2.2.2 Trace species absorption

The loss along the ray path due to trace species absorption is calculated by apply-
ing the Bouguer-Lambert-Beer law, which describes the attenuation of a signal when5

passing the absorbing air volumes:

I = I0 ·e−τ = I0 ·e−
∫
αm(s)ds. (2)

I0 and I are the intensities before and after passing the atmosphere, respectively, and
τ is the optical thickness, which is calculated via integration of the volume absorp-
tion coefficient αm(s) (in m−1) along the ray path s (in m). The integration in the10

EGOPS+ xEGOPS system is done numerically by employing Simpson’s trapezoidal
rule in the ray tracer for approximating the integration along the path.

The absorption coefficient αm at each ray path point is calculated by use of the Ref-
erence Forward Model (RFM), a line-by-line model which was developed under the
lead of A. Dudhia, Univ. of Oxford, UK (Edwards, 1996, http://www.atm.ox.ac.uk/RFM).15

This model was integrated via an interface subroutine into the xEGOPS system (de-
tails in Schweitzer et al., 2007; Fritzer et al., 2010a). It uses the absorption line pa-
rameters gathered in the High-resolution Transmission (HITRAN) molecular absorp-
tion database (distributed by the Harvard-Smithsonian Center for Astrophysics, Cam-
bridge, MA, USA; Rothman et al., 2005, 2009) to model the absorption coefficients at20

any given SWIR frequency. In the simulations prepared for this study, the HITRAN2004
database (Rothman et al., 2005) was used; the differences to the newer HITRAN2008
database (Rothman et al., 2009) have been checked and found very small and there-
fore not relevant for the results as discussed here. The pressure, temperature and
trace species VMR profiles needed in the absorption coefficient modelling are taken25

from the FASCODE atmosphere model.
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2.2.3 Aerosol extinction

The loss due to aerosol extinction is derived by integrating the aerosol extinction coef-
ficient εa(s) over the ray path following Eq. (2) (practically by adding εa(s) to αm(s) in
the integrand). Thereby, εa(s) is calculated using a semi-empirical model which we de-
veloped especially for xEGOPS (Schweitzer et al., 2008). Briefly, the model uses three5

climatologies for the aerosol extinction coefficient at a wavelength of 1020 nm, which
we compiled on the basis of more than a decade of monthly data from the Strato-
spheric Aerosol and Gas Experiment II (SAGE II) instrument (Thomason and Peter,
2006). The climatologies are two-dimensional fields containing 71 height levels (5 km
to 40 km, 0.5 km steps) and 36 latitude bands (5◦ broad, 90◦S to 90◦N). The model10

interpolates to arbitrary latitude and height locations within these fields (and extrap-
olates beyond their boundaries in a meaningful way). The three climatologies reflect
the atmospheric variability of the aerosol extinction coefficient in three typical aerosol
conditions: background, medium, and volcanic aerosol load.

The extinction coefficient at other frequencies is derived from these climatologies by15

applying the so-called Ångström formula,

εa,λ =εa,λ0 ·
(
λ0

λ

)A
, (3)

where εa,λ is the extinction coefficient (in m−1) at the desired wavelength λ, εa,λ0 is the
extinction coefficient tabulated/interpolated in the climatology (valid at λ0 = 1020 nm),
and A is the Ångström exponent. For the latter, we also developed a two-dimensional20

climatology (same latitude and height resolution as above) from the ratio of SAGE II
extinction coefficient climatologies for the wavelengths of 525 nm and 1020 nm. Since
the variation of this Ångström exponent depends comparatively weakly on the aerosol
load, one climatology was considered sufficient.

With these settings, the empirical model is reasonably valid for calculation of aerosol25

extinction coefficients within 500 nm to 2500 nm; see in addition to Thomason and Peter
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(2006) also Thomason and Taha (2003) for discussion of the SAGE II data. Details on
how the climatologies have been compiled are presented by Schweitzer et al. (2008)
and a detailed description of the aerosol model as implemented in xEGOPS can be
found in Fritzer et al. (2010a).

2.2.4 Rayleigh scattering5

The loss due to Rayleigh scattering is derived by integrating the respective scattering
coefficient along the ray path following Eq. (2) (practically by also adding the Rayleigh
scattering coefficient σr(s) to αm(s)). σr(s) (in m−1) is defined after Salby (1996) by

σr =
32 ·π3 · (n−1)2

3 ·λ4 ·Nair

, (4)

where n= 1+10−6N is the refractive index, λ is the wavelength in m and Nair is the10

number density of the air in m−3; details on how the Rayleigh scattering is implemented
in xEGOPS are included in Fritzer et al. (2010a).

3 Results and discussion

3.1 Difference between IR and MW refractivity

As discussed in the introduction, the LMIO method exploits MW and SWIR signals15

which are simultaneously transmitted between two LEO satellites. Since the atmo-
spheric refractivity is slightly different for MW and SWIR frequencies, increasingly so
in moist air, the signals propagate along somewhat different ray paths (as indicated in
Fig. 1). This leads to different tangent points (i.e., ray perigees) of the MW and SWIR
propagation paths. Hence, profiles derived from LMO and LIO data are associated20

with a different tangent height grid when the measurements are taken at the same time
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grid. It is important to account for this difference in the retrieval of LIO products, which
need the LMO retrieval results as input (Proschek et al., 2011).

The main reason for the difference between the refractivities is that the MW refrac-
tivity significantly grows with increasing amount of water vapour while the SWIR re-
fractivity is virtually independent of water vapour (Eq. 1). This occurs because the5

H2O molecules with their permanent electric dipole moment orientate themselves in
the comparatively slowly oscillating electric field of the MW signals, leading to a signif-
icant orientation polarisation term (second term of Smith-Weintraub formula, see, e.g.,
Schweitzer et al., 2011), while the SWIR frequencies are too high for the dipole orien-
tations to follow. As shown by Schweitzer (2010), presence of water vapour decreases10

the SWIR refractivity by less than 0.1 % at 5 km, even in very high moisture.
Favourably, the difference between the MW and SWIR refractivities is very small

under most atmospheric conditions. This can be seen from Fig. 2 which shows the
relative difference of the refractivities in different representative atmospheric conditions
for wavelengths between 1 µm and 3 µm. The MW refractivity is represented by the15

Smith-Weintraub formula (e.g., Schweitzer et al., 2011), the SWIR refractivity by the
improved Edlén formula, Eq. (1). The difference is very stable for wavelengths greater
than about 1.6 µm, which indicates that dispersive effects are minor in this spectral
region. The region used by ACCURATE extends from 2 µm to 2.5 µm. The relative
refractivity difference in this region is below 0.1 % for heights above about 9 km (high20

latitudes) to 13 km (tropics) (compare also Schweitzer, 2010). Below, it grows depend-
ing on the moisture content up to about 1 % in SAW conditions, 2.75 % in STD and 6 %
in TRO conditions at 5 km.

These differences in the refractivities lead to different bending of the MW and SWIR
ray paths. The MW rays are bent stronger than the SWIR rays (as depicted in Fig. 1),25

which is why the MW tangent point heights are higher than the SWIR tangent point
heights when comparing them at a specific time during the occultation event. In partic-
ular, the separation of the two tangent point heights at a given time related to a height
of 5 km is about 0.15 km in SAW conditions, 0.5 km in STD conditions, and 1 km in
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TRO conditions. At a time related to around 10 km, the difference of the tangent point
heights is already reduced to a few metres (about 5 m in SAW, 20 m in STD, 60 m in
TRO). Above about 12 km to 13 km, the difference is negligible, i.e., within the vertical
geolocation accuracy requirement of better than 10 m under all conditions (Kirchengast
et al., 2010).5

Hence, the MW and SWIR parts of LMIO measurements can in principle be com-
bined directly above about 9 km to 13 km, using the MW heights also for the SWIR data.
Below, the difference between the tangent point height profiles must be calculated and
incorporated when retrieving LMIO products. Details of a respective algorithm are de-
scribed by Proschek et al. (2011), where, for completeness and for avoiding ad-hoc10

threshold heights near 13 km, the SWIR height grid is consistently determined over the
complete occultation event height range, down to centimetre level differences of MW
and SWIR heights. These residual differences of the slightly higher Smith-Weintraub
refractivity in dry air compared to the improved-Edlén one (at the 5×10−4 level) are of
no significant relevance since they are at the level of uncertainty of the empirical re-15

fractivity constants (see e.g., Healy, 2011). Future refined estimates of the refractivity
constants, or of the related molecular polarisabilities, at an accuracy of <1×10−4 will
be worthwhile in order to fully quantify the level of consistency of the MW and SWIR
refractivities at this level of accuracy.

3.2 Influence of defocusing20

Defocusing is attributable to changing vertical gradients, i.e., the second derivative, of
the atmospheric refractivity. These changes cause differential bending and therefore
divergence (sometimes, for limited time spans, convergence) of adjacent, initially paral-
lel ray paths. Such divergence leads to an attenuation of the signal intensity (Kursinski
et al., 2000), intermittent convergences lead to oscillations of defocusing loss.25

Defocusing affects both, MW and SWIR signals, in the same way and leads to a sig-
nificant loss reducing the SNR of the received intensity. Hence it is an important factor
in computations of available SNR, especially in the troposphere. As visible in Fig. 3,
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which shows examples of the defocusing loss in three representative atmospheric con-
ditions, the loss typically reaches about 5 dB at 5 km and decreases upwards. Around
15 km, it is declined to about 3 dB and at about 30 km it falls below the lower useful-
signal limit of 0.25 dB. The oscillating features in the profiles stem from strong tem-
perature gradient changes around the tropopause leading to sharp changes of the5

vertical gradient of the refractivity. The dispersion of defocusing is negligible in the
SWIR spectral range which is why the defocusing loss looks equal for all frequencies
listed in Table 1. This negligible dependence on frequency is useful, since even though
the SNR is somewhat degraded by the defocusing loss, its absolute influence can be
eliminated in trace species retrieval simply by employing the differential transmission10

of channel pairs.

3.3 Influence of target species absorption

The term target species absorption names the portion of the molecular gas absorption
in an LIO absorption channel induced by the species of interest (which is the species
whose VMR shall be retrieved); all other species contribute to the unwanted, so-called15

foreign species absorption. Regarding LIO reference channels, all absorbing species
are perturbing, which is why they are all considered foreign there, inducing foreign
species absorption (which is in this case equal to the total gas absorption).

As discussed in Sect. 2.1, the target species absorption loss should fall within a cer-
tain favourable range (0.25 dB to 13 dB for the ACCURATE mission design) to ensure20

receiving good signal over noise, which can be exploited for accurate trace species
retrieval. The lower boundary means to ensure sufficient signal (at least about 5 %
absorption of transmitted signal), the upper boundary to ensure sufficient SNR (at
least about 5 % of transmitted signal left after absorption). The total absorption of
the reference channels should be as small as possible and contain the contribution25

of broadband far-line-wing or continuum absorption only, to minimise the influence of
background absorption on retrieval products when using differential transmission.
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Figure 4 presents the target species absorption for absorption channels and the total
absorption for reference channels. Included are all 19 channels (13 channel pairs)
listed in Table 1, which are part of the ACCURATE mission design.

Figure 4a shows the channels used to retrieve water vapour. Four absorption chan-
nels (H2O-1, H2O-2, H2O-3, H2O-4) are needed to cover the whole UTLS region and5

the atmospheric variability under all atmospheric conditions. The channel most sen-
sitive to H2O absorption, H2O-1, is useful from about 13 km upwards to above 40 km
under all atmospheric conditions. On the contrary, the least sensitive channel, H2O-4,
is useless in the UTLS in weakly moist conditions as SAW and STD. But it becomes
important below about 7 km under wet TRO conditions (a detailed illustration of the10

sensitivities in different atmospheric conditions can be found in Schweitzer, 2010). The
medium-sensitive channels cover the region in between the outer channels, where
H2O-2 captures the altitudes from about 7 km to 10 km upwards (up to about 25 km),
H2O-3 becomes important below about 7 km to 10 km. Hence, the overlapping area of
the medium sensitive channels is relatively small. This might result in slightly reduced15

but still high retrieval accuracy (within 4 % individual profile error; Proschek et al., 2011)
around 8 km to 10 km under unfavourable atmospheric conditions.

The reference channels used to retrieve water vapour (named by r-〈species〉 in the
figures) favourably show low sensitivity to atmospheric absorption. The absorption loss
does not exceed 0.25 dB in the height ranges where they are employed. This applies20

also for the TRO and SAW conditions (cf. Schweitzer, 2010).
Figure 4b shows the situation for the channels used to retrieve the three CO2 iso-

topes 12CO2, 13CO2 and C18OO. The sensitivities of the absorption channels cover
the whole UTLS region, also in SAW and TRO conditions (Schweitzer, 2010). Hence
one channel for each species is sufficient to allow their retrieval under all atmospheric25

conditions. The sensitivities of the 13CO2 and C18OO channels decrease very evenly
with decreasing height and show very low sensitivity to ambient atmospheric (temper-
ature, pressure) conditions. This behaviour is ideal from a scientific point of view since
this minimises errors in the retrieval (e.g., errors from the LMO-retrieved pressure and
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temperature). The sensitivity of the 12CO2 channel depends more significantly on the
atmospheric conditions, especially on the temperature (Schweitzer, 2010). This is be-
cause the lower state energy of the respective 12CO2 absorption transition is rather
high (it is still the best 12CO2 line choice in the targeted SWIR range), which causes
the transition to be notably dependent on pressure and temperature. Since pressure5

and temperature from LMO are expected to be very accurate (pressure better than
0.2 %, temperature better than 0.5 K; Schweitzer et al., 2011), the 12CO2 VMR retrieval
results will still be very accurate (Proschek et al., 2011, for further improvement they
can also be combined with 13CO2 retrieval results).

The reference channels used to retrieve the three CO2 isotopes have very low sen-10

sitivity to total atmospheric absorption. The loss exceeds 0.25 dB only very little below
about 6 km to 7 km. The behaviour is very similar under all atmospheric conditions.

The channels used for retrieving the H2O isotopes HDO and H2
18O are presented in

Fig. 4c. The vertical range of sensitivity of the absorption channels is quite limited in
the STD atmosphere and also under SAW and TRO conditions (Schweitzer, 2010). In15

particular, significant absorption only occurs below about 10 km to 12 km. This is due
to the very low concentrations of HDO and H2

18O in the atmosphere and especially
in the stratosphere. Below 10 km, the absorption steeply increases with decreasing
height, for H2

18O a bit faster than for HDO. As a consequence, the absorption exceeds
the upper limit of 13 dB already at heights slightly above 5 km and one must reckon that20

the signal is lost in moist air conditions. For example, the target species absorption of
H2

18O exceeds the 13 dB limit at a height of about 8 km under TRO conditions.
The reference channels used for retrieving the H2O isotopes also show a relatively

high sensitivity to background absorption. This especially applies to the r-H2
18O chan-

nel, which reaches a loss of about 3 dB (SAW) to 8 dB (TRO) at 5 km (Schweitzer,25

2010). This absorption is mainly due to H2O. The variability of the r-HDO channel is
comparatively small; the absorption loss varies only within about 1 dB and 2 dB at 5 km,
since the major part stems from CH4 which is well-mixed in the UTLS.
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All in all, the channels for measuring the H2O isotopes are not ideal because of their
vertical limitation in sensitivity and the relatively high influence of foreign species (cf.
also Sect. 3.4). But these channels were the most suitable ones we could find for these
isotopes in the SWIR 2 µm to 2.5 µm region. Therefore, the H2O isotopes are consid-
ered as species of secondary interest in the ACCURATE mission concept. Meaningful5

retrieval of the VMR of these species is only possible within about 5 km to 12 km; this
range is limited further in increasingly moist atmospheric conditions. However, since
the upper tropospheric H2O isotopes are important tracers of moistening and precip-
itation processes in the water cycle and measurements of them are rare, even these
restricted profiles may have significant value for atmosphere and climate science.10

Figure 4d shows the target species absorption losses for the channels used to re-
trieve CH4, N2O, O3 and CO. All four absorption channels show a very good sensi-
tivity throughout the UTLS region under STD conditions. Since the variability is very
small under different atmospheric conditions, this is also true in the SAW and TRO
atmospheres (Schweitzer, 2010). Characteristic is the behaviour of the O3 absorption,15

which reflects the shape of the atmospheric O3 concentration that peaks in the lower
stratosphere.

The sensitivity of the reference channels r-CH4 and r-N2O to background absorption
is very small. Their absorption loss is typically below 0.25 dB and exceeds this limit
just marginally beneath about 6 km under TRO atmospheric conditions (Schweitzer,20

2010). In contrast, the r-O3 and r-CO channels are significantly influenced by back-
ground absorbers. The r-CO is the same as the r-HDO channel and was already
discussed above. The absorption of the r-O3 channel is mainly caused by H2O and
therefore varies strongly under different moisture conditions; at 5 km from about 2.5 dB
under SAW over 9.5 dB under STD to more than 20 dB under TRO conditions (see25

Sect. 3.4). Also the vertical variation is high and the loss steeply increases and ex-
ceeds the 0.25 dB boundary from about 10 km to 11 km downwards.

Overall the sensitivities of the absorption channels investigated here to the respec-
tive target species are very good (found most suitable by Schweitzer, 2010, and
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Kirchengast and Schweitzer, 2011, and used as the baseline for the ACCURATE mis-
sion; Kirchengast et al., 2010). They provide enough sensitivity to allow for accurate
retrieval of eight trace species (H2O, CO2, 13CO2, C18OO, CH4, N2O, O3, CO) through-
out the UTLS region under all reasonable non-cloudy atmospheric conditions. Two fur-
ther species, HDO and H2

18O, which have a very low concentration in the atmosphere,5

can be retrieved within about 5 km to 12 km.

3.4 Influence of foreign species absorption

Regarding absorption channels, foreign species absorption means the portion of the
molecular absorption which is induced by the sum of all foreign (background) species,
which are all species except the target species of an absorption channel. Regarding10

reference channels, all absorbing species are foreign species, since in these channels
any gas absorption should ideally be negligible.

Since foreign species disturb the absorptive signature of the target species, and thus
may perturb the trace species retrieval, it is important to select channels which are as
much as possible free from the influence of foreign species. In reality, however, for-15

eign species absorption cannot be avoided entirely, which is why a second criterion
for the selection of absorption and reference channels is that the influence of foreign
species absorption is significantly reduced in the differential transmission. This means
that the loss due to unavoidable foreign species absorption should be similar in the
absorption and reference channels of a channel pair. The remaining differential foreign20

species losses should ideally be below 0.005 dB (corresponding to below 0.1 % differ-
ential absorption); a hard criterion which can only be achieved at heights from about
15 km to 25 km upwards. In practice, one should therefore try to keep the differential
foreign species absorption loss below 0.25 dB (below 5 %). The remaining influence
can be co-modelled during the retrieval process to correct the residual foreign species25

absorption loss to the 0.01 dB level, with the remaining systematic error component
below 0.005 dB (for details of this correction in trace species retrieval see Proschek
et al., 2011).
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Figure 5 displays the foreign species absorption losses remaining in the differential
transmissions for the selected channel pairs of Table 1. The behaviour is shown in the
FASCODE STD atmosphere, which is well representative since dependence on ambi-
ent atmospheric conditions is weak for most species so that the losses are essentially
the same as in the STD conditions (Schweitzer, 2010). Differential foreign species5

absorption losses showing significant variability dependent on atmospheric conditions,
which concerns O3 and H2

18O, are additionally illustrated in FASCODE SAW and TRO
conditions in Fig. 6.

Details which specific foreign species contribute to what degree to the foreign
species losses are listed in Table 2. Practically speaking, for all those channel pairs10

being affected by no major influence of H2O, the losses weakly depend on atmospheric
conditions, since all other foreign species of relevance exhibit at any height level com-
paratively low variability of their concentration. O3 and H2

18O channel pairs are those,
where major influence of H2O below about 10 km was unavoidable even for the best
possible SWIR channel selections.15

The residual foreign species absorption losses for the channel pairs used to retrieve
H2O are shown in Fig. 5a. Their influence is negligible (i.e., losses below 0.005 dB)
from about 20 km upwards. Below the losses gradually increase but stay within 0.25 dB
in those height ranges, where the channels are used. That is the H2O-2 channel pair,
where the loss transgresses 0.25 dB at about 8 km, has its main range for contributing20

to H2O retrieval from 8 km to 25 km (Proschek et al., 2011). Dependence on ambient
atmospheric conditions is weak for these channels as seen in Table 2; the major influ-
ence of HDO on H2O-1 is restricted to below 10 km, which is outside the main range of
this “stratospheric” H2O channel that is exploited above 10 km only.

The residual foreign species losses for the channel pairs used to retrieve the CO225

isotopes 12CO2, 13CO2 and C18OO are shown in Fig. 5b. They are below 0.005 dB from
about 15 km upwards. Below the losses increase but stay within the 0.25 dB boundary.
The behaviour for the 13CO2 and C18OO channel pairs is very stable under all atmo-
spheric conditions (cf. Schweitzer, 2010). Only the 12CO2 channel shows a higher but
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limited sensitivity to atmospheric variability, leading to a differential foreign species ab-
sorption loss of up to 0.5 dB at 5 km under TRO conditions; the reason is some small
influence of H2O (Table 2).

The residual foreign species losses for the water isotopes HDO and H2
18O are shown

in Fig. 5c. The loss resulting for the HDO channel pair is below 0.005 dB from about5

25 km upwards, increases below to a maximum of about 0.2 dB near 7 km and de-
creases again beneath to near zero at 5 km. This is due to a different vertical behaviour
of the foreign species absorption losses of the absorption and reference channel. De-
pendence on ambient atmospheric conditions is weak since the main influence stems
from CH4 (Table 2), which exhibits low variability globally in the UTLS. The foreign10

loss for the H2
18O channel pair stems mainly from H2O, which is why this loss varies

strongly under different atmospheric conditions as can be seen from Fig. 6. The loss
exceeds 0.005 dB from about 15 km downwards and reaches at 5 km about 1 dB un-
der SAW, 4 dB under STD and 10.5 dB under TRO conditions. For this species it is
thus particularly essential to co-model and correct the influence of the foreign species15

during the retrieval.
Figure 5d shows the residual foreign species losses for the channels used to retrieve

CH4, N2O, O3 and CO. The losses for CH4 and N2O are very small, exceeding the
0.005 dB boundary below about 15 km and reaching a maximum value of below 0.2 dB
at 5 km. Dependence on atmospheric conditions is weak since cross-sensitivity to H2O20

is very small (Table 2). The loss for CO is also very similar under all atmospheric con-
ditions, even though this one exceeds the 0.25 dB boundary below about 13 km and
reaches a value of near 1.9 dB under STD conditions (about 1.75 dB and close to 2 dB
under SAW and TRO conditions; Schweitzer, 2010), due to its cross-sensitivity to CH4
(Table 2). The loss for O3 is very small above about 9 km to 12 km but becomes very25

significant below, due to the strong cross-sensitivity of the O3 channel pair to H2O (Ta-
ble 2). This strong foreign species absorption also reduces the SNR of these channels
which is why in practice O3 cannot reasonably be retrieved below about 10 km; highly
accurate retrieval is possible above about 15 km which is the region of stratospheric
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ozone (Proschek et al., 2011).
Overall we see that the differential foreign species absorption losses of most of the

channel pairs is very small, with cross-sensitivities to foreign species being negligible
in the stratosphere and generally still within 0.25 dB also at the UTLS bottom at 5 km.
This is also a result of the substantial effort put into a careful SWIR channel selec-5

tion process to find an ensemble of channel pairs as optimal as possible (Schweitzer,
2010; Kirchengast and Schweitzer, 2011). The residual influence of foreign species
can be modelled and effectively corrected for, enabling very accurate trace species
retrievals (individual-profile VMR errors within 1 % to 3 %), as discussed by Proschek
et al. (2011). For those species with substantial cross-sensitivities to H2O below 10 km,10

H2
18O and O3, the retrieval quality degrades in the upper troposphere, so that accurate

H2
18O profiles may be bottom-limited to above about 7 km and accurate O3 profiles to

above about 10 km, respectively.

3.5 Influence of aerosol extinction

Aerosols, suspended non-H2O particles in the atmosphere, can very effectively scatter15

and absorb radiation by Mie scattering/extinction (e.g., Salby, 1996; Liou, 2002). This
results in some attenuation of LIO signals, though at the SWIR wavelength of interest
>2 µm the extinction is expected to be weak already since typical aerosol particle sizes
are <1 µm. The strength of the extinction depends on the concentration and size dis-
tribution of the aerosols. After major volcanic eruptions both concentration and sizes20

can significantly increase for a few months to about two years (Thomason and Peter,
2006; Thomason and Taha, 2003). Under non-volcanic conditions aerosol extinction
of LIO signals in the UTLS will thus be weak but under post-volcanic conditions it may
increase.

We used the aerosol extinction model described in Sect. 2.2 to assess the magni-25

tude of aerosol extinction of LIO signals, which is one potentially important background
influence on top of defocusing (Sect. 3.2). Figure 7 shows the results from background
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aerosol load to post-volcanic load (top to bottom), both for the extinction loss in LIO
channels directly (left column) and for the residual extinction loss in the differential
transmission of channel pairs (right column). The selected channel pairs are represen-
tative of the SWIR range covered by LIO, from the low-wavelength end (C18OO) to the
the high-wavelength end (O3), with one pair (CH4) mid-range. The spectral spacing5

of the absorption and reference channel is smallest for the C18OO channel pair and
highest for the CH4 one (cf. Table 1).

As can be seen, the aerosol extinction loss as well as its signature in the differential
transmission are very similar under background and medium aerosol load. The direct
loss is small; it exceeds 0.25 dB only below about 8 km to 10 km and reaches a max-10

imum of near 1 dB at 5 km. Since the wavelength dependence of the aerosol loss is
weak (linear only; see Eq. 3), the differential aerosol extinction loss stays negligible
below 0.005 dB in all these non-volcanic conditions, including for the CH4 channel pair
with largest channel spacing (0.5 %). The influence of volcanic aerosol on direct LIO
transmissions, however, is estimated to be clearly observable and to increase quickly15

from about 25 km downwards until it remains at a level of about 2 dB to 3 dB below
about 15 km. The differential aerosol extinction loss can remain below 0.005 dB also
in volcanic aerosol load, if the spectral spacing of absorption and reference channel
is very small (<0.1 %), as for the C18OO channel pair. If the spectral separation is
higher, residual influences of the aerosol extinction under volcanic load reach up to20

about 0.02 dB as seen for the CH4 channel pair that represents the largest spacing of
LIO channel pairs of 0.5 % (cf. Table 1).

Since the direct aerosol loss transgresses into the favourable signal range of
>0.25 dB below about 7 km to 22 km (depending on the aerosol load), it is possible
to retrieve aerosol extinction loss and extinction coefficient profiles under such higher25

load conditions by a suitable algorithm (exploiting transmissions of reference channels,
especially of the ones of the CO2 isotopes near 2.1 µm which are both very clean from
gas absorption and at the low-wavelength end with relatively best sensitivity to aerosol
extinction). Any residual potentially bias-like influence on trace species retrieval that
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would be >0.005 dB can then be corrected for based on the retrieved extinction loss
profiles. Since we can reasonably expect an accuracy of at least about 20 % of these
retrieved profiles, residual losses of about 0.02 dB under volcanic load conditions for
channels with largest spacing of 0.5 % can thus be well corrected for to negligible
residuals below 0.005 dB. The degradation of overall SNR by up to about 3 dB under5

volcanic load will increase the statistical error in retrieved trace species profiles only in
a minor way and have no impact on residual systematic error.

In summary the LIO technique is thus expected to deliver robust trace species re-
trieval of climate benchmarking quality also through episodes of volcanic aerosol load
in the UTLS such as occurred in the post-Pinatubo years (1992/1993, Thomason and10

Peter, 2006). Given that we used an empirical model for scaling aerosol extinction
coefficients measured near 1 µm to the 2 µm to 2.5 µm range (see model description
in Sect. 2.2), it will be useful to undertake further assessments of aerosol influence
with potentially more sophisticated models in the future. From the construction of the
Ångström coefficient in our model we estimate the results here are tentatively conser-15

vative; future more sophisticated estimates may find somewhat less aerosol influence.

3.6 Influence of Rayleigh scattering

The influence of Rayleigh scattering on LIO signals is shown in Fig. 8 both for direct-
channel losses (left) and residual loss in differential transmissions (right). The same
representative channel pairs are shown as used above for the aerosol extinction loss,20

located at the lower end (C18OO), in the middle (CH4) and at the upper end (O3) of the
SWIR wavelength range, and representing spectral spacings of channels from <0.1 %
to 0.5 %. Recall that Rayleigh scattering includes a λ−4 dependence on wavelength
(Eq. 4).

As can be seen, the losses due to Rayleigh scattering are very small. The direct25

loss increases with decreasing wavelength and reaches a maximum of about 0.04 dB
to 0.08 dB at 5 km. This is far below the 0.25 dB boundary. In the differential trans-
missions, the influence is further reduced to about 0.001 dB or below; the residual
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becomes smaller, the smaller the spectral spacing of channels is. Since Rayleigh scat-
tering depends on air density and refractivity which show at any height level fairly low
variability globally, the behaviour under SAW and TRO conditions is closely the same
as under the STD conditions shown.

Overall it is very clear from these results that the influence of Rayleigh scattering5

loss on trace species retrieval from LIO signals is negligible at all heights under all
atmospheric conditions.

3.7 Total atmospheric loss and resulting intensity

The sum of all atmospheric influences investigated above, the so-called total atmo-
spheric loss of LIO signals, is illustrated in Fig. 9. As in Fig. 4 for target species10

absorption loss, the total losses are shown here under FASCODE STD atmosphere
conditions for all 19 channels listed in Table 1. Regarding aerosol extinction, medium
aerosol load was assumed.

The total atmospheric loss profiles reflect very well the different atmospheric influ-
ences and at the same time neatly show the total signal. The main part of the loss15

of absorption channels stems from the target species absorption as is desired. De-
focusing loss yields also a significant contribution, especially below about 25 km, and
is the main loss in reference channels. The variability of the total atmospheric loss
is mainly determined by the variability of the target species absorption loss and for
some species partly also by the foreign species absorption loss. Hence, the absorp-20

tion channels used to retrieve the CO2 isotopes, CH4, N2O, O3 and CO show very weak
atmospheric variability, whereas the other channels show medium to strong variability
under different atmospheric conditions, which is primarily caused by H2O variability (cf.
Sect. 3.4); note that Schweitzer (2010) shows results regarding total atmospheric loss
also for SAW and TRO conditions. The influence of the medium-load aerosol extinction25

is too small to be directly visible, the influence of Rayleigh scattering is negligible.
As discussed in Sect. 2.1, the total loss of the absorption channels should not exceed

21 dB (in compliancy with the ACCURATE mission design) to guarantee enough SNR
2715

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2689/2011/amtd-4-2689-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2689/2011/amtd-4-2689-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 2689–2747, 2011

Atmospheric
influences on

infrared-laser signals

S. Schweitzer 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
|

of the LIO signals at the receiver. This requirement is evidently fulfilled by almost all
channels under all atmospheric conditions in their designated height range (the H2O-1
and H2O-2 channels in Fig. 9a have the bottom-limit of their main range at 13 km and
8 km, respectively, and are thus not needed below in retrievals; Proschek et al., 2011).
Therefore the respective target species can basically be retrieved within the whole5

UTLS region (5 km to 35 km), with bottom-limit constraints due to H2O cross-sensitivity
below 10 km for O3 and H2

18O (cf. Sect. 3.4; visible also in Fig. 9c,d), and top-limit
constraints for the water isotopes HDO and H2

18O for which sensitivity reaches up to
about 12 km only (cf. Fig. 4).

Based on the total loss results, Fig. 10 finally depicts the behaviour of the LIO sig-10

nal power reaching the receiver detectors (upper panel axes) and the receiver SNR
(lower panel axes). The signal power is the actual observable of interest from which
also retrieval processing in an end-to-end simulation framework will start (after in addi-
tion accounting for observation system/instrumental errors; see, e.g., Proschek et al.,
2011, Figs. 4a and 5a therein). The received signal power is determined by subtract-15

ing the total atmospheric loss from the unattenuated top-of-atmosphere power reach-
ing the receiver detectors, P0, which is typically composed of the transmitted power
minus all geometrical and instrumental losses caused by the observing system (e.g.,
propagation loss due to signal spreading, optical losses). The SNR at the receiver is
then determined from the received signal power and the NEP of the detection system.20

Kirchengast et al. (2010) and Kirchengast and Schweitzer (2011) discuss these LIO
link budget aspects in detail and show that for the ACCURATE system design a top-of-
atmosphere power P0 =−94 dBW (for each individual received laser pulse signal with
the signals being received at a 50 Hz basic sampling rate) and a top-of-atmosphere
SNR0 =34 dB (at 2 Hz sampling rate corresponding to about 1 km to 2 km vertical res-25

olution) are adequate baseline values.
We thus adopted these values for Fig. 10 here in order to discuss the results for

the total atmospheric loss in terms of actual LIO observables, important to understand
also the approach to mitigate the influence of some of the other atmospheric effects
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discussed below. From the P0 and SNR0 values we see that the unattenuated LIO laser
pulse signal power detected is about 400 pW and that the associated signal-to-noise
ratio is about 500 at the basic 50 Hz sampling rate (2500 at a 2 Hz sampling rate). This
implies a detector noise level of only about 0.8 pW, providing even individual pulse
signals at high SNR. In order to keep good basic accuracy, signal power should not fall5

below a few pW (say 3 pW, or −115 dBW, or 6 dB raw SNR) even if all atmospheric loss
effects are in action below 10 km. This implies that the effective SNR at 2 Hz sampling
rate, reflecting the final resolution for use of the data, should not fall below 13 dB as
discussed in Sect. 2.1 and as marked in Fig. 10c and d. As can be seen in Fig. 10, all
channels selected fall into the favourable range (with the upper-troposphere limitations10

for O3 and the H2O isotopes discussed above and visible in panels c and d).
Therefore, if the LIO technique is implemented to meet at least the specifications

of the ACCURATE system design baselined here, the available SNR provides enough
sensitivity to enable retrieval of the ten target trace species with high accuracy under
all atmospheric conditions. In order to learn which level of retrieval performance can15

be achieved, Proschek et al. (2011) started with LIO observables of the quality as dis-
cussed here. They found individual-profile retrieval errors within 1 % to 3 % and that the
retrieved profiles are obtained essentially without biases. Kirchengast and Schweitzer
(2011) estimated this performance already before using a simplified estimation pro-
cess. See those studies for details.20

3.8 Comments on further atmospheric effects

3.8.1 Clouds

Clouds affect the intensity of received LIO signals in two ways. On the one hand, their
SWIR extinction coefficients are high, leading to strong cloud extinction loss which fully
blocks the signals except for very thin or small (cirrus) clouds. On the other hand,25

clouds may scatter solar radiation towards the receiver, leading to an amplification of
the detected signal, but this effect is very small (about 0.5 to 3.5 mW m−2 nm−1 sr−1;
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Emde and Proschek, 2010); see the separate comments on scattered solar radiation
below.

For liquid water clouds, the cloud extinction can be described by the Mie theory,
since the microphysical properties of water clouds (like water content, size and shape
of droplets) are not difficult to describe (Hu and Stamnes, 1993). The extinction due to5

ice water clouds is more complicated, since ice particles can have many different sizes
and shapes, which is why various parametrisations exist to describe their extinction
coefficients and other optical properties (e.g., Key et al., 2002).

Investigations by Emde and Proschek (2010) showed that typical liquid water clouds
induce a loss of much more than 30 dB in LIO intensities, which effectively corresponds10

to a full blocking of signals (see the requirements for adequate SNR in Sect. 3.7 above).
Also ice water clouds are usually not transparent, except for very thin cirrus clouds with
an ice water content at the 1×10−3 gm−3 level (assuming an along-path extension of
several 10 km). They induce an extinction loss of up to about 10 dB and hence still
allow to retrieve trace species through the clouds under degraded SNR. Details of15

these studies will be published elsewhere.
For the common cases in which clouds will block the LIO signals, the LMIO technique

by design has the LMO signals continuing to track through clouds (so as to retrieve the
thermodynamic variables through clouds) and also has the reception sequence of LIO
signals continuing to work independent of clouds interfering in propagation paths of20

individual laser pulse signals. This is because the LIO receiver telescope has accu-
rate pointing independent of received signal; the received LIO signal power will sim-
ply fall back to background levels for those pulse signals that have been blocked by
cloud extinction. This also implies that the blocking of individual pulses does not affect
the quality of pulses before and after so that any LIO pulse signal is received basi-25

cally at clear-air quality if it somehow found a “hole” in intermittent cloudiness (note
that the Fresnel diameter of the SWIR laser signals is about 3 m only so that the re-
ceived power of individual pulse signals propagates along highly confined propagation
“tubes”; Kirchengast and Schweitzer, 2011). In this way, high-quality target species
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transmission values can be retrieved, with gaps, across layered cloudiness, where pro-
files of cloud layering are a byproduct flagging the gaps. Interpolating over limited gaps
then allows trace species retrieval of still high quality. An overview of cloudy air re-
trieval, the developments of which are currently on-going, is provided by Schweitzer
et al. (2010).5

The influence of clouds on the tropospheric penetration of atmospheric profiles re-
trieved from LIO was so far roughly estimated, as a worst case limit, from analysing
solar occultation data of the Canadian Atmospheric Chemistry Experiment (ACE) satel-
lite (Harrison and Bernath, 2010, including G. C. Toon, Jet Propulsion Lab., CA, USA,
personal communication, 2009). These data show that about 40 % of all measured10

profiles reach down to about 7.5 km, 20 % reach even down to about 5 km. Exception
is a tropical band within 15◦ of the equator, where only 20 % of the profiles reach down
to about 7.5 km. It is expected that LIO data have an improved vertical coverage into
the upper troposphere due to their capability to penetrate intermittent cloudiness as
outlined above.15

3.8.2 Turbulence

Atmospheric turbulence is associated with random variations of the refractive index,
which in turn affect optical beams. This occurs because the intensity of a beam is mul-
tiply diffracted on small-scale air density irregularities. One relevant effect is intensity
fluctuations of the beam, also called scintillation, which is caused by random redis-20

tribution of the energy within the cross section of the beam, another one additional
spreading of the beam (beyond the spreading caused by the pure refraction).

First estimations by Sofieva (2009) and Horwath and Perlot (2008), details of which
will be published elsewhere, show that the influence of scintillation on single LIO chan-
nels is rather high, as is for example known from stellar occultation data like the GO-25

MOS instrument on Envisat (Kyrölä et al., 2004). In particular, the relative intensity
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fluctuations rapidly grow with decreasing altitude, nearly proportional to air density,
from about 0.05 near 30 km up to the saturation level of about 1 below about 20 km.
Saturation occurs, when a signal is repeatedly scattered along a (long) propagation
path.

Fortunately the correlation of the scintillations at closely spaced frequencies is very5

high since spectrally adjacent channels essentially avoid dispersive effects and there-
fore signals pass through the same air density irregularities. The adverse influence of
scintillation can thus be largely removed by application of the differential transmission
retrieval approach with sufficiently closely spaced channels. Sofieva (2009) recom-
mends a frequency separation of a channel pair of up to 0.5 % only, which could be10

realised in the ACCURATE design by careful channel selection (Table 1). This strict
closeness is required because the relative error in the differential transmission rapidly
grows with increasing wavelength separation, due to the slight chromatic shift of the
signal path of the absorption relative to the reference channel, since the infrared re-
fractivity is still slightly dispersive at >2 µm (Sect. 2.2, Eq. 1). For example, at a 50 Hz15

sampling rate the residual scintillation error in the differential transmission for channels
near 2.1 µm with a separation of 0.1 % was estimated to be at an acceptable level of
only about 1 % to 1.5 % near 10 km and about 1.5 % to 2.5 % near 5 km, while at a sep-
aration of 1 % it would already be about 10 times as large. This error is a statistical
error with negligible bias component. Most of the channel pairs of the ACCURATE20

design have a spectral separation of less than 0.1 % to 0.25 %, the largest separations
are 0.5 % (Table 1); the latter implying about five times the error of 0.1 %.

The residual scintillation error can be mitigated further by a factor of 5 or more
if the slight chromatic shift between the ray paths of the channels is compensated
for based on a slight time shift of transmitting the absorption channel pulses rela-25

tive to the reference channel pulses, to ensure close alignment of the ray paths and
thus higher correlation of the scintillation noise (Sofieva, 2009). This can be im-
plemented using knowledge on the atmospheric refraction profile during occultation
events, where the required 20 % accuracy is readily achievable (or outperformed) in
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the UTLS (Kirchengast et al., 2010). The chromatic shift compensation is estimated to
effectively reduce the residual error for channels spaced by 0.5 % to at least the error
level of channels spaced 0.1 % only.

3.8.3 Wind

Wind sets air molecules in motion, which is why they are moved towards or away from5

the transmitter. Hence the frequency seen by the molecules differs slightly from the
one being transmitted, according to the Doppler effect. The molecules thus absorb this
slightly shifted frequency. Since absorption lines in the SWIR spectrum are very nar-
row, this shift is visible for absorption channels in form of slight transmission changes.

Practically the effect is very small when considering the centre of absorption lines,10

which is why the influence of wind needs only be very roughly accounted for when work-
ing with line centres as done for trace species retrieval. Typical meridional winds, the
winds dominating for polar or near-polar LEO-LEO configurations, have speeds of less
than 30 m s−1. This leads to a relative frequency shift of about 10−7. As a representa-
tive example, such a line-of-sight wind speed would in case of the C18OO line lead to15

a reduction of the transmission by about 0.03 dB at 10 km and 0.01 dB at 30 km, relative
to the centre of the line probed in case of zero wind speed. Background knowledge
of the wind speed with about 10 m s−1 uncertainty (available, e.g., from atmospheric
analyses or short-range forecasts) is thus estimated to be sufficient to enable accurate
trace species retrieval with systematic error residuals below 0.005 dB.20

The effect is about 10 times larger when considering the inflection points of an
absorption line where the spectral gradient of transmission is strongest. Using ded-
icated LIO signals at such inflection points of a highly symmetric absorption line,
which is at the same time stable under different atmospheric conditions, can thus
be used to retrieve the line-of-sight wind speed (Kirchengast and Schweitzer, 2011).25

This capability is an integral part of the ACCURATE concept (Kirchengast et al.,
2010). In essence, it is the differential transmission between the two inflection points
that is exploited, where the C18OO line turned out as a particularly suitable line
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(Schweitzer, 2010; Kirchengast and Schweitzer, 2011). The retrieved l.o.s. wind speed
profile can then be used to correct the small off-centre Doppler shifts in the trace
species retrieval discussed above, eliminating the need for background knowledge of
wind speed from an external atmospheric field. More details on the LIO wind capability
can be found in Schweitzer (2010).5

3.8.4 Scattered solar radiation

Solar radiation can be scattered into the receiver telescope either by Rayleigh scat-
tering due to clear air or by particle (Mie-type) scattering due to clouds. Since the
SWIR range of interest (2 µm to 2.5 µm) is intentionally located as far as possible in the
long-wavelength tail of the solar Planck radiation spectrum, the intensity is already low10

(see, e.g., Liou, 2002) and scattering influences are thus to be expected very small.
Aerosol-scattered solar radiation is negligible since concentrations are significantly too
small and wavelengths too long.

From error budget analyses we estimated that the Rayleigh-scattered solar radiation
captured by the telescope during any single pulse measurement is, for the ACCURATE15

design described by Kirchengast et al. (2010), below the receiver noise level (about
0.8 pW; cf. Sect. 3.7) and thus negligible. This holds over the whole UTLS also during
all conditions of bright day; it reaches the 0.1 pW level but stays below 0.5 pW also at
the UTLS bottom near 5 km for the shortest relevant wavelengths near 2.1 µm. Details
will be published elsewhere. We note for completeness that also scattering (or other ra-20

diation) from surface sources is negligible, since the telescope will observe downwards
to minimum tangent altitudes of 2.5 km only where no surface radiation can enter the
field of view (FOV) of the telescope. Likewise, in the case of direct sun, a geomet-
rical situation which rarely occurs when using near-polar orbiting satellites as in the
ACCURATE concept, the receiver will be shielded from this strong signal to protect the25

instruments. This will ensure that indeed only scattered solar radiation can enter the
telescope.
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Other than for Rayleigh scattering, cloud-scattered solar radiation is estimated to be
observable under certain conditions (Kirchengast et al., 2010; Emde and Proschek,
2010). Relevant influence can arise in particular from clouds fractionally covering the
FOV of the telescope, e.g., from cloud edges near cloud top or bottom (if there is full
cloud blocking of the LIO signal, the influence will not be relevant). During bright day,5

this scattering could sometimes exceed the detector noise level of about 0.8 pW, but is
estimated to stay within a factor of ten of this level. Such an influence is still small given
a basic signal strength at the 100 pW level (cf. Sect. 3.7). Moreover it is foreseen to
be rigorously controlled, and as necessary corrected for, by a receiver design including
a close time spacing of interleaved laser-pulse and background signals within 5 ms10

(Kirchengast et al., 2010).
Briefly, this design includes that before and after each laser pulse signal measure-

ment also a background measurement is performed within ±2.5 ms. This corresponds
to a vertical shift of within ±5 m, given typical vertical scan velocities of the occultation
events of about 2 km s−1 (Kirchengast et al., 2010). Such a shift is small enough so15

that the receiver telescope with a FOV of about 3 km vertical extend at atmospheric
tangent point sees essentially the same scattering scene both for the pulse and back-
ground measurement. The background measurement thus enables rigorous control
of the SNR of each single received pulse, for optimal quality independent of whether
scattered radiation is available above receiver noise level or not. The background mea-20

surement is furthermore planned at multiple detection pixels adjacent to the pulse mea-
surement so that in case the background power is needed to be subtracted an average
can be subtracted which only insignificantly increases the noise in the background-
corrected pulse signal. Also on this topic of cloud scattering details will be published
elsewhere.25

3.8.5 Terrestrial thermal radiation

The SWIR spectral range is located at the short-wavelength side of the Planck spec-
trum of Earth’s thermal radiation (e.g., Liou, 2002). Since these short wavelengths see
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an exponential falloff of the thermal radiation spectrum with its maximum near 10 µm,
the radiation at <2.5 µm is already very small. We estimated its influence by means
of worst case values of the thermal radiation entering the receiver telescope, where
we used a temperature of 280 K, because UTLS temperatures are typically below, and
an upper-end wavelength of 2.5 µm. The estimated power turns out to be always at5

most near 0.01 pW, which is far below receiver noise level (0.8 pW). Hence, terrestrial
thermal radiation is negligible in a mission design like ACCURATE.

4 Summary and conclusions

In this study we discussed atmospheric influences on SWIR laser signals which are10

transmitted between two LEO satellites in occultation geometry. Such an occultation
system is called LIO and primarily aims at providing accurate profiles of atmospheric
trace species, especially of greenhouse gases, and of l.o.s. wind speed. Other retrieval
products can be profiles of cloud layering, aerosol extinction coefficient, and turbulence
strength. LIO is part of the LMIO method, recently introduced by Kirchengast and15

Schweitzer (2011), where the above profiles are determined in synergy and consis-
tent with thermodynamic profiles (pressure, temperature, humidity) from LMO signals.
A detailed mission concept for implementing the LMIO method, the ACCURATE mis-
sion proposed by Kirchengast et al. (2010), was used as baseline mission design for
this study.20

Quasi-realistic propagation simulations have been used to investigate the atmo-
spheric influences on LIO signals and their implications for the total received LIO signal
power. The EGOPS/xEGOPS simulation system (Fritzer et al., 2010a,b) was used for
this purpose, where we recently included algorithms and databases for modelling the
infrared refractivity, trace species absorption, aerosol extinction, and Rayleigh scatter-25

ing that we used in this study. Functionality for simulating the influence of clouds, wind,
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and turbulence has been included as well; it aided understanding of related effects
briefly discussed in this study but details will be published elsewhere.

Most of the influences have been assessed by means of simulation results for the set
of 19 SWIR channels that are the basis for the ACCURATE mission design. Defocusing
loss, target species absorption loss, foreign species absorption loss, aerosol extinction5

loss, Rayleigh scattering loss as well as the sum of all these losses were mainly shown
for FASCODE STD atmosphere conditions, which represents average atmospheric
conditions, and compared with the results in more extreme atmospheric conditions,
namely the dry and cold FASCODE SAW and the warm and moist FASCODE TRO
atmospheres. These three atmosphere settings served to represent the basic range of10

atmospheric variability.
The influence of refractivity was considered in view of its different effect on MW and

SWIR ray paths, resulting in different ray bending and thus tangent point heights of LIO
and LMO signals. Further atmospheric effects – the influence of clouds, turbulence,
wind, scattered solar radiation and atmospheric thermal radiation – were discussed in15

an introductory manner, referring to several recent grey literature reports; detail results
to these ends will be published elsewhere.

We established that the set of SWIR channels of the ACCURATE mission provides
very good sensitivity to target species absorption. In particular, eight species (H2O,
CO2, 13CO2, C18OO, CH4, N2O, O3, CO) can be acquired within the whole UTLS20

region under all atmospheric conditions, except for lower-limit constraints for O3 the
signal of which can become obscured below 10 km. For two further species, HDO
and H2

18O, which have a very low concentration in the atmosphere (especially in the
stratosphere), sensitivity is available within about 5 km to 12 km only.

The cross-sensitivity of most of the channels to the absorption by foreign species25

is favourably small; the influence of foreign species even falls below 0.25 dB down
to 5 km for most of the channel pairs when considering the differential transmissions.
Exceptions are the channel pairs used for the retrieval of CO, O3 and H2

18O. For CO,
the influence does reach near 2 dB in the differential transmission but is stable, which
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is why it can be robustly corrected for in the retrieval as part of the foreign species
correction (see Proschek et al., 2011). The O3 channels are substantially affected by
foreign species absorption due to H2O below about 10 km, wherefore the retrieval of
O3 is limited to heights above. Also the H2

18O intensity is significantly affected by H2O
absorption below about 7 km, which as well reduces the retrieval range for this species5

under moist conditions.
The aerosol extinction loss can transgress the limit of 0.25 dB into the favourable

signal range of target species absorption loss below about 7 km to 22 km, depending
on the aerosol load. In this case it is possible to retrieve aerosol extinction by a suitable
algorithm. In the differential transmission, aerosol influence is significantly reduced and10

essentially negligible in its influence for trace species retrieval. Only under volcanic
aerosol load at post-Pinatubo levels a small influence can remain (estimated to reach
about 0.02 dB), which can be corrected for in this case by use of the retrieved aerosol
extinction profiles.

Defocusing loss has a significant influence on the signal intensity and reduces it by15

up to about 5 dB near 5 km, which is to be taken into account in the power budget
of the intersatellite link in order to ensure sufficient SNR of received signal power in
the upper troposphere. The direct effect of defocusing on the trace species retrieval
is negligible, however, since due to its independence of frequency it is eliminated in
the differential transmission. The influence of Rayleigh scattering is negligible in both20

direct and differential transmission signals.
The difference in the MW and SWIR refractivities leads to different tangent point

heights of LIO and LMO ray paths, with the degree of tangent point separation deter-
mined by the presence of water vapour. Around 5 km, where moisture is strongest, the
difference is about 0.15 km in SAW conditions, 0.5 km in STD and 1 km in TRO con-25

ditions. Following the decrease of water vapour, it strongly decreases with increasing
altitude and becomes negligible from about 9 km to 13 km upwards. It is thus impor-
tant in the trace species retrieval to compute correct LIO height levels in the upper
troposphere, supported by LMO information (Proschek et al., 2011).
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Clouds generally block SWIR signals, except for very thin or small (Cirrus) clouds,
which attenuate the signal significantly but not completely (Emde and Proschek, 2010).
This blocking or partial extinction is addressed in the ACCURATE mission concept by
a design allowing retrieval of a cloud layering profile from reference signals and its
use in trace species retrieval when scanning through intermittent upper tropospheric5

cloudiness. Since LIO is used in combination with LMO, accurate height levelling can
be maintained through clouds, which is why also top and bottom heights of (layered)
cloudiness can be determined, and atmospheric variables at these top and bottom
heights.

Atmospheric turbulence induces major intensity fluctuations of the LIO signals, also10

called scintillations. Favourably, these fluctuations are highly correlated when consid-
ering closely spaced frequencies; close spacing of absorption and reference signals
within 0.5 % is thus part of the ACCURATE design, combined with compensation of
chromatic shift of ray paths between the channels (Sofieva, 2009). In this way, the
influence of residual scintillation noise becomes small, comparable to receiver thermal15

noise, in the differential transmission.
Wind along ray paths causes air to move and induces absorption at slightly shifted

wavelengths due to Doppler shift. By using the centre of absorption lines for the trace
species retrieval, this change in transmission is very small and hence can be corrected
for by a moderately accurate (to about 10 m s−1) background wind profile. However,20

the influence becomes useful as an observable when regarding the inflection points
of a highly symmetric absorption line. This is the basis for line-of-sight wind retrieval,
effectively from the differential transmission between the infection points (Schweitzer,
2010; Kirchengast and Schweitzer, 2011). Using these retrieved wind profiles also
eliminates the need for background wind profiles supporting the trace species retrieval.25

In principle, the received signal power could also be increased due to atmospheric
influences, by solar-scattered radiation and terrestrial thermal radiation collected within
the FOV of the receiver telescope. We find these influences generally negligible, how-
ever, since the chosen SWIR range intentionally is located in the “hole” between the
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solar Planck spectrum and the terrestrial Planck spectrum. Cloud-scattered solar radi-
ation is the only process found to potentially provide signal above receiver noise level.
This is addressed in the ACCURATE design by a close time spacing of interleaved
laser-pulse and background signals within 5 ms, which enables to correct for such ra-
diation while only insignificantly increasing received signal noise.5

Putting the total atmospheric loss into context with the ACCURATE design of top-of-
atmosphere received power and SNR (baseline −94 dBW and 34 dBHz; Kirchengast
et al., 2010), we found the available LIO signal level throughout the atmosphere down
to 5 km adequate for enabling accurate trace species retrieval. Overall we find the set
of LIO channels, and the ACCURATE design for implementing the full LMIO method,10

to be a new observing system of high promise for measuring greenhouse gas profiles,
and other atmospheric variables, with unprecedented quality over the UTLS. First
retrieval performance analysis results based on a realistic retrieval processing chain
and end-to-end simulations underpin this promise (Proschek et al., 2011).

In future work we intend to advance the simulation capabilities and assessment of15

atmospheric influences on LIO signals by the EGOPS/xEGOPS system by broader
variability of atmospheric trace gas fields (atmospheric analysis fields complemented
by composition analysis fields) and also by employing the capabilities for cloud, wind,
and turbulence modelling, including in ensemble-based statistical analyses. This will
allow to consolidate this first assessment by a statistical analysis that can also be linked20

to an ensemble-based retrieval performance analysis. As a specific issue we consider
to investigate the region within 1.9 µm and 2 µm for absorption lines sensitive to the
water isotopes HDO and H2

18O, attempting to increase the vertical range of sensitivity
for these species so that they may become useful for troposphere/stratosphere ex-
change studies. Finally there is currently a ground-based LIO experiment prepared, for25

a 144 km link at about 2.4 km height between observatories at the Canary Islands (by
Univ. of York, Univ. of Manchester, and Univ. of Graz; P. F. Bernath et al., 2010–2011),
which we use to learn about atmospheric influences based on real data somewhat
similar to a LEO-to-LEO link.
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A., Théodore, B., Guirlet, M., Etanchaud, F., Snoeij, P., Koopman, R., Saavedra, L., Fraisse,5

R., Fussen, D., and Vanhellemon, F.: GOMOS on Envisat: an overview, Adv. Space Res.,
33, 1020–1028, doi:10.1016/S0273-1177(03)00590-8, 2004. 2719

Landolt-Börnstein: Geophysics of the Solid Earth, the Moon and the Planets – Numerical Data
and Functional Relationships, in: Science and Technology, edited by: Fuchs, K. and Stof-
fel, H., vol. V/2a, Springer, Berlin, Heidelberg, 332–336, 1984. 269910

Li, F., Austin, J., and Wilson, J.: The strength of the Brewer-Dobson circulation in
a changing climate: coupled chemistry-climate model simulations, J. Climatol., 21, 40–57,
doi:10.1175/2007JCLI1663.1, 2008. 2692

Liou, K. N.: An Introduction to Atmospheric Radiation, Academic Press, San Diego, California,
USA, 2nd edition, 2002. 2712, 2722, 272315

Phinney, R. A. and Anderson, D. L.: On the radio occultation method for studying planetary
atmospheres, J. Geophys. Res., 73, 1819–1827, doi:10.1029/JA073i005p01819, 1968. 2691

Proschek, V., Kirchengast, G., and Schweitzer, S.: Greenhouse gas profiling by infrared-laser
and microwave occultation: retrieval algorithm and demonstration results from end-to-end
simulations, Atmos. Meas. Tech. Discuss., 4, 2273–2328, doi:10.5194/amtd-4-2273-2011,20

2011. 2692, 2693, 2694, 2696, 2699, 2703, 2704, 2706, 2707, 2709, 2710, 2712, 2716,
2717, 2726, 2728

Rothman, L. S., Jacquemart, D., Barbe, A., Benner, D. C., Birk, M., Brown, L. R., Carleer, M. R.,
Chackerian Jr., C., Chance, K., Coudert, L. H., Dana, V., Devi, V. M., Flaud, J.-M., Gamache,
R. R., Goldman, A., Hartmann, J.-M., Jucks, K. W., Maki, A. G., Mandin, J.-Y., Massie, S. T.,25

Orphal, J., Perrin, A., Rinsland, C. P., Smith, M. A. H., Tennyson, J., Tolchenov, R. N., Toth,
R. A., Vander Auwera, J., Varanasi, P., and Wagner, G.: The HITRAN 2004 molecular spec-
troscopic database, J. Quant. Spectrosc. Ra., 96, 139–204, doi:10.1016/j.jqsrt.2004.10.008,
2005. 2700

Rothman, L. S., Gordon, I. E., Barbe, A., Benner, D. C., Bernath, P. F., Birk, M., Boudon, V.,30

Brown, L. R., Campargue, A., Champion, J.-P., Chance, K., Coudert, L. H., Dana, V., Devi,
V. M., Fally, S., Flaud, J.-M., Gamache, R. R., Goldman, A., Jacquemart, D., Kleiner, I.,
Lacome, N., Lafferty, W. J., Mandin, J.-Y., Massie, S. T., Mikhailenko, S. N., Miller, C. E.,

2733

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/2689/2011/amtd-4-2689-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/2689/2011/amtd-4-2689-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/S0273-1177(03)00590-8
http://dx.doi.org/10.1175/2007JCLI1663.1
http://dx.doi.org/10.1029/JA073i005p01819
http://dx.doi.org/10.5194/amtd-4-2273-2011
http://dx.doi.org/10.1016/j.jqsrt.2004.10.008


AMTD
4, 2689–2747, 2011

Atmospheric
influences on

infrared-laser signals

S. Schweitzer 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
|

Moazzen-Ahmadi, N., Naumenko, O. V., Nikitin, A. V., Orphal, J., Perevalov, V. I., Perrin,
A., Predoi-Cross, A., Rinsland, C. P., Rotger, M., Šimečková, M., Smith, M. A. H., Sung,
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Schweitzer, S., Kirchengast, G., and Ladstädter, F. H.: Enhancement of the end-to-end occul-
tation simulation tool EGOPS for enabling quasi-realistic simulations of LEO-LEO IR laser
occultation measurments, Tech. Rep. for FFG-ALR No. 1/2007, Wegener Center, Univ. of15

Graz, Graz, Austria, 2007. 2700
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Table 1. Channel pairs investigated in this paper. They are adopted from the ACCURATE
satellite mission concept.

Species Abs. chan. Ref. chan. Chan. ratio (%)
ν̄Abs (cm−1) ν̄Ref (cm−1) 100 · ν̄Abs−ν̄Ref

ν̄Ref

H2O-1 4204.840290 4227.07 −0.5259
H2O-2 4775.802970 4770.15 +0.1185
H2O-3 4747.054840 4731.03 +0.3387
H2O-4 4733.045010 4731.03 +0.0426
12CO2 4771.621441 4770.15 +0.0308
13CO2 4723.414953 4731.03 −0.1610
C18OO 4767.041369 4770.15 −0.0652
CH4 4344.163500 4322.93 +0.4912
N2O 4710.340810 4731.03 −0.4373
O3 4029.109610 4037.21 −0.2006
CO 4248.317600 4227.07 +0.5027
HDO 4237.016320 4227.07 +0.2353
H2

18O 4090.871800 4098.56 −0.1876
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Table 2. Species mainly contributing to foreign species absorption, ordered according to their
influence in FASCODE STD conditions at 5 km. Species without parentheses have major in-
fluence (larger or around 1 dB), squared brackets mark small influence (below 0.5 dB to 1 dB),
round brackets very small influence (below 0.25 dB). These influence limits apply under all
atmospheric conditions including TRO conditions.

Channel Absorbing foreign species

H2O-1 HDO, [CH4], (CO)
H2O-2 [12CO2, C18OO]
H2O-3 [N2O], (12CO2)
H2O-4 (12CO2, 13CO2, C18OO)
12CO2 [H2O, C18OO]
13CO2 [H2

18O], (H2O)
C18OO (12CO2, 13CO2, H2O)
CH4 (H2O)
N2O (H2O)
O3 H2O, HDO, [H2

18O], (CH4)
CO CH4, [H2O], (HDO)
HDO CH4, [H2O]
H2

18O H2O, [CH4]
r-O3 H2O, (HDO)
r-H2

18O H2O, [CH4]
r-H2O-1, r-HDO, r-CO CH4, [H2O], (CO)
r-CH4 (CH4, H2O)
r-N2O, r-13CO2, r-H2O-3/4 (12CO2, 13CO2, C18OO)
r-12CO2, r-C18OO, r-H2O-2 (12CO2, C18OO, 13CO2)
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Fig. 1. Overview of the measurement concept of the ACCURATE satellite mission applying the
LMIO method.
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Fig. 2. Relative difference between the MW refractivity (Smith-Weintraub formula) and the
SWIR refractivity (improved Edlén formula). The differences are shown for the FASCODE TRO,
STD and SAW atmospheres at 5 km and 12 km (atmospheric conditions, p/T/e in hPa/K/hPa,
for TRO 5 km: 559.0/270.3/1.87; STD 5 km: 540.5/255.7/0.76; SAW 5 km: 515.8/240.9/0.22;
TRO 12 km: 213.0/223.6/0.01; STD 12 km: 194.0/216.7/0.00; SAW 12 km: 176.6/217.2/0.00).
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Fig. 3. Defocusing loss for SWIR channels in the FASCODE SAW (green), STD (black), TRO
(red) atmospheres. The vertical dotted line marks the boundary of the lower useful-signal limit
of 0.25 dB. The horizontal dotted and dashed lines mark target and threshold requirements,
respectively, regarding the vertical range within which trace species shall be retrieved (Kirchen-
gast and Schweitzer, 2011).
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Fig. 4. Target species absorption loss for the 13 absorption channels and total absorption
loss for the six reference channels listed in Table 1. The situation is shown for the FASCODE
STD atmosphere. Absorption channels are marked by solid lines, reference channels (at or
near zero dB) by dashed-dotted lines. The vertical dashed lines mark the lower and upper
boundary of favourable signal range. The horizontal dotted and dashed lines mark target and
threshold requirements, respectively, regarding the vertical range within which trace species
shall be retrieved.
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Fig. 5. Differential foreign species absorption loss for the 13 channel pairs listed Table 1,
for the FASCODE STD atmosphere. The vertical dotted line marks the boundary where the
foreign species loss, if transgressing it, enters into the favourable range for target species loss.
The horizontal dotted and dashed lines mark target and threshold requirements, respectively,
regarding the vertical range within which trace species shall be retrieved.
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Fig. 6. Differential foreign species absorption loss for channel pairs with significant sensi-
tivity of foreign species loss to atmospheric conditions. The losses are shown in the FAS-
CODE SAW (a), STD (b), and TRO (c) atmospheres.. The layout is the same as in Fig. 5.
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Fig. 7. Aerosol extinction loss (a, c, e) and differential aerosol extinction loss (b, d, f) for
three representative channel pairs with different spectral separation under FASCODE STD at-
mosphere conditions for background (a, b), medium (c, d), and volcanic (e, f) aerosol load.
The vertical dotted line marks the boundary where the extinction loss, if transgressing it, enters
into the favourable range for target species loss. The horizontal dotted and dashed lines mark
target and threshold requirements, respectively, regarding the vertical range within which trace
species shall be retrieved.
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Fig. 8. Rayleigh scattering loss (a) and differential Rayleigh scattering loss (b) for three repre-
sentative channel pairs with different spectral spacings, for FASCODE STD atmosphere condi-
tions. The layout of the panels is the same as in Fig. 7.
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Fig. 9. Total atmospheric loss for the 13 absorption channels and the six reference channels
listed in Table 1, for the FASCODE STD atmosphere and medium aerosol load. The layout of
the panels is the same as in Fig. 4.
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Fig. 10. Received signal power (upper axes) and receiver SNR (lower axes) for the channels
listed in Table 1 on the basis of adopting a top-of-atmosphere power of −94 dBW and a cor-
responding SNR of 34 dB, both being baseline values of the ACCURATE mission design. The
results are shown for the FASCODE STD atmosphere and medium aerosol load. The layout of
the panels is the same as in Fig. 4.
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