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Abstract. LEO-LEO infrared-laser occultation (LIO) is a background wind speed profile. We conclude that the set
new occultation technique between Low Earth Orbit (LEO) of SWIR channels proposed for implementing the LMIO
satellites, which applies signals in the short wave infraredmethod Kirchengast and Schweitze2011) provides ade-
spectral range (SWIR) within 2pum to 2.5um. It is part quate sensitivity to accurately retrieve eight trace species of
of the LEO-LEO microwave and infrared-laser occultation key importance to climate and atmospheric chemistryQH
(LMIO) method that enables to retrieve thermodynamic pro-COy, 13C0O,, C'00, CHy, N2O, O3, CO) in the upper tro-
files (pressure, temperature, humidity) and altitude levelsposphere/lower stratosphere region outside clouds under all
from microwave signals and profiles of greenhouse gases andtmospheric conditions. Two further species (HDCé?(BD
further variables such as line-of-sight wind speed from si-can be retrieved in the upper troposphere.

multaneously measured LIO signals. Due to the novelty of
the LMIO method, detailed knowledge of atmospheric influ-
ences on LIO signals and of their suitability for accurate traceq
species retrieval did not yet exist. Here we discuss these in-

fluences, assessing effects from refraction, trace species alkecently, the satellite mission ACCURATE — climate bench-
Sorption, aerosol extinction and Ray|8Igh Scattering in detail,mark profmng of greenhouse gases and thermodynamic vari-
and addressing clouds, turbulence, wind, scattered solar rgghles and wind from space — was proposed to the European
diation and terrestrial thermal radiation as well. We ShOWSpace Agency bKirchengast et aKZOlQ and received pos-
that the influence of refractive defocusing, foreign speciesitive evaluation and recommendations for further study. This
absorption, aerosols and turbulence is observable, but can bﬂission concept app”es the occultation measurement prin_
rendered small to negligible by use of the differential trans-ciple (Phinney and Andersori968 Kirchengast2004) in
mission principle with a close frequency spacing of LIO ab- 3 novel way, called LEO-LEO microwave and infrared-laser
sorption and reference signals within 0.5%. The influencesyccultation (LMIO), recently introduced Hgirchengast and

of Rayleigh scattering and terrestrial thermal radiation areschweitze(2011). A graphical view of the concept is given
found negligible. Cloud-scattered solar radiation can be obin Fig. 1. Laser signals in the short wave infrared (SWIR)
servable under bright-day conditions, but this influence canspectral region (within 2pum to 2.5 pm; pulsed signals) are
be made negligible by a close time spacing (within 5ms) of ysed simultaneously with microwave (MW) signals at cm-
interleaved laser-pulse and background signals. Cloud exgnd mm-wavelengths (within 8 GHz to 30 GHz and 175 GHz
tinction loss generally blocks SWIR signals, except very thintg 200 GHz; continuous-wave signals). These signals are
or sub-visible cirrus clouds, which can be addressed by retransmitted between two Low Earth Orbit (LEO) satellites
trieving a cloud layering profile and exploiting it in the trace and thereby pass the Earth's atmosphere; the focus region
species retrieval. Wind can have a small influence on thes the upper troposphere/lower stratosphere (UTLS) (5 km to
trace species absorption, which can be made negligible bygsg km).

Using a Simultaneously retrieved or a mOderately accurate The signals are refracted and absorbed during propaga-
tion which enables to retrieve vertical profiles of thermody-
namic and dynamic variables (refractivity, pressure, temper-

Correspondence tdS. Schweitzer ature, specific humidity, line-of-sight wind speed) and com-
BY (susanne.schweitzer@uni-graz.at) position variables (greenhouse gas/isotope concentrations of
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algorithm, which is intrinsic to the occultation method since
the transmitted intensities during an occultation event are
generally normalised with the unattenuated intensity mea-
sured at the top of the atmosphere, is the reason why the
LIO retrieval results are expected to be very accurate and
essentially free of measurement bias&rqghengast and
Schweitzer 2007, 2011, Schweitzer 201Q Proschek et al.
20113. This means that the retrieval results are of high qual-
ity on a single-occultation-event basis, and therefore effec-
tively independent of the specific LMIO mission that pro-
vides 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
. p important in climate research.

IRI_Lagear"Sg:aﬁm(lslo The part using the MW signals is called LEO-LEO mi-
crowave occultation (LMO), which is well established al-
ready, 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 iReng et al.(2000; Her-
man et al.(2004); Kursinski et al.(2002 2004); Kirchen-
gast and Hged2004); Gorbunov and Kirchengag005
H20, CO, 13CO,, C®00, CHy, N,O, O3, CO, HDO,  2007; Kursinski et al.(2009: Schweitzer et al(2012.
H2'80) in the free atmosphere. By-products can be profilesa closely related occultation method is the GNSS-LEO ra-
of cloud liquid water (from the MW signals), cloud layering dio occultation (GRO), which uses L-band signals from the
and aerosol extinction coefficient (from the SWIR signals) asus Global Positioning System (GPS) system. GRO is mean-
well as turbulence strength (from both). The retrieved pro-while regularly operated in space and proved to be very use-
files are expected very accurate, have a high vertical resoful for atmosphere and climate research and weather fore-
lution (about 1 km) and typically cover the whole UTLS re- casting (e.gKursinski et al, 1997 Steiner et al.2001, 2009
gion, which is an important region for climate and chem- Hajj et al, 2002 Gobiet et al. 2005 Healy and Tkpaut
istry (Li et al., 2008 Steiner et al.2009. For a detailed 200§ Anthes et al.2008 Ho et al, 2009 Cardinalj 2009.
introduction of the LMIO method, and the proposed mis-  The LIO technique is the novel part of the LMIO method
sion concept ACCURATE to implement it, séé&rchengast  and was an original conception for the ACCURATE mission,
and Schweitzef2011); Kirchengast et al2010; Schweitzer  adding to the LMO technique of the predecessor mission
(2010. concept ACE+Kirchengast and Haeg004). Hence, all sci-

The part using the SWIR signals is called LEO-LEO entific and technical characteristics of this technique needed
infrared-laser occultation (LIO) and is suitable for retrieving to be assessed essentially from the very beginning. One im-
profiles of trace species and line-of-sight (.0.s.) wind speedportant point for this assessment was the development of
(besides the byproducts mentioned above; details on théools to simulate the measurements and to retrieve the atmo-
trace species retrieval are given Byoschek et al.20113. spheric variables. For the simulation of the measurements,
The retrieval principle is based dtifferential transmission it was necessary to identify atmospheric and instrumental in-
(Kursinski et al, 2002 Gorbunov and Kirchengas2007),  fluences on the propagation of the signals. In this paper, we
alternatively also called differential absorption principle. Re- focus on investigation of the atmospheric influences which
garding trace species, this means that each species is derive@le of importance for the LIO technique and the utility of
from the ratio of the transmissions of two signals (which cor- the LIO signals for accurate trace species retrieval (details
responds to a difference in the dB space of log-transmissionin Sect.2.1). We also show the total impact of these atmo-
proportional to optical thickness), termedchannel pair spheric influences on the received signal intensity; this total
One of these signals is primarily absorbed by the targeiinfluence is an important ingredient for power-budget calcu-
species of interest and is callatdsorption (on-line) signal  lations along the LEO-LEO intersatellite link and is needed
The other signal is ideally not absorbed at all and only af-to determine power requirements in an LIO mission design.
fected by broadband background effects; itis caltddrence  Likewise it is an important input to generate simulated mea-
(off-line) signal surements subsequently used in retrieval processing in the

Exploiting these characteristics of the two signals, mostframe of end-to-end simulationBioschek et al20113.
background effects can be eliminated by using differential As implemented by ACCURATE, LIO is nominally op-
transmission profiles. This together with a high signal- erated in combination with LMO, i.e. as a full LMIO ap-
to-noise ratio and a self-calibration step in the retrieval proach. From the measurement of phase and amplitude of

Fig. 1. Overview of the measurement concept of the ACCURATE
satellite mission applying the LMIO method.
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LMO signals, complemented by precise position and ve-2.1 Analysis layout
locity data of the LEO satellites, profiles of the thermody-
namic variables pressure, temperature and humidity can b the Earth’s atmosphere, LIO signals experience refractive
derived as well as accurate altitude levels. Hence, just thénfluences, which affect the propagation path and the inten-
intensity of the SWIR signals needs to be evaluated addisity, as well as attenuating influences which directly affect
tionally to be able to derive the atmospheric trace specieghe intensity. Effects in the received intensity are equiv-
and the l.o.s. wind speed from LIO measuremeRte$chek  alently imprinted in the observed transmission. Important
et al, 20113. In principle, LIO could also be used stand- refractive effects are bending of ray paths and defocusing,
alone if sophisticated instruments measuring also the phaseaused by the (primarily vertical) gradient and curvature
of these infrared signals are available (allowing retrieval of structure of the atmospheric refractivity, as well as scintilla-
altitude, pressure, and temperature). But this would requirdions caused by turbulence, i.e. by small-scale random fluc-
robustly tracked continuous-wave signals, which need mucHuations of the refractivity. Relevant influences that attenu-
more power and have more limitation in intermittent cloudi- ate the intensity directly include trace gas absorption, aerosol
ness than incoherent detection of the intensity of pulsed sigextinction, Rayleigh scattering, cloud extinction, and the in-
nals without active tracking. Since the combined method al-fluence of solar radiation scattered into the receiver and of
lows use of such simple pulsed signals, the combined LMIOthe atmosphere’s thermal radiation. Furthermore, l.0.s. wind
mode is preferable. Another option would be to take pres-speed induces a frequency shift resulting in a slightly modi-
sure, temperature and altitude information, which are neededied trace species absorption loss.
in the LIO retrieval process, from high-quality atmospheric  We investigate the influence of these effects on the trans-
fields (e.g. ECMWEF analyses or short-term forecasts), butmission and differential transmission of LIO signals. We
this compromises the independent benchmarking capabilitshow most of them for the set of 19 LIO channels (re-
of the full LMIO method. Any of these implementations sulting in 13 channel pairs for the retrieval of 10 different
of LIO needs a careful characterisation and understandingpecies) proposed b¢irchengast et al(2010 andKirchen-
of atmospheric influences on the propagating SWIR signalsgast and Schweitzgj2011), which have been selected on
which is therefore the focus of this study. the basis of studies bgchweitzer2010. The frequencies
The paper is structured as follows. We first present thebelonging to these channel pairs and their spectral separa-
method used to investigate the atmospheric influences otion are summarised in Table The quasi-realistic propa-
LIO (Sect.2). Next we discuss each influence individually gation simulations are used to discuss the influence of defo-
in Sect.3, whereby the refractive effects are presented firstcusing (Sect3.2), trace gas absorption (Sec83 and3.4),
(Sects.3.1and3.2), followed by the influences directly af- aerosol extinction (Sec8.5), Rayleigh scattering (Se@.6)
fecting the transmission and differential transmission of theand the total influence of all of these atmospheric effects
signals (Sects3.3to0 3.7). The influences discussed but not as well as the resulting received signal power in an LIO
analysed in detail within this study are addressed in Se8t.  system (Sect3.7). The trace gas absorption is considered
Finally, results are summarised and conclusions drawn irfrom two perspectives: on the one hand, thrget species
Sect.4. absorptionis shown (Sect3.3), which is due to the influ-
ence of the desired absorber of an absorption channel; on
the other hand, thioreign species absorptida investigated
2 Method (Sect.3.4), which is the sum of the influences of all unwanted

. . .. background absorbers (which corresponds to all absorbers in
The influence of atmospheric processes on the transmissio

of LIO signals was studied by means of propacation simula-g reference channel, and all absorbers except for the target
9 y propag species in an absorption channel).

tions with the End-to-end Generic Occultation Performance The influences studied are inspected by means of the direct
Simulation and Processing System (EGOPS) and eXtended P y

EGOPS (XEGOPS)Rfitzer et al, 2010ab). This system atmospheric losses resulting from single channels, and/or
provides the framework for end’-to—end si.mulations as WeIIby means of differential losses after computing differential

as processing of real data of occultation missions, the IatteFr"’msm'SSIOn from channel pairs (note that atmospheric loss

for GRO only. It was originally developed for studying and L;]BUC\I/LSicthV\:erdehrg\?gzlﬁj:eag\f/:tsrinor;pr‘:'igc dtirraeztslrggsss;:?n:rj
evaluating GRO and LMO satellite missions and more re-_ "’ g gn.

- s gortant for the power budget of the intersatellite link, since it
cently extended by capabilities needed for characterising th degrades the signal-to-noise ratio (SNR) of the received sig-
LIO method. Below, we describe the analysis layout used 9 9 9

for this study (Sect2.1) and the algorithms applied in the zgtcge::?hlgtsra?ug Zeescr:(;as”;lc));:r” tlfng?sn;esdd%?ﬁiknga[tci)r?nis
simulations (Sec.2). get sp p g

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), in order to enable ac-
curate retrieval of target species concentratidfischengast
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dZOllt), aerosol extinction (given significant aerosol load),
and turbulence strength profiles.

The bending of the LIO signals is not discussed di-
rectly, since the refraction process behind is basically the

Table 1. Channel pairs investigated in this paper. They are adopte
from the ACCURATE satellite mission concept.

Species . Abs. chan. Ref. chan. Chan. ratio (%) same as for LMO and GRO signals, which is described by
= -1y —1 DAbs— ' '
VAps (6M™7)  VRef(om ™) 100 AbSRefREf e.g.Kursinski et al.(2000. Instead, we discuss the differ-
H,O-1  4204.840290 4227.07 —0.5259 ence between the SWIR and MW refractivities, which is rel-
Hx0-2 4775802970  4770.15 +0.1185 evant for adequate processing of LIO measurements as part
H,O-3  4747.054840 4731.03 +0.3387 of the full LMIO method (Sect3.1).
1"'220'4 4733.045010  4731.03 +0.0426 The other atmospheric influences (clouds, turbulence,
1 3802 j;;;-iiigg; j;;g-ég 0+(1)601?608 wind, scattered-solar and terrestrial radiation) are discussed
1802 : . - in an introductory, semi-quantitative style in Se8i8, re-
(C:H 00 gﬂfg;ggg 2;272';:‘:’ _0;865512 ferring to several scientific-technical reports related to which
Nzé 4710.340810 473103 04373 key results will be publlls.hed elsewhere. The reason is that
05 4029.109610 403721 —0.2006 except for thermal radiation these influences are more com-
co 4248.317600 4227.07 +0.5027 plex and therefore require separate papers. Moreover, since
HDO  4237.016320  4227.07 +0.2353 these influences exert, except for clouds, small to negligi-
HIBO  4090.871800  4098.56 _0.1876 ble effects in differential transmissiorB¢hweitzey 201Q

Kirchengast et al201Q Kirchengast and Schweitzer011),

they are not that fundamental in the context of this paper.
Clouds will typically block the whole signal, leading to effec-
tively zero transmission and no received SWIR-laser pulse
and Schweitzer2011 Proschek et 8120114. The differen-  gignal at cloud-contaminated height levels. While it is im-
tial loss reflects the residual influence of an effect after dif- portant to keep this extreme attenuation by clouds in mind,
ferencing of the two transmissions (in units dB) of a channelyhich is separately addressed in mission design and process-
pair, which is why it should be as small as possible for all jng, it is not relevant in the context here where we focus on
unwanted background effects. exploitable signals in non-cloudy conditions.

The favourable range of magnitudes of these losses de- The atmosphere conditions (pressure, temperature, trace
pends on the mission design, above all on the availablggas volume mixing ratios) underlying the propagation sim-
SNR at the receiver without atmospheric attenuation, i.e. orulations were taken from the FASt Atmospheric Signature
the ratio of received signal power to the noise-equivalentCODE (FASCODE) atmosphere modeAnderson et aJ.
power (NEP) of the detection system. For the ACCURATE 1986 provided by A. Dudhia, Univ. of Oxford, UK, vihttp:
mission this is designed to be at least 34 dB at 1 Hz band//www.atm.ox.ac.uk/RFM/atin the volume mixing ratio
width (Kirchengast et a]201Q Kirchengast and Schweitzer (VMR) for 12CO, therein was updated to a more recent
2011). The total atmospheric loss down to the UTLS bottom value of 380 ppmv. First, geometry data for three occultation
(5km) should thus not exceed about 21 dB, leaving 13 dBevents resulting from a constellation of two transmitter (Tx)
SNR margin (5% relative accuracy of signal). The targetand two receiver (Rx) satellites in counter-rotating orbits (re-
species absorption loss, the signal portion of interest, shouldeiver at 650 km, transmitter at 800 km, circular orbits at
be within about 0.25dB and 13 dB, corresponding to an ab+rue-polar/90 inclination) were determined using the Mis-
sorption of about 5% to 95 % (cEchweitzer et al.2011). sion Analysis and Planning (MAP) system of EGOPS. These
This leaves about 8 dB for background losses of which defo-events are located in three different latitude regions: one at
cusing will use up to about 5 dB (as seen further below), andmid latitudes, where FASCODE standard atmosphere condi-
3dB or more is thus the remaining margin for other effectstions are used (STD: 39N, 114.0 W), one at high lat-
like aerosol under post-volcanic conditions. Overall, the di-itudes with FASCODE subarctic winter conditions (SAW:
rect losses due to background influences should fit into thes67.5 S, 7.3 E), and one in the tropics with FASCODE
margins, ideally be below 0.25 dB (within 5 % perturbation), tropical conditions (TRO: 1°IN, 86.0 W). These atmo-
and in particular their impact in the differential transmis- spheric conditions provide representative selections from the
sion should be, or be correctable to, smaller than 0.005 dBange of atmospheric variability (from dry and cold over
(<0.1 % residual error) in order to ensure that their influencemedium to moist and warm conditions) and are thus suitable
on the accuracy of retrieved trace species is negligible. In thdo indicate the variability of the atmospheric influences.
case that the direct loss of a background influence exceeds For these three occultation events, propagation simulations
about 0.25dB, it becomes a potential observable itself andvere performed using the geometric optical ray-tracing algo-
information can be retrieved by applying a suitable algorithmrithm of the EGOPS/XEGOPS systel@yfdergaard1999
to direct transmission profiles. For LIO signals this will en- details in Fritzer et al., 2010a). The vertical simulation
able to retrieve, for example, cloud layerirgréschek et al.  range was 3 km to 80 km and the sampling rate 10Hz. The
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simulations were arranged for the 19 channels listed in Tavia an interface subroutine into the xEGOPS system (de-
ble 1. Atmospheric losses included in the simulations weretails in Schweitzer et al.2007 Fritzer et al, 20103. It
those due to defocusing, trace gas absorption, aerosol extinesises the absorption line parameters gathered in the High-
tion, and Rayleigh scattering. The atmosphere was assumemsolution Transmission (HITRAN) molecular absorption
to be spherically symmetric and the Earth figure to be an el-database (distributed by the Harvard-Smithsonian Center for

lipsoid (WGS84 Landolt-Bornstein 1984). Astrophysics, Cambridge, MA, USARothman et a).2005
2009 to model the absorption coefficients at any given SWIR
2.2 Algorithms for propagation simulation frequency. In the simulations prepared for this study, the
o HITRAN2004 databaseRothman et a.2005 was used; the
2.2.1 Refractivity differences to the newer HITRAN2008 databaBethman

et al, 2009 have been checked and found very small and
therefore not relevant for the results as discussed here. The

ﬁql]fgprazlgiirg:] %ffggnr;:r:eaing(';ﬂ?sﬁg%n F\’lllrr':l:;l] rie;f?r::tlv- pressure, temperature en_d trace species VMR profiles needed
1y - o . in the absorption coefficient modelling are taken from the
improvement of the closely similar optical refractivity for- FASCODE atmosphere model

mula by Edlen (1966. This formula is valid for optical
frequencies including SWIR frequencies X 0.5um) and 223 Aerosol extinction
reads, afteProschek et a(20113,

The refractivity N is described using a streamlined one-

The loss due to aerosol extinction is derived by integrat-
N = (C €2 €3 ) r ing the aerosol extinction coefficieai(s) over the ray path
=l + T+ I € - e, (1) X ; ) .
di— 55  da— 53 T following Eq. (2) (practically by addingea(s) to am(s) in
the integrand). Thereby,(s) is calculated using a semi-
where the constants are=23.7104 K hPal, ¢, =6839.34  empirical model which we developed especially for xEGOPS
KhPa?l, c3=45.473KhPal, d;=130.0, d=38.9 and (Schweitzer et a).2008. Briefly, the model uses three cli-
€=0.038hPal. 1 is the wavelength of a channel in up,  matologies for the aerosol extinction coefficient at a wave-
the pressure in hPg, the temperature in K andthe water  length of 1020 nm, which we compiled on the basis of more
vapour partial pressure in hPa. than a decade of monthly data from the Stratospheric Aerosol
The refractivity is responsible for the bending of the LIO and Gas Experiment Il (SAGE Il) instrumefft{omason and
ray paths in the atmosphere as well as for the defocusing losBeter 2006§. The climatologies are two-dimensional fields
and is discussed below regarding its difference to microwavecontaining 71 height levels (5 km to 40 km, 0.5 km steps) and
refractivity as felt by the LMO ray paths. How the refrac- 36 latitude bands (Bbroad, 90 S to 90 N). The model inter-
tivity is embedded in the propagation simulations using thepolates to arbitrary latitude and height locations within these
geometric-optics ray tracer of EGOPS/XEGOPS is describedields (and extrapolates beyond their boundaries in a mean-

in detail byFritzer et al (20103. ingful way). The three climatologies reflect the atmospheric
variability of the aerosol extinction coefficient in three typ-

2.2.2 Trace species absorption ical aerosol conditions: background, medium, and volcanic
aerosol load.

The loss along the ray path due to trace species absorption The extinction coefficient at other frequencies is de-

is calculated by applying the Bouguer-Lambert-Beer law,riyeq from these climatologies by applying the so-called
which describes the attenuation of a signal when passing th@ngstivm formula,

absorbing air volumes:
Ao A
I=1Ip-e" =1 e—fam(s)ds. @) €ar = €aig <7) , (3)

Ip and! are the intensities before and after passing the atmo\'/vhereea,\ is the extinction coefficient (in m‘) at the de-
sphere, respectively, andis the optical thickness, which is gjred wavelength., €as, is the extinction coefficient tabu-
calculated via integration over the volume absorption Coeﬁi'lated/interpolated in the climatology (valid & = 1020 nm),
cientam(s) (in m~*) along the ray path (in m). Theinte-  anq 4 is the Angstm exponent. For the latter, we also
gration in the EGOPS/XEGOPS system is done numericallyjeyeloped a two-dimensional climatology (a field with the
by employing Simpson’s trapezoidal rule for approximating same |atitude and height resolution as used for the extinc-
the integration along the simulated ray paths. tion coefficient) from the ratio of SAGE Il extinction co-
The absorption coefficientm at each ray path point is efficient climatologies for the wavelengths of 525nm and
calculated by use of the Reference Forward Model (RFM),1020nm. Since the variation of thi&ngstrbm exponent

a line-by-line model which was developed under the leadyepends comparatively weakly on the aerosol load, one cli-
of A. Dudhia, Univ. of Oxford, UK Edwards 1996 matology was considered sufficient.

http://lwww.atm.ox.ac.uk/RFM This model was integrated
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With these settings, the empirical model is reasonably

valid for calculation of aerosol extinction coefficients within
500 nm to 2500 nm; see in addition Tdhomason and Pe-
ter (2006 alsoThomason and Tah@003 for discussion of
the SAGE Il data. Details on how the climatologies have
been compiled are presented ®ghweitzer et al(2008 and

a detailed description of the aerosol model as implemented:

in XEGOPS can be found irritzer et al.(20103.

2.2.4 Rayleigh scattering

The loss due to Rayleigh scattering is derived by integrating : :
the respective scattering coefficient along the ray path fol- i i

lowing Eq. @) (practically by also adding the Rayleigh scat-
tering coefficiento;(s) to am(s)). or(s) (in m™1) is defined
after Salby (1996 by
32.7%. (n — 12
3.4 Nair

or = , (4)
wheren=1+10"° N is the refractive indexa is the wave-
length in m andVai is the number density of the air inTA;
details on how the Rayleigh scattering is implemented in

XEGOPS are included iRritzer et al.(20103.
3 Results and discussion

3.1 Difference between IR and MW refractivity

As discussed in the introduction, the LMIO method exploits
MW and SWIR signals which are simultaneously transmitted

between two LEO satellites. Since the atmospheric refractiv-

ity is slightly different for MW and SWIR frequencies, in-
creasingly so in moist air, the signals propagate along som
what different ray paths (as indicated in Fig. 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 associated with a different tangent heigh

grid when the measurements are taken at the same time gri(flr.

It is important to account for this difference in the retrieval
of LIO products, which needs the LMO retrieval results as
input (Proschek et al20113.

ities is that the MW refractivity significantly grows with in-
creasing amount of water vapour while the SWIR refractivity
is virtually independent of water vapour (Ef). This oc-
curs because thed® molecules with their permanent elec-
tric dipole moment orientate themselves in the comparativel
slowly oscillating electric field of the MW signals, leading
to a significant orientation polarisation term (second term of
Smith-Weintraub formula, see, e §chweitzer et al.2011),
while the SWIR frequencies are too high for the dipole orien-
tations to follow. As shown bpchweitze2010, presence

of water vapour decreases the SWIR refractivity by less than

0.1% at 5km, even in very high moisture.

Atmos. Meas. Tech., 4, 2273292 2011
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Difference of MW and SWIR refractivity
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Fig. 2. Relative difference between the MW refractivity (Smith-
Weintraub formula) and the SWIR refractivity (improved &l
formula). The differences are shown for the FASCODE TRO,
STD and SAW atmospheres at 5km and 12 km (atmospheric con-
ditions, p/T/e in hPa/K/hPa, for TRO 5km: 559.0/270.3/1.87; STD
5km: 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 12km: 194.0/216.7/0.00; SAW 12km:
176.6/217.2/0.00).

Favourably, the difference between the MW and SWIR re-
fractivities is very small under most atmospheric conditions.
This can be seen from Fi@. which shows the relative dif-
ference of the refractivities in different representative atmo-
spheric conditions for wavelengths between 1 um and 3 um.
The MW refractivity is represented by the Smith-Weintraub
formula that disregards dispersion which is negligible over
the relevant LMO wavelength range (e.g. Schweitzer et al.,
2011), the SWIR refractivity by the improved Edl for-
mula, Eqg. 0). The difference is very stable for wavelengths
greater than about 1.6 um, which indicates that dispersive ef-
ects are minor in this spectral region. The region used by
CCURATE extends from 2 um to 2.5um. The relative re-
activity difference in this region is below 0.1 % for heights
above about 9km (high latitudes) to 13 km (tropics) (com-
pare alsdSchweitzer2010. Below, it grows depending on

; o "
The main reason for the difference between the refractiv—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 inlyjg.

which is why the MW tangent point heights are higher than

%

he SWIR tangent point heights when comparing them at
a specific time during the occultation event. In particular, the
separation of the two tangent point heights at a given time re-
lated to a height of 5 km is about 0.15 km in SAW conditions,
0.5km in STD conditions, and 1 km in 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 5m
in SAW, 20m in STD, 60m in TRO). Above about 12 km
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to 13 km, the difference is negligible, i.e. within the vertical 60
geolocation accuracy requirement of better than 10 m under
all conditions Kirchengast et al2010. 3
Hence, the MW and SWIR parts of LMIO measurements 50

can in principle be combined directly above about 9 km to .
13 km, using the MW heights also for the SWIR data. Be- 40
low, the difference between the tangent point height profiles
must be calculated and incorporated when retrieving LMIO
products. Details of a respective algorithm are described
by Proschek et al(20113, where, for completeness and
for avoiding ad-hoc threshold heights near 13 km, the SWIR
height grid is consistently determined over the complete oc-
cultation event height range, down to centimetre level differ-
ences of MW and SWIR heights. These residual differences 10 ' o
of the slightly higher Smith-Weintraub refractivity in dry air -
compared to the improved-Eh one (at the &% 10~ level) {0 O T S R
are of no significant relevance since they are at the level of

uncertainty of the empirical refractivity constants (see e.g. 0 2 4 6 8 10
Healy, 2011). Future refined estimates of the refractivity Defocusing loss (dB)
constants, or of the related molecular polarisabilities, at an_. . :
accuracy of<1 x 104 will be worthwhile in order to fully Fig. 3. Defocusing loss for SWIR channels in the FASCODE SAW

- . (green), STD (black), TRO (red) atmospheres. The vertical dotted
g:i?tlftyetsh:tI?f:{(;llgf;oor]lsait(:enr;)(l: of the MW and SWIR re- line marks the boundary of the lower useful-signal limit of 0.25 dB.
viti Is lev uracy.

The horizontal dotted and dashed lines mark target and threshold re-
quirements, respectively, regarding the vertical range within which
trace species shall be retrievédrchengast and Schweitzez017).

Height (km)

30'—,‘{-———————*§

3.2 Influence of defocusing

Defocusing is attributable to changing vertical gradients,

i.e. the second derivative, of the atmospheric refractivity.3 3 |nfluence of target species absorption

These changes cause differential bending and therefore diver-

gence (sometimes, for limited time spans, convergence) offhe term target species absorption names the portion of the
adjacent, initially parallel ray paths. Such divergence leads tanolecular gas absorption in an LIO absorption channel in-

an attenuation of the signal intensiti(rsinski et al, 2000,  duced by the species of interest (which is the species whose
intermittent convergences lead to oscillations of defocusingyMR shall be retrieved); all other species contribute to the
loss. unwanted foreign species absorption. Regarding LIO refer-

Defocusing affects both, MW and SWIR signals, in the ence channels, all absorbing species are perturbing, which
same way and leads to a significant loss reducing the SNR of why they are all considered foreign there, so that in this
the received intensity. Hence it is an important factor in com-case the foreign species absorption is equal to the total gas
putations of available SNR, especially in the troposphere absorption.

As visible in Fig.3, which shows examples of the defocus-  As discussed in SecR.1, the target species absorption
ing loss in three representative atmospheric conditions, théoss should fall within a certain favourable range (0.25dB
loss typically reaches about 5dB at 5km and decreases upto 13 dB for the ACCURATE mission design) to ensure re-
wards. Around 15km, it is declined to about 3dB and at ceiving good signal over noise, which can be exploited for
about 30km it falls below the lower useful-signal limit of accurate trace species retrieval. The lower boundary means
0.25dB. The oscillating features in the profiles stem fromto ensure sufficient signal (at least about 5% absorption of
strong temperature gradient changes around the tropopausgansmitted signal), the upper boundary to ensure sufficient
leading to sharp changes of the vertical gradient of the reSNR (at least about 5% of transmitted signal left after ab-
fractivity. The dispersion of defocusing is negligible in the sorption). The total absorption of the reference channels
SWIR spectral range which is why the defocusing loss looksshould be as small as possible and contain the contribution
equal for all frequencies listed in Tatle This negligible de-  of broadband far-line-wing or continuum absorption only, to
pendence on frequency is useful, since even though the SNRinimise the influence of background absorption on retrieval
is somewhat degraded by the defocusing loss, its absolute irproducts when using differential transmission.
fluence can be eliminated in trace species retrieval simply by Figure4 presents the target species absorption for absorp-
employing the differential transmission of channel pairs.  tion channels and the total absorption for reference channels.
Included are all 19 channels (13 channel pairs) listed in Ta-
ble 1, which are part of the ACCURATE mission design.
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60 :‘ 60 [T T sensitivity to atmospheric absorption. The absorption loss
i . std.atm | . std.atm

50+ H20-1——] g 12002 — does not exceed 0.25dB in the height ranges where they are
! o f— lace— employed. This applies also for the TRO and SAW condi-
E o hpge——1 40f| | r12C02/G1800 — - tions (cf. Schweitzer2010.
£ 30H \ — — CHeO2—-—1 ‘ ; Figure 4b shows the situation for the channels used to
§’ 20_‘. ! retrieve the three CPisotopest?CO,, ¥C0O, and G200.
¢ The sensitivities of the absorption channels cover the whole
1] 3 e — UTLS region, also in SAW and TRO conditiorSc¢hweitzey
011 """"" o a 2010. Hence one channel for each species is sufficient to
0 5 10 15 20 allow their retrieval under all atmospheric conditions. The
sensitivities of thé3CO, and G800 channels decrease very
O tsdam] P sdam evenly with decreasing height and show very low sensitiv-
50—5 H2H1%o—‘ 50 F| ﬁzHé:~ ity to ambient atmospheric (temperature, pressure) condi-
: r-HDO — - — 1 ; tions. This behaviour is ideal from a scientific point of view
U r-H2180 — - —1 3 ‘ 1 . . . . :
3 e B 3 I rCHA— - — since this minimises errors in the retrieval (e.g. errors from
£ 30} f . A\ o N0 the LMO-retrieved pressure and temperature). The sensi-
2 ol ] A\ N CO—- -] tivity of the 12CO, channel depends more significantly on
' ; 7~ == — 1 the atmospheric conditions, especially on the temperature
iy N (Schweitzer 2010. This is because the lower state energy
S ....d of the respectivé2CO, absorption transition is rather high
0 5 10 15 20 0 5 10 15 20 (it is still the best'?CO; line choice in the targeted SWIR
Target species abs. loss (dB) Target species abs. loss (dB) range), which causes the transition to be notably dependent

on pressure and temperature. Since pressure and temperature

Fig. 4. Target species absorption loss for the 13 absorption channel§rom LMO are expected to be very accurate (pressure better
and total absorption loss for the six reference channels listed in Ta; 0 .
ble 1. The situation is shown for the FASCODE STD atmosphere.than 0.2%, temperature better than 0.3¢hweitzer et 4.

Absorption channels are marked by solid lines, reference channelgou)’ the12C02 VMR retrieval results W'II still be very ac-

(at or near 0dB) by dashed-dotted lines. The vertical dashed lineSurate Proschek F‘jt a,l20_11a for furt_her improvement they

mark the lower and upper boundary of favourable signal range. Th&an also be combined withCO, retrieval results).

horizontal dotted and dashed lines mark target and threshold re- The reference channels used to retrieve the thregi€$

quirements, respectively, regarding the vertical range within whichtopes have very low sensitivity to total atmospheric absorp-

trace species shall be retrieved. tion. The loss exceeds 0.25dB only very little below about
6 km to 7km. The behaviour is very similar under all atmo-
spheric conditions.

Figure 4a shows the channels used to retrieve water The channels used for retrieving the® isotopes HDO
vapour. Four absorption channels,®t1, H0-2, H,0-3, and K0 are presented in Figlc. The vertical range of
H>0-4) are needed to cover the whole UTLS region andsensitivity of the absorption channels is quite limited in the
the atmospheric variability under all atmospheric conditions.STD atmosphere and also under SAW and TRO conditions
The channel most sensitive to@8 absorption, HO-1, is  (Schweitzer2010. In particular, significant absorption only
useful from about 13 km upwards to above 40 km under alloccurs below about 10 km to 12 km. This is due to the very
atmospheric conditions. On the contrary, the least sensitivéow concentrations of HDO and 40 in the atmosphere
channel, HO-4, is useless in the UTLS in weakly moist con- and especially in the stratosphere. Below 10km, the ab-
ditions as SAW and STD. But it becomes important below sorption steeply increases with decreasing height, f3f@
about 7 km under wet TRO conditions (a detailed illustration a bit faster than for HDO. As a consequence, the absorption
of the sensitivities in different atmospheric conditions can beexceeds the upper limit of 13 dB already at heights slightly
found in Schweitzer2010. The medium-sensitive channels above 5km and one must reckon that the signal is lost in
cover the region in between the outer channels, whef@-H moist air conditions. For example, the target species absorp-
2 captures the altitudes from about 7 km to 10 km upwardstion of H,180 exceeds the 13 dB limit at a height of about
(up to about 25 km), bO-3 becomes important below about 8 km under TRO conditions.
7km to 10 km. Hence, the overlapping area of the medium The reference channels used for retrieving th®Hso-
sensitive channels is relatively small. This might result in topes also show a relatively high sensitivity to background
slightly reduced but still high retrieval accuracy (within 4% absorption. This especially applies to the #:FD channel,
individual profile error;Proschek et al20113 around 8km  which reaches a loss of about 3dB (SAW) to 8dB (TRO) at
to 10 km under unfavourable atmospheric conditions. 5km (Schweitzer 2010. This absorption is mainly due to

The reference channels used to retrieve water vapouH2O. The variability of the r-HDO channel is comparatively
(named by rispecies in the figures) favourably show low small; the absorption loss varies only within about 1 dB and
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2dB at 5km, since the major part stems from QWhich is 3.4 Influence of foreign species absorption
well-mixed in the UTLS.
All in all, the channels for measuring the,8 isotopes ~ As explained at the beginning of Se8t3, foreign species
are not ideal because of their vertical limitation in sensitivity absorption is the total absorption from all unwanted (foreign)
and the relatively high influence of foreign species (cf. alsospecies affecting a channel. Since foreign species disturb the
Sect.3.4). But these channels were the most suitable ones w@bsorptive signature of the target species, and thus may per-
could find for these isotopes in the SWIR 2 pm to 2.5 um re-turb the trace species retrieval, it is important to select chan-
gion. Therefore, the pD isotopes are considered as speciesnels which are as much as possible free from the influence of
of secondary interest in the ACCURATE mission concept.foreign species. In reality, however, foreign species absorp-
Meaningful retrieval of the VMR of these species is only tion cannot be avoided entirely, which is why a second cri-
possible within about 5km to 12 km; this range is limited terion for the selection of absorption and reference channels
further in increasingly moist atmospheric conditions. How- is that the influence of foreign species absorption is signifi-
ever, since the upper tropospherie®isotopes are impor-  cantly reduced in the differential transmission.
tant tracers of moistening and precipitation processes in the The remaining differential foreign species losses should
water cycle and measurements of them are rare, even thesgeally be below 0.005dB (corresponding to below 0.1 9%
restricted profiles may have significant value for atmosphergdifferential absorption); a hard criterion which can only be
and climate science. achieved at heights from about 15 km to 25 km upwards. In
Figure 4d shows the target species absorption losses fopractice, one should therefore try to keep the differential
the channels used to retrieve GHN,O, O; and CO. Allfour ~ foreign species absorption loss below 0.25dB (below 5 %).
absorption channels show a very good sensitivity throughouthe remaining influence can be co-modelled during the re-
the UTLS region under STD conditions. Since the variabil- trieval process to correct the residual foreign species absorp-
ity is very small under different atmospheric conditions, this tion loss to the 0.01 dB level, with the remaining systematic
is also true in the SAW and TRO atmospher8shweitzer error component below 0.005dB (for details of this correc-
2010. Characteristic is the behaviour of the @bsorption,  tion in trace species retrieval sBeoschek et al20113.
which reflects the shape of the atmospheriacOncentration Figure 5 displays the foreign species absorption losses
that peaks in the lower stratosphere. remaining in the differential transmissions for the selected
The sensitivity of the reference channels réhd r- channel pairs of Tabld. The behaviour is shown in the
N2O to background absorption is very small. Their absorp-FASCODE STD atmosphere, which is well representative
tion loss is typically below 0.25dB and exceeds this limit since dependence on ambient atmospheric conditions is weak
just marginally beneath about 6 km under TRO atmospheridor most species so that the losses are essentially the same as
conditions Gchweitzer 2010. In contrast, the r-@and r-  in the STD conditions$chweitzer2010. Differential for-
CO channels are significantly influenced by background ab-€ign species absorption losses showing significant variabil-
sorbers. The r-CO is the same as the r-HDO channel and waity dependent on atmospheric conditions, which concems O
already discussed above. The absorption of the ci@annel  and H180, are additionally illustrated in FASCODE SAW
is mainly caused by p0 and therefore varies strongly under and TRO conditions in Fic5.
different moisture conditions; at 5 km from about 2.5dB un- Details on which specific foreign species contribute to
der SAW over 9.5dB under STD to more than 20 dB underwhat degree to the foreign species losses are listed in Ta-
TRO conditions (see Se@.4). Also the vertical variation is  ble 2. Practically speaking, for all those channel pairs being
high and the loss steeply increases and exceeds the 0.25 dBfected by no major influence of J@, the losses weakly
boundary from about 10 km to 11 km downwards. depend on atmospheric conditions, since all other foreign
Overall the sensitivities of the absorption channels inves-species of relevance exhibit at any height level compara-
tigated here to the respective target species are very gootively low variability of their concentration. 9and H80
(found most suitable bySchweitzer 201Q and Kirchen-  channel pairs are those, where major influence g® Hbe-
gast and SchweitzeP011and used as the baseline for the low about 10 km was unavoidable even for the best possible
ACCURATE mission;Kirchengast et al.2010. They pro-  SWIR channel selections.
vide enough sensitivity to allow for accurate retrieval of eight The residual foreign species absorption losses for the
trace species (0, COp, 13CO,, C®0O0, CHy, NoO, O3,  channel pairs used to retrieve,® are shown in Fig5a.
CO) throughout the UTLS region under all reasonable non-Their influence is negligible (i.e. losses below 0.005dB)
cloudy atmospheric conditions. Two further species, HDOfrom about 20 km upwards. Below the losses gradually in-
and H180, which have a very low concentration in the at- crease but stay within 0.25dB in those height ranges, where
mosphere, can be retrieved within about 5 km to 12 km. the channels are used. That is theG42 channel pair,
where the loss transgresses 0.25dB at about 8 km, has its
main range for contributing to O retrieval from 8 km to
25km Proschek et a120118. Dependence on ambient at-
mospheric conditions is weak for these channels as seen in

www.atmos-meas-tech.net/4/2273/2011/ Atmos. Meas. Tech., 4, 22932011



2282 S. Schweitzer et al.: Atmospheric influences on infrared-laser signals
€0 ' " stdam & std.atm Table 2. Species mainly contributing to foreign species absorp-
50f | n§8:12 —4 50t ]gggg: tion, ordered according to their influence in FASCODE STD con-

L ] ] ditions at 5km. Species without parentheses have major influence
E 40 IR O (larger or around 1 dB), squared brackets mark small influence (be-
= 30 —— === = =4 0-|—1— — — — — — 4 low 0.5dB to 1dB), round brackets very small influence (below
Ei%:’ 3 : 0.25dB). These influence limits apply under all atmospheric con-
200 | 7200 ] ditions including TRO conditions.
104&* oE N ]
of | o a ob L b Channel Absorbing foreign species
00 05 10 15 20 00 05 10 15 20 H20-1 HDO [CH4] (CO)
" Ho0-2 [12C0y, Ct00)
H,0-3 [N20], (12C0y)
50 ¢ H,0-4 (12COZ| 13002’ ClSoo)
Py 12co, [H,0, C800]
| 13co, [H,%0], (H,0)
5 % ct800 (20, 13¢0,, Hy0)
T oot CHy (H20)
N>O (H20)
s O3 H20, HDO, [H2180], (CHy)
0 Cco CHy, [H20], (HDO)
00 05 10 15 20 00 05 10 15 20 HDO CHy, [H20]
Diff. foreign spec. abs. loss (dB) Diff. foreign spec. abs. loss (dB) H2180 HZOv [CH 4]
r-Oz H,0, (HDO)

Fig. 5. Differential foreign species absorption loss for the 13 chan-  .j,180 H,0, [CHy]

nel pairs listed in Tablé&, for the FASCODE STD atmosphere. The r-H,0-1, r-HDO, r-CO CH, [H»0], (CO)

vertical dotted line marks the boundary where the foreign species r.cH, (CHg, H20)

loss, if transgressing it, enters into the favourable range for target .n,0, r-13C0,, 1-H,0-3/4
species loss. The horizontal dotted and dashed lines mark target and r-12C0,, r-C1800, r-H,0-2
threshold requirements, respectively, regarding the vertical range
within which trace species shall be retrieved.

(12(:02l 13C02, ClBoo)
(120021 ClSOO, 13CO2)

Table2; the major influence of HDO on#D-1 is restricted to  foreign loss for the K80 channel pair stems mainly from
below 10 km, which is outside the main range of this “strato- H,O, which is why this loss varies strongly under different
spheric” HO channel that is exploited above 10km only.  atmospheric conditions as can be seen from &id-he loss

The residual foreign species losses for the channel pairexceeds 0.005 dB from about 15 km downwards and reaches
used to retrieve the GQsotopes2CO,, 13CO, and G800  at 5km about 1 dB under SAW, 4 dB under STD and 10.5dB
are shown in Fig5bh. They are smaller than 0.005dB from under TRO conditions. For this species it is thus particularly
about 15km upwards. Below the losses increase but stagssential to co-model and correct the influence of the foreign
within the 0.25dB boundary. The behaviour for €O, species during the retrieval.
and G800 channel pairs is very stable under all atmospheric  Figure5d shows the residual foreign species losses for the
conditions (cf.Schweitzer 2010. Only the'2CO, channel  channels used to retrieve GHN2O, Oz and CO. The losses
shows a higher but limited sensitivity to atmospheric vari- for CHs and NO are very small, exceeding the 0.005dB
ability, leading to a differential foreign species absorption boundary below about 15 km and reaching a maximum value
loss of up to 0.5dB at 5 km under TRO conditions; the reasorof below 0.2dB at 5km. Dependence on atmospheric con-
is some small influence of #D (Table2). ditions is weak since cross-sensitivity te®l is very small

The residual foreign species losses for the water isotope¢Table 2). The loss for CO is also very similar under all
HDO and H180 are shown in Figsc. The loss resulting for  atmospheric conditions, even though this one exceeds the
the HDO channel pair is below 0.005dB from about 25 km 0.25 dB boundary below about 13 km and reaches a value of
upwards, increases below to a maximum of about 0.2 dBnear 1.9 dB under STD conditions (about 1.75dB and close
near 7 km and decreases again beneath to near zero at 5 kite.2 dB under SAW and TRO conditionSgchweitzer2010),
This is due to a different vertical behaviour of the foreign due to its cross-sensitivity to GHTable?2). The loss for Q
species absorption losses of the absorption and referends very small above about 9km to 12 km but becomes very
channel. Dependence on ambient atmospheric conditions isignificant below, due to the strong cross-sensitivity of tge O
weak since the main influence stems from LCHable 2), channel pair to RO (Table2). This strong foreign species
which exhibits low variability globally in the UTLS. The absorption also reduces the SNR of these channels which
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60 60T - scattering/extinction (e.gSalby, 1996 Liou, 2002. This
. std.atm . . K
s0b | ] results in some attenuation of LIO signals, though at the
: H2180 — SWIR wavelengths of interest2 um the extinction is ex-

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, pected to be weak already since typical aerosol particle sizes
o= - - =4 - ——— — — — 4 are <lum. The strength of the extinction depends on the
w0l g 1l g ] concentratior! and si_ze distribution of the_ aerosol;. After

2 2 major volcanic eruptions both concentration and sizes can
10 | L """""""""" i significantly increase for a few months to about two years
of I L o a obl o b (Thomason and Petg2006 Thomason and Tah2003. Un-
0 5 10 15 0 5 10 15 der non-volcanic conditions aerosol extinction of LIO signals

in the UTLS will thus be weak, but under post-volcanic con-
&L ‘ " ro.atm ditions it may increase.
50t HO180 We used the aerosol extinction model described in
; ] Sect.2.2to assess the magnitude of aerosol extinction of LIO
. signals, which is one potentially important background influ-
- = ence on top of defocusing (Se&2). Figure7 shows the
: results from background aerosol load to post-volcanic load
(top to bottom), both for the extinction loss in LIO chan-
nels directly (left column) and for the residual extinction loss
‘ s in the differential transmission of channel pairs (right col-

0 5 10 15 umn). The selected channel pairs are representative of the
Diff. foreign spec. abs. loss (dB) SWIR range covered by LIO, from the low-wavelength end

18 ; ; ;
Fi.g. 6..Dif.f.erential forgig.n species.absorptign loss for channel pairs (gHOO).CtiC_) the th(?rﬂlgh-wa}[/ellength.endﬁ}wnhbone Ealr d
with significant sensitivity of foreign species loss to atmospherlc( 4) mid-range. . € Spectral spacing ot the a SorF’ lonan
conditions. The losses are shown in the FASCODE spy  reference channelis smallest for thE00 channel pair and
STD (b), and TRO(c) atmospheres. The layout is the same as in Nighest for the Clj one (cf. Tablel).

Fig. 5. As can be seen, the aerosol extinction loss as well as its
signature in the differential transmission are very similar un-
der background and medium aerosol load. The direct loss is

is why in practice @ cannot reasonably be retrieved below small; it exceeds 0.25 dB only below about 8 km to 10 km and

about 10 km; highly accurate retrieval is possible above abouteaches a maximum of near 1dB at 5km. Since the wave-

15 km which is the region of stratospheric ozoReqschek length dependence of the aerosol loss is weak (linear only;

etal, 20113. see Eqg23), the differential aerosol extinction loss stays neg-

Overall we see that the differential foreign species ab-ligible below 0.005dB in all these non-volcanic conditions,
sorption losses of most of the channel pairs are very smallincluding for the CH channel pair with largest channel spac-
with cross-sensitivities to foreign species being negligibleing (0.5%). The influence of volcanic aerosol on direct LIO
in the stratosphere and generally still within 0.25dB alsotransmissions, however, is estimated to be clearly observable
at the UTLS bottom at 5km. This is also a result of the and to increase quickly from about 25km downwards un-
substantial effort put into a careful SWIR channel selec-til it remains at a level of about 2dB to 3dB below about
tion process to find an ensemble of channel pairs as optimal5km. The differential aerosol extinction loss can remain
as possiblegchweitzey201Q Kirchengast and Schweitzer below 0.005dB also in volcanic aerosol load, if the spec-

2011). The residual influence of foreign species can be mod-ral spacing of absorption and reference channel is very small

elled and effectively corrected for, enabling very accurate(<0.1%), as for the €00 channel pair. If the spectral sep-

trace species retrievals (individual-profile VMR errors within aration is higher, residual influences of the aerosol extinction

1% to 3%), as discussed Broschek et al(20113. For  under volcanic load reach up to about 0.02 dB as seen for the

those species with substantial cross-sensitivities10 He- ~ CHa channel pair that represents the largest spacing of LIO

low 10km, K180 and Q, the retrieval quality degrades in channel pairs of 0.5 % (cf. Tablg.

saw.atm
H2180 —— ]
40 E 40¢F |

50 |

Height (km)

Height (km)
W
=]
[

the upper troposphere, so that accuragé®d profiles may Since the direct aerosol loss transgresses into the
be bottom-limited to above about 7 km and accuraie®- favourable signal range of0.25dB below about 7 km to
files to above about 10 km, respectively. 22km (depending on the aerosol load), it is possible to
retrieve aerosol extinction loss and extinction coefficient
3.5 Influence of aerosol extinction profiles under such higher load conditions by a suitable

algorithm (exploiting transmissions of reference channels,
Aerosols, suspended non@ particles in the atmosphere, especially of the ones of the GQOsotopes near 2.1pum
can very effectively scatter and absorb radiation by Miewhich are both very clean from gas absorption and at the
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60 F[T T 60f T T 60 ' 60 ' '
" std.atm, backgr. aerosol std.atm, backgr. aerosol std.atm std.atm
L E C180 50¢ C1800 — ] 50 F C1800 E 50 F C1800 —
CH4 CH4 —— CH4 CH4 ——
€ 40¢: r-C1800 — —1 40 E € 40¢ r-C1800 — —3 40} E
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o 1 10’____1K____‘ 10
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Rayleigh scattering loss (dB) Diff. Rayleigh scattering loss (dB)
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501 01%%4 50¢ C‘%?_M Fig. 8. Rayleigh scattering los&®) and differential Rayleigh scat-

: tering loss(b) for three representative channel pairs with different
| S/ i o spectral spacings, for FASCODE STD atmosphere conditions. The
£ 30 Ho— — — — 03— 30— — — 1+ — — — 4 layout of the panels is the same as in Fidthe x-axis ranges are
@ 1 smaller).

T 20f|: i 20F i )
10 ) 3 10;777J777;
YA RS o3 O bl i d only in a minor way and have no impact on residual system-
0 1 2 3 4 5 -0.03-0.02-0.01 0.00 0.01 0.02 0.03 atic error.
In summary the LIO technique is thus expected to de-
60 ;Sm'.atm,'volca'nicae;oso. 801 Gtd.atm, vdicanic aerosol liver robust trace species retrieval of climate benchmark-
50 | : 1800 50 | 1800 ing quality also through episodes of volcanic aerosol load
= a0l] ccisoo— —1 a0t ] in the UTLS such as occurred in the post-Pinatubo years
£ R PEHA— 1 e (1992/1993Thomason and Petg200§. Given that we used
S B T 80 an empirical model for scaling aerosol extinction coefficients
[
T 20} measured near 1 pm to the 2 um to 2.5 um range (see model
ok description in Sect2.2), it will be useful to undertake fur-
. ther assessments of aerosol influence with potentially more

sophisticated models in the future. From the construction of
the,&ngstrt')m coefficient in our model we estimate the results
here are tentatively conservative; future more sophisticated
Fig. 7. Aerosol extinction los€a, ¢, e)and differential aerosol ex-  €Stimates may find somewhat less aerosol influence.
tinction loss(b, d, f) for three representative channel pairs with dif- . .
ferent spectral separation under FASCODE STD atmosphere con3:6  Influence of Rayleigh scattering
ditions for backgrounda, b), medium(c, d), and volcanic(e, f) . . . . .
aerosol load. The vertical dotted line marks the boundary where thd N€ influence of Rayleigh scattering on LIO signals is shown
extinction loss, if transgressing it, enters into the favourable rangdn Fig. 8 both for direct-channel losses (left) and residual loss
for target species loss. The horizontal dotted and dashed lines maria differential transmissions (right). The same representative
target and threshold requirements, respectively, regarding the vertichannel pairs are shown as used above for the aerosol ex-
cal range within which trace species shall be retrieved. tinction loss. Recall that Rayleigh scattering includes &

dependence on wavelength (E.

As can be seen, the losses due to Rayleigh scattering are

very small. The direct loss increases with decreasing wave-
low-wavelength end with relatively best sensitivity to aerosol |ength and reaches a maximum of about 0.04 dB to 0.08 dB
extinction). Any residual potentially bias-like influence on at 5km. This is far below the 0.25 dB boundary. In the differ-
trace species retrieval that would beD.005dB can then ential transmissions, the influence is further reduced to about
be corrected for based on the retrieved extinction loss pro9.001 dB or below; the residual becomes smaller, the smaller
files. Since we can reasonably expect an accuracy of ae spectral spacing of channels is. Since Rayleigh scatter-
least about 20 % of these retrieved profiles, residual lossefg depends on air density and refractivity, which show at
of about 0.02 dB under volcanic load conditions for channelsany height level fairly low variability globally, the behaviour

with largest spacing of 0.5% can thus be well corrected forynder SAW and TRO conditions is closely the same as under
to negligible residuals below 0.005dB. The degradation ofthe STD conditions shown.

overall SNR by up to about 3 dB under volcanic load will in-
crease the statistical error in retrieved trace species profiles

0 1 2 3 4 5 -0.03-0.02-0.01 0.00 0.01 0.02 0.03
Aerosol extinction loss (dB) Diff. aerosol extinction loss (dB)

Atmos. Meas. Tech., 4, 2273292 2011 www.atmos-meas-tech.net/4/2273/2011/



S. Schweitzer et al.: Atmospheric influences on infrared-laser signals 2285

Overall itis very clear from these results that the influence o] 60 ]

std.atm, medium aerosol i std.atm, medium aerasol

of Rayleigh scattering loss on trace species retrieval from ¢ 20-1 — 50k 12002 ——

LIO signals is negligible at all heights under all atmospheric ) Hag2 = 13C02~

conditions 40| H2O —73 40 [ r-12C02/C1800 — - -1
- ] L G = - — .

30 Hi _ _ r-Heo-2—-—4

Height (km)

3.7 Total atmospheric loss and resulting intensity '\
20 F[ N
The sum of all atmospheric influences investigated above, 1ot} <=
the so-called total atmospheric loss of LIO signals, is il- N R
lustrated in Fig9. As in Fig. 4 for target species absorp- 6 5 10 15 20 25
tion loss, the total losses are shown here under FASCODE

STD atmosphere conditions for all 19 channels listed in Ta- 60

60 ]

std.atm, medium aerosol | std.atm, medium aerosol

ble 1. Regarding aerosol extinction, medium aerosol load 54t DO =1 sof CHa——
was assumed. r-HDO — - — g

The total atmospheric loss profiles reflect very well the € °¢ rH2180 —- —1

different atmospheric influences and at the same time neatlyz 3o}
show the total signal. The main part of the loss of absorption £ '
channels stems from the target species absorption as is de- :
sired. Defocusing loss yields also a significant contribution, 10§}
especially below about 25 km, and is the main loss in refer- Obb e
ence channels. The variability of the total atmospheric loss 0 5 10 15 20 25 0 5 10 15 20 25
is mainly determined by the variability of the target species Total atmospheric loss (dB) Total atmospheric loss (dB)
absorption loss and for some species partly also by the for-
eign Species absorption loss. Hence, the absorption Channé_@. 9. Total atmospheric loss for the 13 absorption channels and
used to retrieve the GOsotopes, CH, N,O, Oz and CO the six reference chan_nelslisted in Tab)éor the FASCODE STD '
show very weak atmospheric variability, whereas the othe/Atmosphere .and.med|um aerosol load. The layout of the panels is
. Lo . the same as in Figl.
channels show medium to strong variability under different
atmospheric conditions, which is primarily caused byCH
variability (cf. Sect.3.4); note thatSchweitze (2010 shows
results regarding total atmospheric loss also for SAW andet al, 2011a Figs. 4a and 5a therein). The received sig-
TRO conditions. The influence of the medium-load aerosolnal power is determined by subtracting the total atmospheric
extinction is too small to be directly visible, the influence of loss from the unattenuated top-of-atmosphere power reach-
Rayleigh scattering is negligible. ing the receiver detector$)p, which is typically composed
As discussed in Sec?.1, the total loss of the absorption of the transmitted power minus all geometrical and instru-
channels should not exceed 21 dB (in compliancy with themental losses caused by the observing system (e.g. propaga-
ACCURATE mission design) to guarantee enough SNR oftion loss due to signal spreading, optical losses). The SNR
the LIO signals at the receiver. This requirement is evidentlyat the receiver is then determined from the received signal
fulfilled by almost all channels under all atmospheric condi- power and the NEP of the detection systeiiirchengast
tions in their designated height range (thgH1 and HO-2 et al.(2010 andKirchengast and Schweitz€2011) discuss
channels in Fig9a have the bottom-limit of their main range these LIO link budget aspects in detail and show that for
at 13km and 8 km, respectively, but are not needed belovthe ACCURATE system design a top-of-atmosphere power
in retrievals;Proschek et al20119. Therefore the respec- Po=—-94dBW (for each individual received laser pulse sig-
tive target species can basically be retrieved within the wholenal with the signals being received at a 50 Hz basic sampling
UTLS region (5 km to 35 km), with bottom-limit constraints rate) and a top-of-atmosphere SiNR34 dB (at 2 Hz sam-
due to BO cross-sensitivity below 10 km for4and H180 pling rate corresponding to about 1 km to 2 km vertical reso-
(cf. Sect.3.4; visible also in Fig.9c and d), and top-limit  lution) are adequate baseline values.
constraints for the water isotopes HDO angt#O for which We thus adopted these values for Fig) here in order
sensitivity reaches up to about 12 km only (cf. Fy. to discuss the results for the total atmospheric loss in terms
Based on the total loss results, Fid) finally depicts the  of actual LIO observables, which is important to understand
behaviour of the LIO signal power reaching the receiver de-also the approach to mitigate the influence of some of the
tectors (upper panel axes) and the receiver SNR (lower panather atmospheric effects discussed below. FromPhand
axes). The signal power is the actual observable of interesBNRy values we see that the unattenuated LIO laser pulse
from which also retrieval processing in an end-to-end simu-signal power detected is about 400 pW and that the asso-
lation framework will start (after in addition accounting for ciated signal-to-noise ratio is about 500 at the basic 50 Hz
observation system/instrumental errors; see, Brgschek  sampling rate (2500 at a 2 Hz sampling rate). This implies

20 (|
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LIO signal power (dBW) LIO signal power (dBW) are obtained essentially without biase&irchengast and

125 15 405 95 5 125 15 405 %5 Schweitze(2011) estimated this performance already before

60

sid.at'm, rrtlediLllm éeroéol s'td.atlm, rffiedil‘Jm a{eroéol H H i 0 H H
SNR_34 OB, Pre-94 dBW SNRL_34 0B, P04 dBW E using a simplified estimation process. See those studies for
50 H20-1 4 50 12602 £ details.

——13C02 |

3.8 Comments on further atmospheric effects

Height (km)

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

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Receiver SNR (dB Receiver SNR (dB . . .
" @®) " (@) blocks the signals except for very thin or small (cirrus)
LIO signal power (dBW) LIO signal power (dBW) clouds. On the other hand, clouds may scatter solar radia-
125 115 405 95 125 -5 105 95 tion towards the receiver, leading to an amplification of the

60 60

gtﬂﬁitré pggllgTzegzoggbv gﬁﬁtgé ?gg"t;,rpjgaogglw detected s;gnal, but this effect is very small (about 0.5 to
80} —— HDO S0p—ctia | 3.5mWnr2nm-1srl; Emde and ProscheR010); see the
g 40f=-—rHBO | 40l 5 t separaFe qomments on scattered solar rgdlafuon below.
< : e Y R 4 For liquid water clouds, the cloud extinction can be de-
=) 80 . S g scribed by the Mie theory, since the microphysical prop-
T ) e erties of water clouds (like water content, size and shape
N oS of droplets) are not difficult to describél¢ and Stamnes
SRR e fﬁd; 1993. The extinction due to ice water clouds is more com-
o 5 1'0 15 20 25 30 5 00 5 1‘0 1‘5 2'0 2‘5 3‘0 o plicated,sin_ce it_:e particles_, can have many d_ifferent_sizes and
Receiver SNR (dB) Receiver SNR (dB) shapes, which is why various parametrisations exist to de-

scribe their extinction coefficients and other optical proper-

Fig. 10. Received signal power (upper axes) and receiver SNRUES (e.gKey etal, 200).
(lower axes) for the channels listed in Talilen the basis of adopt- Investigations bfEmde and ProscheR010 showed that
ing a top-of-atmosphere power ef94 dBW and a corresponding typical liquid water clouds induce a loss of much more than
SNR of 34 dB, both being baseline values of the ACCURATE mis- 30dB in LIO intensities, which effectively corresponds to
sion design. The results are shown for the FASCODE STD atmo-a full blocking of signals (see the requirements for adequate
sphere and medium aerosol load. The layout of the panels is th&NR in Sect3.7 above). Also ice water clouds are usually
same as in Figd. not transparent, except for very thin cirrus clouds with an ice
water content at the 0.001 gth level (assuming an along-
path extension of several 10 km). They induce an extinction
a detector noise level of only about 0.8 pW, providing evenloss of up to about 10dB and hence still allow to retrieve
individual pulse signals at high SNR. In order to keep goodtrace species through the clouds under degraded SNR. De-
basic accuracy, signal power should not fall below a few pWtails of these studies will be published elsewhere.
(say 3pW, or-115dBW, or 6 dB raw SNR) even if allatmo-  For the common cases in which clouds will block the LIO
spheric loss effects are in action below 10km. This impliessignals, the LMIO technique by design has the LMO sig-
that the effective SNR at 2 Hz sampling rate, reflecting the fi-nals continuing to track through clouds (so as to retrieve the
nal resolution for use of the data, should not fall below 13 dB thermodynamic variables through clouds) and also has the re-
as discussed in Se@.1and as marked in Fig0. As canbe  ception sequence of LIO signals continuing to work indepen-
seen in Figl10, all channels selected fall into the favourable dent of clouds interfering in propagation paths of individual
range (with the upper-troposphere limitations foy&d the  |aser pulse signals. This is because the LIO receiver tele-
H20 isotopes discussed above and visible in panels ¢ and dscope has accurate pointing independent of received signal;
Therefore, if the LIO technique is implemented to meet the received LIO signal power will simply fall back to back-
at least the specifications of the ACCURATE system designground levels for those pulse signals that have been blocked
baselined here, the available SNR provides enough sensby cloud extinction. This also implies that the blocking of
tivity to enable retrieval of the ten target trace species withindividual pulses does not affect the quality of pulses before
high accuracy under all atmospheric conditions. In order toand after so that any LIO pulse signal is received basically
learn which level of retrieval performance can be achieved.at clear-air quality if it somehow found a “hole” in intermit-
Proschek et al(20113 started with LIO observables of the tent cloudiness (note that the Fresnel diameter of the SWIR
quality as discussed here. They found individual-profile re-laser signals is about 3m only so that the received power
trieval errors within 1 % to 3 % and that the retrieved profiles of individual pulse signals propagates along highly confined
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propagation “tubes’Kirchengast and Schweitze2011). In ACCURATE design by careful channel selection (Tab)e
this way, high-quality target species transmission values cafhis strict closeness is required because the relative error
be retrieved, with gaps, across layered cloudiness, where pran the differential transmission rapidly grows with increas-
files of cloud layering are a byproduct flagging the gaps. In-ing wavelength separation, due to the slight chromatic shift
terpolating over limited gaps then allows trace species re-of the signal path of the absorption relative to the reference
trieval of still high quality. An overview of cloudy air re- channel, since the infrared refractivity is still slightly disper-
trieval, the developments of which are currently on-going, issive at>2 um (Sect2.2, Eq.1). For example, at a 50 Hz
provided byProschek et a(20118h. sampling rate the residual scintillation error in the differen-
The influence of clouds on the tropospheric penetra-tial transmission for channels near 2.1 pm with a separation
tion of atmospheric profiles retrieved from LIO was so far of 0.1 % was estimated to be at an acceptable level of only
roughly estimated, as a worst case limit, from analysing so-about 1% to 1.5% near 10km and about 1.5% to 2.5%
lar occultation data of the Canadian Atmospheric Chemistrynear 5km, while at a separation of 1% it would already
Experiment (ACE) satelliteHarrison and Bernaft201Q in- be about 10 times as large. This error is a statistical error
cluding G. C. Toon, Jet Propulsion Lab., CA, USA, personalwith negligible bias component. Most of the channel pairs
communication, 2009). These data show that about 40 % obf the ACCURATE design have a spectral separation of less
all measured profiles reach down to about 7.5 km, 20 % reacihan 0.1 % to 0.25 %, the largest separations are 0.5 % (Ta-
even down to about 5 km. Exception is a tropical band withinble 1); the latter implying about five times the error of 0.1 %
15° of the equator, where only 20% of the profiles reach separation.
down to about 7.5km. It is expected that LIO data have an The residual scintillation error can be mitigated further by
improved vertical coverage into the upper troposphere due factor of 5 or more if the slight chromatic shift between the
to their capability to penetrate intermittent cloudiness as outray paths of the channels is compensated for based on a slight

lined above. time shift of transmitting the absorption channel pulses rel-
ative to the reference channel pulses, to ensure close align-
3.8.2 Turbulence ment of the ray paths and thus higher correlation of the scin-

tillations (Sofieva 2009. This can be implemented using

Atmospheric turbulence is associated with random variationnowledge on the atmospheric refraction profile during oc-
of the refractive index, which in turn affect optical beams. cultation events, where the required 20 % accuracy is read-
This occurs because the intensity of a beam is multiplyjly achievable (or outperformed) in the UTL&itchengast
diffracted on small-scale air density irregularities. One rel-et al, 2010. The chromatic shift compensation is estimated
evant effect is intensity fluctuations of the beam, also calledto effectively reduce the residual error for channels spaced by
scintillation, which is caused by random redistribution of the 0.5 9% to at least the error level of channels spaced by 0.1 %
energy within the cross section of the beam, another one adonly.
ditional spreading of the beam (in addition to the spreading
caused by the pure refraction). 3.8.3 Wind

First estimations byofieva(2009 andHorwath and Per-
lot (2008, details of which will be published elsewhere, Wind sets air molecules in motion, which is why they are
show that the influence of scintillation on single LIO chan- moved towards or away from the transmitter. Hence the
nels is rather high, as is for example known from stellarfrequency seen by the molecules differs slightly from the
occultation data like the GOMOS instrument on Envisat one being transmitted, according to the Doppler effect. The
(Kyrola et al, 2004). In particular, the relative intensity fluc- molecules thus absorb this slightly shifted frequency. Since
tuations rapidly grow with decreasing altitude, nearly propor-absorption lines in the SWIR spectrum are very narrow, this
tional to air density, from about 0.05 (r.m.s.) near 30 km up shift is visible for absorption channels in form of slight trans-
to the saturation level of about 1 (r.m.s.) below about 20 km.mission changes.
This saturation level depends on the strength of the refrac- Practically the effect is very small when considering the
tive index fluctuations, the atmospheric path length, and thecentre of absorption lines, which is why the influence of wind
wavelength of the signal (e.ndrews and Phillips2005. needs only be very roughly accounted for when working with

Fortunately the correlation of the scintillations at closely line centres as done for trace species retrieval. Typical merid-
spaced frequencies is very high since spectrally adjacenbnal winds, the winds dominating for polar or near-polar
channels essentially avoid dispersive effects and therefore EO-LEO configurations, have speeds of less than 30'n s
signals pass through the same air density irregularities. Th&his leads to a relative frequency shift of about 10 As
adverse influence of scintillation can thus be largely removeda representative example, such a line-of-sight wind speed
by application of the differential transmission retrieval ap- would in case of the €00 line lead to a reduction of the
proach with sufficiently closely spaced channelSofieva  transmission by about 0.03 dB at 10 km and 0.01 dB at 30 km,
(2009 recommends a frequency separation of a channetelative to the centre of the line probed in case of zero wind
pair of up to 0.5% only, which could be realised in the speed. Background knowledge of the wind speed with about
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10 m s ! uncertainty (available, e.g. from atmospheric analy-  Other than for Rayleigh scattering, cloud-scattered solar
ses or short-range forecasts) is thus estimated to be sufficiemadiation is estimated to be observable under certain condi-
to enable accurate trace species retrieval with systematic etions Kirchengast et al.2010 Emde and ProscheR010.
ror residuals below 0.005 dB. Relevant influence can arise in particular from clouds frac-
The effect is about 10 times larger when considering thetionally covering the FOV of the telescope, e.g. from cloud
inflection points of an absorption line where the spectraledges near cloud top or bottom (if there is full cloud blocking
gradient of transmission is strongest. Using dedicated LIOof the LIO signal, the influence will not be relevant). During
signals at such inflection points of a highly symmetric ab- bright day, this scattering could sometimes exceed the de-
sorption line, which is at the same time stable under dif-tector noise level of about 0.8 pW, but is estimated to stay
ferent atmospheric conditions, can thus be used to retrievavithin about a factor of ten of this level. Such an influence
the line-of-sight wind speedK{rchengast and Schweitzer is still small given a basic signal strength at the 100 pW level
2017). This capability is an integral part of the ACCURATE (cf. Sect.3.7). Moreover, it is foreseen to be rigorously con-
concept Kirchengast et a]2010. In essence, itis the differ- trolled, and as necessary corrected for, by a receiver design
ential transmission between the two inflection points that isincluding a close time spacing of interleaved laser-pulse and
exploited, where the ¥0O line turned out as a particularly background signals within 5 m&ifchengast et a2010).
suitable line Echweitzer201Q Kirchengast and Schweitzer Briefly, this design includes that before and after each laser
201]1). The retrieved l.0.s. wind speed profile can then bepulse signal measurement also a background measurement
used to correct the small off-centre Doppler shifts in the traceis performed within+=2.5ms. This corresponds to a verti-
species retrieval discussed above, eliminating the need focal shift of within £5m, given typical vertical scan veloc-
background knowledge of wind speed from an external at-ties of the occultation events of about 2 kmts(Kirchen-
mospheric field. More details on the LIO wind capability gast et al.2010. Such a shift is small enough so that the

can be found irBchweitzer(2010. receiver telescope with a FOV of about 3km vertical ex-
o tend at atmospheric tangent point sees essentially the same
3.8.4 Scattered solar radiation scattering scene both for the pulse and background measure-

ment. The background measurement thus enables rigorous

S.olar radiation can be scgttered into the re_ceiver teles?°p€ontrol of the SNR of each single received pulse, for optimal
either by Rayleigh scattering due to clear air or by particle g ,5)ity independent of whether scattered radiation is avail-

(Mie-type) scattering due to clouds. Since the SWIR range ofypje apove receiver noise level or not. The background mea-

interest (2 um to 2.5 pm) is intentionally located as far as poSyrement is furthermore planned at multiple detection pixels
sible in the long-wavelength tail of the solar Planck radiation adjacent to the pulse measurement. Thus, in case the back-

spectrum, the intensity is already low (see, &igu, 2009 @round power is needed to be subtracted, an average can be
and scattering influences are thus to be expected very smally,hiracted which only insignificantly increases the noise in

Aerosol-scattered solar radiation is expected to be negligiblg},o background-corrected pulse signal. Also on this topic of
since concentrations are too small and wavelengths too long, |5, scattering details will be published elsewhere.
From error budget analyses we estimated that the

Rayleigh-scattered solar radiation captured by the telescopg.8.5 Terrestrial thermal radiation

during any single pulse measurement is, for the ACCURATE

design described biirchengast et al(2010, below the re-  The SWIR spectral range is located at the short-wavelength
ceiver noise level (about 0.8 pW; cf. Se8t7) and thus neg-  side of the Planck spectrum of Earth’s thermal radiation (e.qg.
ligible. This holds over the whole UTLS also during all con- Liou, 2002. Since these short wavelengths see an exponen-
ditions of bright day; it reaches the 0.1 pW level but staystial falloff of the thermal radiation spectrum with its max-
below 0.5pW also at the UTLS bottom near 5km for the imum near 10 um, the radiation a2.5um is already very
shortest relevant wavelengths near 2.1 um. Details will besmall. We estimated its influence by means of worst case val-
published elsewhere. We note for completeness that alsaes of the thermal radiation entering the receiver telescope,
scattering (or other radiation) from surface sources is negligiwhere we used a temperature of 280 K, because UTLS tem-
ble, since the telescope will observe downwards to minimumperatures are typically below, and an upper-end wavelength
tangent altitudes of 2.5 km only where no surface radiationof 2.5 um. The estimated power turns out to be always at
can enter the field of view (FOV) of the telescope. Like- most near 0.01 pW, which is far below receiver noise level
wise, in the case of direct sun, a geometrical situation which(0.8 pW). Hence, terrestrial thermal radiation is negligible in
rarely occurs when using near-polar orbiting satellites as ina mission design like ACCURATE.

the ACCURATE concept, the receiver will be shielded from

this strong signal to protect the instruments. This will en-

sure that indeed only scattered solar radiation can enter the

telescope.
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4 Summary and conclusions foreign species absorption due to® below about 10 km,
wherefore the retrieval of 9is limited to heights above.
In this study we discussed atmospheric influences on SWIRAIso the H180 intensity is significantly affected by 4@
laser signals which are transmitted between two LEO satelabsorption below about 7 km, which as well reduces the re-
lites in occultation geometry. Such an occultation system istrieval range for this species under moist conditions.
called LIO and primarily aims at providing accurate profiles The aerosol extinction loss can transgress the limit of
of atmospheric trace species, especially of greenhouse gases25dB into the favourable signal range of target species
and of l.o.s. wind speed. Other retrieval products can be proabsorption loss below about 7 km to 22 km, depending on
files of cloud layering, aerosol extinction coefficient, and tur- the aerosol load. In this case it is possible to retrieve
bulence strength. LIO is part of the LMIO methdtiflchen-  aerosol extinction by a suitable algorithm. In the differen-
gast and Schweitze011), where the above profiles are tial transmission, aerosol influence is significantly reduced
determined in synergy and consistent with thermodynamicand essentially negligible in its influence for trace species re-
profiles (pressure, temperature, humidity) from LMO sig- trieval. Only under volcanic aerosol load at post-Pinatubo
nals. A detailed mission concept forimplementing the LMIO |evels a small influence can remain (estimated to reach about
method, the ACCURATE mission proposed Kirchengast  0.02 dB), which can be corrected for in this case by use of
et al. (2010, was used as baseline mission design for thisthe retrieved aerosol extinction profiles.
study. Defocusing loss has a significant influence on the signal
Quasi-realistic  propagation simulations with the intensity and reduces it by up to about 5 dB near 5 km, which
EGOPS/XEGOPS simulation systeRri(zer et al, 2010ab) is to be taken into account in the power budget of the inter-
have been used to investigate the atmospheric influencesatellite link in order to ensure sufficient SNR of received
on LIO signals and their implications for the total received signal power in the upper troposphere. The direct effect of
LIO signal power. Most of the influences (defocusing, defocusing on the trace species retrieval is negligible, how-
target species absorption, foreign species absorption, aeroseler, since due to its negligible frequency dependence it is
extinction, Rayleigh scattering as well as their sum) haveeliminated in the differential transmission. The influence of
been assessed by means of simulation results for the set ®ayleigh scattering is negligible in both direct and differen-
19 SWIR channels that was the basis for the ACCURATE ial transmission signals.
mission design. The influence of refractivity was considered The difference in the MW and SWIR refractivities leads
in view of its different effect on MW and SWIR ray paths, to different tangent point heights of LIO and LMO ray paths,
resulting in slightly different ray bending and thus tangentwith the degree of tangent point separation determined by
point heights of LIO and LMO signals. Further atmospheric the presence of water vapour. Around 5km, where moisture
effects (the influence of clouds, turbulence, wind, scattereds strongest, the difference is about 0.15km in SAW condi-
solar radiation and atmospheric thermal radiation) weretions, 0.5km in STD and 1 km in TRO conditions. Follow-
discussed in an introductory manner, referring to severaing the decrease of water vapour, it strongly decreases with
recent scientific-technical reports; detail results to these endfhcreasing altitude and becomes negligible from about 9 km
will be published elsewhere. to 13 km upwards. It is thus important in the trace species re-
We established that the set of SWIR channels of thetrieval to compute correct LIO height levels in the upper tro-
ACCURATE mission provides very good sensitivity to target posphere, supported by LMO informatioRrpschek et a|.
species absorption. In particular, eight speciesqHCO,, 20113.
13co,, C1800, CH;, N2O, 03, CO) can be acquired within Clouds generally block SWIR signals, except for very
the whole UTLS region under all atmospheric conditions, ex-thin or small (cirrus) clouds, which attenuate the signal sig-
cept for lower-limit constraints for ©the signal of which  nificantly but not completelyEmde and Proschel010.
can become obscured below 10 km. For two further speciesThis blocking or partial extinction is addressed in the
HDO and H'0, which have a very low concentration in  ACCURATE mission concept by a design allowing retrieval
the atmosphere (especially in the stratosphere), sensitivity isf a cloud layering profile from reference signals and its use
available within about 5 km to 12 km only. in trace species retrieval when scanning through intermittent
The cross-sensitivity of most of the channels to the ab-upper tropospheric cloudiness. Since LIO is used in com-
sorption by foreign species is favourably small; the influencebination with LMO, accurate height levelling can be main-
of foreign species even falls below 0.25dB down to 5km tained through clouds, which is why also top and bottom
for most of the channel pairs when considering the differen-heights of (layered) cloudiness can be determined, and at-
tial transmissions. Exceptions are the channel pairs used famospheric variables at these top and bottom heights.
the retrieval of CO, @, and H180. For CO, the influence Atmospheric turbulence induces major intensity fluc-
does reach near 2dB in the differential transmission but isuations of the LIO signals, also called scintillations.
stable, which is why it can be robustly corrected for in the re- Favourably, these fluctuations are highly correlated when
trieval as part of the foreign species correction Bezschek  considering closely spaced frequencies; close spacing of ab-
et al, 20118. The & channels are substantially affected by sorption and reference signals within 0.5 % is thus part of the
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ACCURATE design, combined with compensation of chro- issue, we consider to investigate the region within 1.9 um
matic shift of ray paths between the chann&sfleva 2009. and 2 um for absorption lines sensitive to the water isotopes
In this way, the influence of residual scintillation noise be- HDO and H'80, attempting to increase the vertical range
comes small, comparable to receiver thermal noise, in thef sensitivity for these species so that they may become use-
differential transmission. ful for troposphere/stratosphere exchange studies. Finally,
Wind along ray paths causes air to move and induces ground-based LIO experiment was recently conducted, for
absorption at slightly shifted wavelengths due to Dopplera 144 km link at about 2.4 km height between observatories
shift. By using the centre of absorption lines for the traceat the Canary Islands (by Univ. of York, Univ. of Graz, and
species retrieval, this change in transmission is very smallUniv. of Manchester, P. F. Bernath et al., 2011), which we
and hence can be corrected for by a moderately accurate (tose to learn about atmospheric influences based on real data
about 10 ms?) background wind profile. However, the in- somewhat similar to a LEO-LEO link.
fluence becomes useful as an observable when regarding the
inflection points of a highly symmetric absorption line. This Acknowledgementsie thank J. Fritzer, F. Ladadter, and M. Pock
is the basis for line-of-sight wind retrieval, effectively from for contributions to EGOPS and xEGOPS developments. EGOPS
the differential transmission between the inflection pointsWas developed by an international consortium led by UniGraz

(Schweitzer201Q Kirchengast and Schweitze2011). Us- (AT), involving partners at Danish Meteorol. Inst. (DK), Obukhov

ing these retrieved wind profiles also eliminates the nee({TSt' of Atmos. Physics (RU), Chalmers Univ. of Technology (SE),
9 P niv. of Bremen (DE), Met. Office (UK), Terma Elektronik A/S

for .background wind profiles supporting the trace species(DK) and RUAG Space GmbH (AT). XEGOPS was developed
retrieval. by UniGraz (AT), with contributions by E. Martini (Univ. of

In principle, the received signal power could also be in- siena, IT), V. Sofieva (Finnish Meteorol. Inst., FI) and C. Emde
creased due to atmospheric influences, namely by solarUniv. of Munich, DE). Funds for the EGOPS/XEGOPS develop-
scattered radiation and terrestrial thermal radiation collectednent were provided by ESA/ESTEC (NL), FWF and FFG-ALR
within the FOV of the receiver telescope. We find these influ- (AT), and EUMETSAT/HQ (DE). RFM including the FASCODE
ences generally negligible, however, since the chosen SWIRtmospheres was provided by A. Dudhia (Univ. of Oxford, UK),
range is intentionally located in the “hole” between the solar HITRAN by L. Rothman (Harvard Univ., USA). This study was
Planck spectrum and the terrestrial Planck spectrum. Cl0ud];-zucn)gesdc?jlwlfZﬁéA/l.\_gc(CTé;éTfjir t:r?dAbSA'EDSFX/OéeSCﬁEéC(EB)Rﬁge'r
s_cattered _solar_ radiation is the pnly process found _to_potent-he GSP-ACTLIMB and STSE-I‘RDAS s%/tudies.
tially provide signal above receiver noise level. This is ad-
dressed in the ACCURATE design by a close time spacing of
interleaved laser-pulse and background signals within 5ms,
which enables to correct for such radiation while only in-
significantly increasing received signal noise. References
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