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Abstract

This paper presents a sensitivity study performed for trace gases retrieval from syn-
thetic observations by TELIS (TErahertz and submillimeter LImb Sounder) which is
a stratospheric balloon-borne cryogenic heterodyne spectrometer. Issues pertaining
to hydroxyl radical (OH) retrieval from the far infrared measurements by the 1.8 THz5

channel are addressed. The study is conducted by a retrieval code PILS (Profile In-
version for Limb Sounding) developed to solve the nonlinear inverse problems arising
in the analysis of infrared/microwave limb sounding measurements. PILS combines a
line-by-line forward model with automatic differentiation for computing Jacobians and
employs regularized nonlinear least squares inversion. We examine the application10

of direct and iterative regularization methods and evaluate the performance of single-
and multi-profile retrievals. Sensitivities to expected errors in calibration procedure,
instrumental knowledge and atmospheric profiles have been analyzed. Nonlinearity ef-
fect, inaccurate sideband ratio, and pointing error turned out to be the dominant error
sources. Furthermore, the capability of multi-channel simultaneous retrieval from the15

far infrared and submillimeter data has been investigated. The errors and averaging
kernels infer that the quality of the obtained hydrogen chloride (HCl) can be improved
by significantly better exploitation of information from the observations.

1 Introduction

Far infrared and submillimeter limb sounding is a well-established technique for atmo-20

spheric remote sensing because numerous trace gases have features in this spec-
tral range. Furthermore, emission observations are independent of sunlight and hence
can contribute to the understanding of the diurnal cycles of chemical processes. In
addition, aerosols and ice clouds have negligible effect, which also makes the far
infrared and submillimeter observations advantageous. The latest spaceborne mis-25

sions comprise SMR (Sub-Millimetre Radiometer) (Murtagh et al., 2002) on the Odin
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satellite launched in 2001, MLS (Microwave Limb Sounder) (Waters et al., 2006) in
1991 and 2004 aboard the UARS and Aura satellites, respectively, and SMILES (Su-
perconducting subMIllimeter-wave Limb-Emission Sounder) (Kikuchi et al., 2010) from
October 2009 to April 2010. In particular, Aura/MLS has the ability to measure thermal
emission from the far infrared (Terahertz) spectral range.5

TELIS (TErahertz and submillimeter LImb Sounder) is a new balloon-borne cryo-
genic heterodyne spectrometer designed to investigate the vertical distribution of
stratospheric trace gas species associated with ozone depletion and climate change.
The instrument utilizes state-of-the-art superconducting heterodyne technology and
allows limb sounding of the Earth’s atmosphere with high spectral resolution and long10

flight duration. TELIS was mounted on a stratospheric balloon gondola together with
the MIPAS-B (Michelson Interferometer for Passive Atmospheric Sounding - Balloon)
instrument (Friedl-Vallon et al., 2004), developed by the Karlsruhe Institute of Tech-
nology (KIT), and mini-DOAS (Differential Optical Absorption Spectrometer) operated
by the University of Heidelberg. From a flight altitude of 30–40 km, TELIS scans the15

stratosphere and upper troposphere with 1.5–2 km altitude sampling. The combination
of TELIS and MIPAS-B yields a wide range of the electromagnetic spectrum for atmo-
spheric research and offers great synergies for cross-validation of measured chemical
constituents. In addition, TELIS serves as a technology demonstrator to future space-
borne limb sounders. The instrument has participated in three scientific campaigns in20

Kiruna, Sweden from March 2009 to March 2011.
TELIS was developed by a consortium of European institutes that include the Ger-

man Aerospace Center (DLR), the Netherlands Institute for Space Research (SRON),
and the Rutherford Appleton Laboratory (RAL) in the United Kingdom. The ambitious
spectral coverage of the TELIS instrument is accomplished by use of three frequency25

channels: a highly compact 500 GHz channel, a 480–650 GHz channel (de Lange et al.,
2010) based on the Superconducting Integrated Receiver (SIR) technology, and a tun-
able 1.8 THz channel (Suttiwong et al., 2009) with enhanced stability provided by RAL,
SRON, and DLR, respectively. The incoming atmospheric radiation is transmitted from
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a dual offset Cassegrain telescope through the front-end transfer optics where the sig-
nals are separated and coupled into each dedicated channel (Suttiwong, 2010).

The 1.8 THz channel measures the signal at a local oscillator (LO) frequency fLO
between 1790 and 1880 GHz. The measured spectrum is then generated from the
two sidebands with respect to the LO frequency since the TELIS instrument oper-5

ates in double sideband (DSB) mode. In case of the 1.8 THz channel the spectrum
is recorded in the intermediate frequency fIF domain ranging from approximately 4 to
6 GHz (2 GHz spectral bandwidth). The signal is split into four 500 MHz autocorrelator
segments. Thus, the measured spectrum covers the frequency domains at fLO−fIF and
fLO + fIF. For the 480–650 GHz channel fIF ranges from 5 to 7 GHz.10

The primary scientific goal of the TELIS/MIPAS-B/mini-DOAS flight has been to mea-
sure the time-dependent chemistry of chlorine (Cl) and bromine (Br), and to achieve the
closure of chemical families (NOy, Cly, Bry, HOx) inside the polar vortex. Regarding the
TELIS instrument, the main target of the 1.8 THz channel is the hydroxyl radical (OH).
Further stratospheric species HO2, HCl, HOCl, O3, O2, CO, NO, NO2, and H2O includ-15

ing its isotopologues can also be measured in the frequency range of 1790–1880 GHz.
OH is a key reactive species for photochemical reactions that regulate ozone through-
out most of the stratosphere and mesosphere. The demand and interest of having
the capability to measure the OH radical in the atmosphere has been consequently
increasing.20

OH possesses pairs of triplets in the far infrared spectral region, such as 61 cm−1

(1.8 THz), 83 cm−1 (2.5 THz), 101 cm−1 (3.0 THz), 118 cm−1 (3.5 THz). Carli et al.
(1989) and Carlotti et al. (2001) observed the 3.5 THz feature with a balloon-borne far
infrared Fourier Transform spectrometer. Pickett and Peterson (1993) used a balloon-
borne two-channel (101 and 118 cm−1) Fabry-Perot instrument “FILOS” to retrieve25

stratospheric OH, and middle to upper stratospheric OH concentrations were estimated
from thermal emission far infrared (83–230 cm−1) observations with the balloon-borne
“FIRS” Fourier transform spectrometer (Jucks et al., 1998). In August 1997, the air-
borne heterodyne spectrometer THOMAS performed OH observations between about
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30 and 90 km over a full diurnal cycle (Englert et al., 2000). The characterization of OH
diurnal variability in the stratosphere and mesosphere has also been analyzed using
measurements from the Aura/MLS instrument (Minschwaner et al., 2011). Both instru-
ments observe OH at 2.5 THz, whereas TELIS selected 1.8 THz for monitoring OH in
the lower and middle stratosphere. Although the OH emission at 1.8 THz is weaker than5

that at 2.5 THz, the former one was chosen for the sake of higher sensitivity of the HEB
(Hot Electron Bolometer) mixer at 1.8 THz and risks associated with the development
of the 2.5 THz solid state local oscillator (Mair et al., 2004).

For being able to analyze the TELIS (or further spaceborne, e.g. SMILES,
Odin/SMR) measurements and retrieve trace gas profiles, the Remote Sensing Tech-10

nology Institute at DLR has developed a retrieval code PILS (Profile Inversion for Limb
Sounding) dedicated to high resolution infrared/microwave radiative transfer calculation
and reliable inversion scheme. In this paper, we present the physical and mathemati-
cal basics of PILS as well as its capability of trace gas retrievals from synthetic TELIS
measurements. Particular emphasis is placed on the capability study of the 1.8 THz15

channel. For a study of the 480–650 GHz channel we refer to de Lange et al. (2009).
The forward model used to simulate the measurements and the inversion methodology
with diagnostics are described in Sect. 2. In Sect. 3 we firstly discuss the performance
of OH vertical profile retrieval from a single limb scan with perfect instrumental knowl-
edge. A sensitivity analysis is then conducted to estimate the impact of uncertainties20

in calibration procedure, the atmospheric and instrument parameters in the forward
model. Section 4 identifies the capability of multi-channel simultaneous processing by
implementing HCl retrieval. A summary and an outlook to future work and products are
given in Sect. 5.
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2 Forward model and inversion methodology

2.1 Radiative transfer and instrument modelling

In atmospheric remote sensing, the radiation seen by a sensor is described by the the-
ory of radiative transfer with an appropriate instrument model, accounting for spectral
response, field-of-view, and – in case of heterodyne – the sideband ratio. Neglecting5

scattering and assuming local thermodynamical equilibrium, the intensity (radiance) I
at wavenumber ν at position s along the line-of-sight is given by the integral form of the
Schwarzschild equation (Liou, 2002; Zdunkowski et al., 2007)

I(ν,s) = I(ν,s0) e−τ(ν;s0,s) +

s∫
s0

ds′ B(ν,T (s′)) e−τ(ν;s′,s) α(ν,s′) , (1)

where I(ν,s0) is the source radiation at position s0, and B(ν,T ) represents the Planck10

function at temperature T . The optical depth τ is defined as the path integral of the
volume absorption coefficient α(ν,s) which is essentially the product of molecular cross
section k and number density summed over the molecule. For high resolution a line-
by-line evaluation is considered, i.e. k is computed by summing over the contributions
from many lines: k(ν;p,T ) =

∑
l Sl(T ) g(ν; ν̂l,γl(p,T )), where each line is characterized15

by its position ν̂l, the temperature-dependent line strength S(T ), and a Voigt line shape
function g (with half width γ) describing the combined effect of pressure (p) broadening
and Doppler broadening.

The subsequent step is to model the instrument performance as precisely as pos-
sible. For the 1.8 THz channel, the monochromatic spectrum is convolved with an in-20

strumental line shape function yielded by Fourier transform of a Hamming apodization
function. For the 480–650 GHz channel, a Lorentzian line shape function defined by
the frequency locking (de Lange et al., 2009) is used. Moreover, a superposition of
pencil-beam spectra can be done by convolving with an angle-dependent field-of-view
function which is Gaussian shaped with a vertical full width half maximum (FWHM) of25
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0.1043 deg (6.3 arcmin) in the 1.8 THz channel (Suttiwong, 2010). The field-of-view at
619.1 GHz is a Gaussian curve with a FWHM of 0.1805 deg (10.8 arcmin).

For TELIS measurements, the measured spectrum is the weighted superposition of
the spectra of the two sidebands by the sideband ratio. Ideally the sideband ratio r is
equal to one, that is to say, both sidebands offer equal gain response. In Sect. 3.3.25

the effect of deviations in the sideband ratio from unity on retrieval results will be ad-
dressed.

2.2 Inversion scheme and regularization

The discretization of the radiative transfer equation leads to the nonlinear data model
y
δ = F (x) + δ, where the mapping F : Rn →Rm represents the forward model, x ∈Rn

10

is the state vector, yδ ∈Rm is the noisy data vector, and δ ∈Rm is the measurement
error. The state vector comprises the atmospheric parameters to be retrieved, while the
data vector is a concatenation of all limb spectra (Carlotti, 1988). Our analysis consid-
ers a semi–stochastic data model in the sense that the true solution xt is deterministic,
but the measurement error δ is stochastic with zero mean and the noise covariance15

matrix Sδ = E
{
δ ·δT

}
= σ2Im, where E is the expected value operator, σ2 is the noise

variance, and Im is the identity matrix in Rm.
The inverse problem is ill-posed and a regularization method shall be used in order

to obtain a solution with physical meaning. Tikhonov regularization (Tikhonov, 1963)
is a direct regularization method, in which the regularized solution xλ minimizes the20

objective function

F (x) = ‖F (x)−yδ‖2 + λ‖L (x−xa)‖2 (2)

=

∥∥∥∥∥ F (x)−y
δ

√
λL (x−xa)

∥∥∥∥∥
2

, (3)

where L, λ, and xa represent the regularization matrix, the regularization parameter,
and the a priori state vector, respectively. The regularization matrix, which encapsulates25
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our a priori knowledge about the solution, is chosen as the Cholesky factor of an a
priori profile covariance matrix Sx, corresponding to an exponential correlation function,
i.e. S−1

x = LTL, where

[Sx]i j =
[
xa
]
i

[
xa
]
j exp

(
−2

∣∣zi − zj
∣∣

li + lj

)
(4)

with i , j = 1, . . . ,n, and the lengths li determine the correlation between the atmospheric5

parameters at different altitudes zi . Note that for an equidistant altitude grid and li = l
for all i = 1, . . . ,n, we have L → In as l → 0, and L → L1 as l →∞, where L1 is the
discrete approximation to the first-order derivative operator. The proper selection of
the regularization parameter λ is critical, since the regularized solution should reflect a
trade off between the residual ‖F (x)−y

δ‖2 and the penalty term ‖L(x−xa)‖2. In this10

study, a priori parameter choice methods (Doicu et al., 2010) are applied to determine
the regularization parameter.

Another widely-used so-called optimal estimation method (Rodgers, 2000) can be
regarded as a stochastic version of Tikhonov regularization, in which the regularization
parameter is incorporated into the a priori profile covariance matrix, that is, S−1

x = λLTL.15

In this case, a trade off between the measurement and the a priori profile requires a
proper selection of Sx. Furthermore, the optimal estimation method is more sensitive
to the choice of a priori profile than Tikhonov regularization. In view of those target
species lacking a priori knowledge, the retrieval with Tikhonov regularization can be
less influenced by the inadequate a priori information.20

Numerical experience shows that the Tikhonov function in Eq. (2) usually has many
local minima and a descent method for solving the optimization problem tends to get
stuck especially for severely ill-posed problems. In this case, iterative regularization
methods are an attractive alternative: the number of iteration steps plays the role of
the regularization parameters, and the iterative process is stopped after an appropri-25

ate number of steps in order to avoid an uncontrolled amplification of the noise error.
An intercomparison between Tikhonov regularization and two iterative methods will
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be given in Sect. 3.2. In the iteratively regularized Gauss–Newton method (Bakushin-
skii, 1992), the regularization parameters are the terms of a geometric sequence, i.e.
λk = qλk−1, for some q < 1, and the stopping index is chosen according to the dis-
crepancy principle in dependence of the noise level and the noisy data vector. The
regularizing Levenberg–Marquardt method also uses a decreasing sequence of regu-5

larization parameters, but the penalty term depends on the previous iterate instead of
the a priori.

Frequently the inversion deals with the joint retrieval of several concentration profiles
corresponding to different molecules, and solves the underlying multi-component prob-
lem by means of regularization. If the vector xp comprises the concentration profile of10

the pth molecule, then the state vector x is a concatenation of all xp. Assuming that the
components of the state vector are independent, all individual regularization matrices
Lp are assembled into a global regularization matrix L with a block-diagonal structure:

L =


√
λ1L1 0 · · · 0
0

√
λ2L2 · · · 0

...
...

. . .
...

0 0 · · ·
√
λNLN

 , (5)

where N is the number of gas components. Multi-parameter regularization methods15

can be classified according to the goal of the inversion process. The regularization
parameters λk are determined by minimizing certain objective functions corresponding
to the entire state vector or to the main component of the state vector, respectively
(Doicu et al., 2010).

2.3 Inversion diagnostics20

A sensitivity analysis reveals our expectation on the inversion process. The sensitiv-
ity of the forward model with respect to components of the state vector is described
in terms of the Jacobian matrix K = ∂F/∂x. More precisely, for a change in the kth
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component of the state vector about the a priori, 4xk = x−xa, with [4xk ]j = ε
[
xa
]
k

for j = k, and [4xk ]j = 0 for j 6= k, the change in the forward model is given componen-
twise by [4F k ]i = ε

[
K (xa)

]
ik

[
xa
]
k with i = 1, . . . ,m. In this context, one can say that

the instrument is sensitive over the “entire” spectral domain to a ±ε-variation in the kth
component of the state vector about the a priori, if |[4F k ]i | > σ for all i = 1, . . . ,m.5

The quality of the regularized solution can be assessed through an error analysis.
By defining the regularized generalized inverse (also known as the gain matrix) K† =(

KTK+ λLTL
)
−1KT and neglecting the higher-order terms of the solution, the retrieval

error can be expressed as

eλ = xλ −xt = es +ey +eb , (6)10

where es = (A− In) (xt −xa) is the smoothing error that quantifies the loss of informa-
tion due to the regularization, ey = K†

δ is the noise error that quantifies the loss of

information due to the measurement noise δ, and eb = K†
δb is the model parame-

ter error. Here, A = K†K is the averaging kernel matrix and δb is the forward model
error. The smoothing error is not a computable quantity, but it can be estimated by15

es ≈ (A− In) (xλ −xa). In a semi-stochastic setting, the smoothing and the model pa-
rameter errors are likely to be deterministic, while the noise error is stochastic with zero
mean and covariance matrix. The model parameter error is caused by an inaccurate
knowledge of the atmospheric and instrument parameters b employed in the forward
model. If ∆b comprises the uncertainties in b, then the forward model error can be20

computed as

δb = Kb∆b ≈ F (xt,b+∆b)− F (xt,b) (7)

with Kb being the Jacobian matrix with respect to b. The quality of the regularized
solution is estimated through the mean square error matrix defined by

Sλ = E
{

(xλ −xt) (xλ −xt)
T
}

≈ Ss +Sy +Sb (8)25
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with Ss = ese
T
s , Sy = σ2K†K†T , and Sb = ebe

T
b .

2.4 Implementation

The forward model of PILS is one of the variants of GARLIC (Generic Atmospheric Ra-
diation Line-by-line Infrared Code), a modern Fortran reimplementation of MIRART
(Modular InfraRed Atmospheric Radiative Transfer) (Schreier and Schimpf, 2001;5

Schreier and Böttger, 2003). GARLIC/MIRART is designed for arbitrary observation
geometry (limb, nadir, up-looking) and instrumental line shape and field-of-view. For
optimized line-by-line computations a combination of rational approximations for the
Voigt line shape (Schreier, 2011) and a multigrid approach (Schreier, 2006) is imple-
mented. MIRART has been verified in extensive intercomparisons (e.g. von Clarmann10

et al., 2002; Melsheimer et al., 2005). Besides, Hedelt et al. (2011) used MIRART to
model observations of the Venus transit in 2004. Mendrok et al. (2007) and Vasquez
et al. (2013) have introduced multiple/single scattering to estimate cirrus cloud param-
eters from MIPAS data and to model SCIAMACHY’s Venus observations, respectively.

Efficient yet accurate computation of the Jacobian K is crucial for the solution of (con-15

strained) nonlinear least squares problems. Although derivatives are straightforward to
evaluate, a manual implementation is tedious and error prone; on the other hand, fi-
nite differences are extremely time consuming and unreliable because the appropriate
perturbation is difficult to estimate. Surprisingly automatic or algorithmic differentia-
tion (AD) (Griewank, 2000) is rarely used in atmospheric remote sensing although a20

variety of tools (for Fortran, C/C++, etc.) have been developed in the past decades,
see http://www.autodiff.org/. Schreier and Schimpf (2001); Schreier and Böttger (2003)
used ADIFOR (Bischof et al., 1998) to implement derivatives in the Fortran 77 MIRART
code utilizing source-code transformation and Ungermann (Ungermann et al., 2011)
introduced derivative code in JURASSIC2 (Jülich Rapid Spectral Simulation Code Ver-25

sion 2) by overloading in C++ employing DCO/C++. PILS utilizes the source-to-source
AD tool TAPENADE (Hascoët and Pascual, 2013) (version 3.4) to generate derivatives

261

http://www.geosci-instrum-method-data-syst-discuss.net
http://www.geosci-instrum-method-data-syst-discuss.net/3/251/2013/gid-3-251-2013-print.pdf
http://www.geosci-instrum-method-data-syst-discuss.net/3/251/2013/gid-3-251-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.autodiff.org/


GID
3, 251–303, 2013

Far infrared
balloon-borne limb
sounding of trace

gases

J. Xu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

in forward (tangent) mode, and the total computation time for all spectra comprising
an entire limb sequence of 10 tangent altitudes plus Jacobians for 23 altitude levels is
increased by just a factor of 2 in contrast to the pure forward calculation. For a discus-
sion of the pros and cons of the various AD techniques see, e.g. Bischof and Bücker
(2000).5

The evaluation of the augmented vector in Eq. (3) relies on the use of optimization
solver in the PORT Mathematical Subroutine Library (Fox et al., 1978, available at
http://www.netlib.org/port/). The solver uses a trust-region method in conjunction with
a Gauss–Newton model and a quasi-Newton model (Dennis Jr. et al., 1981). After
convergence, PILS delivers the diagnostic quantities introduced in Sect. 2.3, including10

the relative difference with respect to the true profile and the retrieval error (the square
root of the diagonal elements of the mean square error matrix Sλ).

3 OH retrieval from the 1.8 THz channel

3.1 Retrieval setup

In order to explore the inversion performance and potential error sources, a set of15

numerical simulations has been made. We retrieve OH from a single limb-scanning
sequence that largely resembles typical TELIS observations of the 1.8 THz channel.
The limb tangent altitude varies from 15 to 33 km in steps of 2 km, and the observing
altitude is set to 35 km (the dotted maroon horizontal line in the figures). The major in-
strument and geometry parameters used for simulating the synthetic spectra are listed20

in Table 1.
H2O, O3, HCl, HOCl, and HO2 have been included in the simulation as the inter-

fering molecules. The line parameters were read from the HITRAN 2008 (Rothman
et al., 2009) spectroscopic database, and the semi-empirical Clough–Kneizys–Davis
(CKD) (Clough et al., 1989) model was used to account for the H2O continuum. It is25

important to choose a proper spectral microwindow covering targeted OH lines with
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minimum overlapped contributions from other atmospheric spectral lines. Here the LO
frequency is set to 1830.10 GHz (≈61.04 cm−1) with an intermediate frequency range
of 4–6 GHz, as employed during the campaigns in 2009 and 2011. The atmospheric
pressure, temperature and molecular concentration profiles were taken from the AFGL
subarctic winter reference model (Anderson et al., 1986). The retrieval was performed5

on an altitude grid with a step of 2 km between 15 and 25 km, a step of 2.5 between 25
and 50 km, and a step of 5 km between 50 and 85 km. Typical spectra are depicted in
Fig. 1 for this OH microwindow.

The Jacobian matrices with respect to the molecular concentrations for a tangent
altitude of 25 km are plotted in Fig. 2 (the derivatives above 45 km are not shown here).10

In the derivative spectra of OH, two triplet pairs are visible at both sides of the inter-
mediate frequency point of about 4.65 GHz. It should be noticed that the strong triplet
occurs in the upper sideband while the weaker one lies in the lower sideband. Both
peaks are found to be larger than the middle trough with a factor of 1.5 and the peaks
are about two to five orders of magnitude larger than those of the other molecules.15

A sequence of noise contaminated spectra is essential for realistic inversion analysis.
In the present simulations only the radiometric noise was considered. The signal-to-
noise ratio (SNR) for a single spectrum can be estimated by

SNR =
Tsig

Tsys

√
∆f t , (9)

where the TELIS spectral resolution ∆f is 2.16 MHz, and the integration time t is 1.5 s.20

For the 1.8 THz channel the average system noise temperature ranges between 3000
and 4000 K (Birk et al., 2010). In case of the selected OH microwindow, the system
noise temperature Tsys can reach 3800 K. According to Fig. 1, the equivalent brightness
temperatures of the OH emission line Tsig are above 75 K, which causes the lowest
signal-to-noise ratio of SNR ≈ 35. The worst-case scenario was used to conduct the25

retrieval feasibility study. The noise δ, which is added to the noise-free spectrum for
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each tangent altitude, is described by a Gaussian distribution. There is no correlation
in terms of the added noise over the frequency range.

3.2 Retrieval results

In this subsection, temperature, pressure, HCl, HOCl, HO2 were assumed to be known
and set to their a priori values. Perfect atmospheric and instrument parameters were5

assumed in the forward model so that eb = 0. The initial guess and a priori profile of the
target molecule(s) x0 and xa, respectively, were assumed to be identical and chosen
as

x0 = xa =

{
0.1 xt if z < 30km ,

0.12 xt if z ≥ 30km .
(10)

A sensitivity study involving the variations of the limb radiances 4F
s
k , corresponding to10

the sth tangent height and to a 10 % variation of the concentration profile of relevant
molecules in the kth level is illustrated in Fig. 3. The results show that information about
the concentration profile in a specific level is mainly given by the spectra corresponding
to the tangent heights below the altitude level (see also Fig. 2). The instrument is
sensitive to OH in the frequency range of 4.5–5 GHz. In this spectral range and for15

altitude levels above 27.5 km, the sensitivity of OH is superior to that of other molecules.
Below 27.5 km, the OH concentration is rather low and of no significant importance for
the measured radiance signal. In this regard, it can be expected that the retrieval of OH
at altitude levels below 27.5 km is essentially based on the a priori information and not
from the measurement. For the OH retrieval problem, the variations of the spectra at20

27.5 and 30 km are not substantially larger than the noise level, that can imply a worse
noise error below 30 km.
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3.2.1 One-profile retrieval

First of all, we consider only OH as target molecule (with accurate a priori knowledge
of O3 and H2O) to clarify the retrieval capability of the selected microwindow. The es-
timation of an appropriate regularization parameter plays an important role in finding
a reliable retrieval solution. For this purpose, we solve the one-profile retrieval prob-5

lem for various regularization parameters λ, and for each λ the relative solution errors
ε (λ) = ‖xλ −xt‖/‖xt‖ are computed. In Fig. 4a we illustrate the relative solution errors
of OH volume mixing ratio (VMR) for Tikhonov regularization, the iteratively regular-
ized Gauss–Newton method, and the regularizing Levenberg–Marquardt method. For
iterative methods, λ is the initial value of the regularization parameter, while at all sub-10

sequent iteration steps, the regularization parameters are the terms of a geometric
sequence with the ratio q = 0.8. The error curve corresponding to Tikhonov regular-
ization possesses a minimum, and by convention, the minimizers of the solution errors
represent the optimal values of the regularization parameter.

Still the iteratively regularized Gauss–Newton method yields reliable results for large15

initial values of the regularization parameter. Evidently, a stronger regularization at the
beginning of the iterative process requires a larger number of iterations as can be seen
in Fig. 4b. The regularizing Levenberg–Marquardt method is also insensitive to overes-
timations of the regularization parameter. However, the results in Fig. 4 illustrate that
the regularizing Levenberg–Marquardt method is inferior to the iteratively regularized20

Gauss–Newton method: for large initial values of the regularization parameter, the so-
lution errors are larger. Henceforth, we choose Tikhonov regularization essentially for
efficiency reasons as it converges quickly (with ≤ 5 iteration steps) disregarding any
choice of λ.

For λ = 1×10−4, the retrieved OH concentration profile along with the corresponding25

quantity in terms of relative difference is plotted in Fig. 5a. The relative difference is
up to 12 % (at 15 km) in the plotted altitude range. The quality of the retrieval is also
assessed by the retrieval error encapsulating the combined effect of the noise and the
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smoothing errors (Fig. 5b). The smoothing error dominates the retrieval error budget
from 15 to 27.5 km where the noise error is fairly small, which implies that the retrieval
error at these altitudes relies on the a priori information and the vertical resolution
is poor. The noise error as the main error stretches from 27.5 km upward, while the
smoothing error appears to take less effect.5

3.2.2 Two-profile retrieval

For the two-profile retrieval we consider a joint retrieval of OH and O3. For multi-profile
retrieval a smaller spectral window of 500 MHz, corresponding to the second autocor-
relator segment of 4.5–5 GHz, is used. Based on the previous sensitivity analysis, the
sensitivity of OH is highest in this spectral range. In Fig. 1 a pair of strong O3 lines10

appears in the wings of the OH triplet, which implies that an uncertainty in the con-
centration profile of O3 may have a distinct influence on the retrieval results of OH. To
investigate how well OH can be retrieved without an accurate a priori knowledge of
ozone, O3 is retrieved simultaneously with OH.

For the joint retrieval of OH and O3 we minimize (2) in conjunction with Eq. (5)15

for a set of regularization parameters λ =
(
λOH,λO3

)
, and then compute the solu-

tion errors in each component, that is, εOH (λ) = ‖xOH,λ −xOH,t‖/‖xOH,t‖ and εO3
(λ) =

‖xO3,λ −xO3,t‖/‖xO3,t‖, as well as the total solution error ε (λ) =
√
εOH (λ)2 +εO3

(λ)2.

The results in Fig. 6 show that for λOH = 1×10−4 and λO3
ranging between 1×10−6

and 1, the total solution error is small and almost constant. However, in order to obtain20

smaller residual after convergence, the regularization parameters of OH and O3 are
set to λOH = 1×10−4 and λO3

= 1×10−6, respectively.
The relative differences of OH and O3 are displayed in the left panel (a) of Fig. 7.

Although O3 is weakly regularized during the retrieval, an error of less than 5 % is
found below the observing altitude, however, an underestimate above 35 km can be25

observed. Concerning OH, errors of less than 15 % with respect to the true profile in
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both combinations are observed over the whole altitude range, that are comparable to
the result of the one-profile fit. The right panel (b) of Fig. 7 illustrates the retrieval er-
ror, the smoothing and the noise errors for the retrieved molecules. The retrieval error
is dominated by the smoothing error at lower altitudes and by the noise error above
25 km. It is apparent that the vertical resolution of the retrieval of OH is poorer than the5

O3 retrieval. The smoothing error of O3 is very small, which reveals that the main infor-
mation comes from the measurement itself rather than from the a priori information.

3.2.3 Three-profile retrieval

Another aspect to consider is the three-profile retrieval. The state vector comprises
three molecules, i.e. OH, O3, and H2O. The same spectral window as the two-profile10

retrieval is used. The regularization parameters λOH = 1×10−4, λO3
= 2×10−6, and

λH2O = 5×10−6 have been chosen by using the technique described in Sect. 3.2.2.
The difference with respect to the true profile in Fig. 8a shows that the OH retrieval

can be done over the whole altitude range, although the errors are slightly larger than
for the single- and two-profile retrievals. It may suggest that the inaccurate a priori15

knowledge of H2O and O3 could influence the OH retrieval. The retrieval error of OH in
Fig. 8b is quite similar to the results above.

Using synthetic noisy measurements based on the perfect instrumental knowledge,
the vertical concentration profile of OH can be retrieved in both single- and multi-profile
retrieval frameworks in decent quality. A priori knowledge affects the retrieval error20

and yields a poor vertical resolution at lower altitudes, while the noise error dominates
the retrieval error budget at higher altitudes. Although the spectral information over
the instrument is limited, the profile of OH above 35 km can still be retrieved due to
its high sensitivity in the middle stratosphere. Nonetheless, the imperfect instrumental
knowledge and inaccurate atmospheric parameters can degrade the quality of retrieved25

solution.
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3.3 Sensitivity to expected error sources

In the retrieval results displayed above, several assumptions of forward model profiles
and instrument parameters have been made. However, it is of importance to see how
imperfect atmospheric state profiles and instrumental knowledge influence the per-
formance of the retrieval. For this reason, an error analysis has been carried out for5

atmospheric profiles and instrument parameters. In this study only the most important
error sources (known from previous studies, e.g. de Lange et al., 2009, 2012; Baron
et al., 2011; Urban et al., 2005) have been considered. As O3 appears to be impor-
tant in this OH microwindow, OH and O3 were considered as the target molecules of
multi-profile fitting involved in the following simulations. The selected regularization pa-10

rameters are λOH = 1×10−4 and λO3
= 1×10−6. In contrast to Sect. 3.2, the initial and

a priori profiles of the target molecules were scaled with a factor of 0.1, or rather, a pri-
ori error of 90 %. H2O, HCl, HOCl, and HO2 were assumed to be known. In this study
we concentrate on the performance of the OH retrieval affected by errors in calibration
procedure, instrumental knowledge and atmospheric profiles.15

3.3.1 Calibration error

Radiometric accuracy is crucial for a good quality of atmospheric profiles retrieval, es-
pecially systematic radiometric errors can result in a bias in the retrieval. For TELIS,
a linear radiometric calibration approach is employed. An on-board blackbody unit is
used as a hot signal reference and the signal from pointing into deep space is used20

as a cold signal reference. To reduce drift effects, both blackbodies are measured in
short time intervals (ca. every 30 s) between the limb scans. From these hot and cold
calibration measurements, the unknowns of the instrument’s response function, the ra-
diometric gain and the offset, can be determined and thus allow for a linear radiometric
calibration of the measured spectra. However, in the TELIS IF-signal chain nonlinear-25

ities are present, which can not be compensated by the linear calibration approach
and further lead to systematic errors in radiometric calibrated spectra. To study the
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influence of the nonlinearity on the retrieval, the linear calibration procedure together
with a nonlinear instrument response needs to be modelled.

Assuming a linear response system, the instrument output y i for a given input signal
I im can be given by

y i = G
(
I im + ITsys

)
, with i = atm, H, C , (11)5

where I im denotes a noise-free model spectrum with the index i indicating an atmo-
spheric (atm) spectrum, a hot load (H) spectrum or a cold load (C) spectrum. The
offset ITsys

represents the modelled intensity of a blackbody at the system noise tem-
perature of the heterodyne receiver and G specifies the radiometric gain. In the linear
calibration scheme, the unknowns of the instrument’s response, the gain and the offset10

are then derived from calibration measurements of both known reference blackbodies
with

G =
yH − yC

IHm − ICm
(12)

and

ITsys
=

IHm yC − ICm yH

yH − yC
. (13)15

IHm and ICm are computed via Planck’s law from given brightness temperatures of the hot
and cold blackbodies. Consequently, the radiometric calibrated atmospheric spectrum
Iatm
cal can be calculated from the instrument output yatm using Eqs. (12) and (13):

Iatm
cal =

yatm

G
− ITsys

. (14)
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However, according to on-ground characterizations of TELIS using gas cell measure-
ments, the input-output relation of the instrument is nonlinear and therefore Eq. (11)
does not hold. Although experiments show a complex combination of nonlinear ele-
ments in the IF-signal chain, a more generic approach is employed in this study. The
nonlinearities of the instrument can be approximated by an effective, quadratic nonlin-5

earity, which is only sensitive to the integral power along the bandwidth W at the input.
As a result, Eq. (11) shall be reformulated as

y i
nl =

(
I im + ITsys

)1 + Cnl

∫
W

dν (I im + ITsys
)

 , (15)

where Cnl is the coefficient which defines the quadratic nonlinearity. For the sake of
simplicity, the linear coefficient is set to one. As the nonlinearity is caused by satura-10

tion effects in the amplifier chain, Cnl < 0 applies. This leads to a compression ω of the
output with respect to the linear case with ω = 1−y i

nl/y
i < 1. To calculate the nonlinear

outputs y i
nl, the quadratic coefficient Cnl is chosen such that the compression of the

modelled hot load measurement yH
nl is comparable to the values deduced from labora-

tory measurements. The nonlinearity is then propagated into the calibration procedure15

by replacing y i with y i
nl in Eqs. (12)–(14).

The obtained calibrated spectra Iatm
cal , which are distorted by the nonlinearity, are

compared with the pure atmospheric model spectra Iatm
m and then used as input for the

retrieval. In case of the OH microwindow, the blackbodies having the temperature of
278 and 2.725 K are used as the hot and cold load, respectively. The compression in20

the hot load is estimated with ω = 20±10 %. The modelled calibrated spectra at one
tangent altitude are plotted in Fig. 9 and compressions of 10 and 30 % are assumed
for the nonlinearity. As can be seen from the residuals, the nonlinearity results in a line
scaling effect in the calibrated spectra with respect to the ideal case.

Furthermore, the calibrated spectra with the compression of 30 % were used as25

the worst-case scenario and the retrieval was performed with the noisy synthetic
270
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measurements distorted by the nonlinearity. It is expected that the retrieved profile of
OH and O3 can be distorted resulting from the line scaling effect in the measurements.
Thus, a pseudo-correction scheme for simulating the linear calibration procedure is im-
plemented in the retrieval, which superimposes the nonlinearity onto the model spectra
by Eq. (14) at every iteration step with the given compression quantities ω. The non-5

linear outputs y i
nl are evaluated by Eq. (15). The radiometric gain G and the offset ITsys

in the nonlinear system are computed by Eqs. (12) and (13), respectively. To access
the error propagation onto the retrieval products, an additional 5 % uncertainty was as-
sumed, i.e. the retrievals were repeated with the compression ω set to 25 and 35 %,
respectively. The retrieval results of OH and O3 are compared to the results without10

the correction in Fig. 10. In this case, neither the noise errors nor the smoothing errors
are increased in an evident way. Accordingly, the influence on the retrieval error is low
(not shown). The errors in terms of relative difference imply that the nonlinearity effect
is more severe on O3, that causes largest error of 20 % at 15 km. The retrieved OH
profile is not affected by the nonlinearity below 21 km due to the fact that there is no15

strong OH signal below this altitude (see also Fig. 1). The results for correction with 25
and 35 % compression are almost symmetric with respect to the case of 30 % (above
25 km for OH). As expected, the nonlinearity can affect the retrieval of OH at higher
altitudes where the spectral feature is strong.

The nonlinearity effect has been studied with the modelled calibration procedure and20

the corresponding retrieval results from these measurements. The errors with respect
to the true profile declare that the nonlinearity can bring about an error on the OH
retrieval in the middle stratosphere where the OH lines are easily identifiable. With the
pseudo-correction scheme applied to the retrieval, the errors with respect to the true
profile are reduced by up to 7 %, as can be inferred from Fig. 10.25

3.3.2 Instrumental knowledge: sideband ratio

Uncertainties in the parameters used by the instrument module of the forward
model might cause systematic biases in the retrieved vertical profiles. Excluding the
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calibration error, the most important instrumental error sources for the TELIS observa-
tions are discussed below and in Sect. 3.3.3.

The precise knowledge of the receiver sideband ratio is a fundamental requirement
for the calculation of the TELIS spectra. An error in the sideband ratio r can result in
a systematic change in the contributions of the spectra, and further, an unexpected5

error in the retrieval results. We define the distorted sideband ratio as r̃ = r(1+η) by
introducing a relative bias η, the measured spectrum I is expressed as:

I =
r

r +1
IUSB +

1
r +1

ILSB

=
r

r +1

(
1+

η
r(1+η)+1

)
IUSB +

1
r +1

(
1−

r η
r(1+η)+1

)
ILSB , (16)

where IUSB and ILSB denote the spectra of the upper sideband (USB) and lower side-10

band (LSB), respectively. The strong OH line lies in the upper sideband of the selected
LO frequency in this study. A positive η means an overestimated contribution of the
upper sideband in the spectra, while a negative η will lead to an underestimated in-
tensity. To study the impact of the error in the sideband ratio, the relative bias η has
been studied in the following simulation. According to recent laboratory measurements15

performed for characterization of the sideband ratio, r is estimated to lie in the range
of 0.95 to 1.05 for the 1.8 THz channel, i.e. maximal uncertainty of 5 % with respect to
the ideal sideband ratio r = 1.0. The values ±0.01, ±0.03, ±0.05, and ±0.1 (extreme
case) for η are taken into account. The propagated error on the retrieval has been eval-
uated by using the linear mapping (eb = K†

δb with Eq. (7)) which relates changes in20

the solution to changes in the spectra via K†.
For all altitudes below the observing altitude of 35 km, the bias η (−0.1 ∼ 0.1) in

the sideband ratio produces the propagated error of less than 3 % in the retrieved O3
profile (these results are not shown here). The propagated errors in the OH retrieval
are depicted in Fig. 11. The relative retrieval error and the noise error are also included25

for comparison. The errors introduced by the small biases (0.01 and 0.03) can reach
5–15 % at 21 km and decrease with increasing altitude. The results are found to be
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more severely influenced by larger biases (0.05 and 0.1). For more clarity, the large
sideband ratio bias can result in significant error on the retrieval quality of OH.

In Fig. 12 the errors in terms of relative difference are obtained by retrievals with
different η in the sideband ratio. The measurement is for the assumed sideband ratio
r = 1.0. O3 is not plotted for the reason that no significant error on the retrieved pro-5

file is induced by the sideband ratio bias. In our case, the intensity is sensitive to the
contribution of OH in the upper sideband. As judged from Eq. (16) and Fig. 11, the re-
trieved OH profile is overestimated with positive biases on the sideband ratio, whereas
underestimated with negative ones.

3.3.3 Instrumental knowledge: pointing10

A pointing error can be characterized by systematic pointing bias and random pointing
offset. The pointing error can be expressed by an altitude error at the tangent point,
or by an error in the zenith angle of the line-of-sight. The MIPAS-B instrument on the
gondola is equipped with a highly stable attitude and heading reference system (Friedl-
Vallon et al., 2004). Although TELIS also receives its pointing information from this15

system, the stability of the connection between both instruments remains to be exam-
ined, a fact which could have an impact on the quality of the trace gas retrieval. It has
been probed that the systematic pointing bias is 3.4 arcmin on the zenith angle for the
1.8 THz channel, corresponding to a 500 m deviation for the lowest tangent altitude
(15 km) in this case.20

Assuming that the uncertainty in this systematic pointing bias is up to 1 arcmin, the
expected error propagation onto the retrieved profile of OH is plotted in Fig. 13. As
this bias is deterministic, the propagated error is estimated by using Eq. (7) in the
framework of a linearized forward model about the true state. A propagated error of up
to 0.01 ppbv with the uncertainty of 1 arcmin is found below the observing altitude. As25

a result of very low concentration at lower altitude, the largest propagated error occurs
between 15–25 km.
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The relative differences in the OH profile for a single-target retrieval by assuming
the uncertainties of 0.5 and 1 arcmin in the systematic pointing bias (3.4 arcmin) are
shown in Fig. 14a. These results are in agreement with the relative propagated errors
in Fig. 13b, leading to the conclusion that the forward model is not too nonlinear. The
pointing error yields a shift of all gas profiles. As O3 is the most important contributor to5

the measurement signal, an unresolved shift of the O3 profile is the reason for the large
relative differences in the OH profile. The relative differences in the OH profile become
considerably smaller if a joint retrieval of OH and O3 is performed, as can be seen in
Fig. 14b.

The standard approach for far infrared and microwave limb sounding is to extract the10

pointing information from measurements of oxygen emission lines. Alternatively, the
pointing error can be retrieved for each spectrum in the limb sequence together with
the target molecules. In this case the random pointing offset is nearly compensated.

3.3.4 Atmospheric profiles

The accuracy of the temperature profile is vital to the reliability of target gas retrievals.15

For more precise retrieval results from actual TELIS data, the MIPAS-B temperature
retrieval can be a pleasant candidate due to the fact that MIPAS-B and TELIS are both
carried by the same gondola frame.

We have assumed an uncertainty of 1 K on the temperature profile for altitudes up to
45 km to investigate the corresponding effect on the retrieval. In Fig. 15, the estimated20

error propagation onto the retrieved OH profile via Eq. (7) is depicted. Below 27.5 km,
the propagated error ranges 10–14 %. The profile is saturated and depleted by up to
0.0006 ppbv respectively with errors of 1 and −1 K in the temperature profile. Between
27.5 and 35 km, a propagated error of up to 7 % is found despite an increased absolute
propagated error because of up to two orders of magnitude higher concentration in the25

stratosphere. It implies that a slight deviation in the temperature profile may cause an
error especially at lower altitudes (upper troposphere and lower stratosphere) where
the concentration of OH is relatively low.
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Moreover, we have assessed the propagation of a pressure error onto the OH re-
trieval by introducing errors of −1 and 1 % for the whole altitude grid. Compared to
the error propagation by the temperature profile, the assumed errors on the pressure
profile lead to considerable effects between 15 and 30 km (Fig. 15). A propagated error
of up to 0.006 ppbv is found over the altitude range of 15–35 km, where the largest5

value is located at the altitude of 21 km (56 %). Below the observer, the profile is satu-
rated with a positive error, while depleted with a negative error. O3 is not affected by the
assumed errors on the pressure profile, the accuracy of the pressure profile is therefore
of importance to retrieval of OH and other weak molecules.

For analysis of the real measurements, the pressure profile can be taken from the10

ECMWF (European Centre for Medium-Range Weather Forecasts) data. Alternatively,
atmospheric pressure can be calculated from the temperature profile via the hydrostatic
equation.

Regarding other interfering gases, inaccurate a priori knowledge of HCl and HO2
does not affect the OH retrieval.15

4 Capability of multi-channel simultaneous retrieval

During the flight, TELIS can measure two of three channels simultaneously. It is tempt-
ing to consider improving the retrieval accuracy by the simultaneous processing of sev-
eral windows. Multi-window retrieval is commonly used for instruments covering broad
spectral bands, notably Fourier transform spectrometer, e.g. MIPAS (Fischer et al.,20

2008), whereas the synergistic analysis of spectra measured by different instruments is
discussed in few papers only, e.g. IASI and GOME-2 (Landgraf and Hasekamp, 2007),
or IASI and MIPAS (Ceccherini et al., 2010). Here a joint retrieval from far infrared and
submillimeter observations offers a novel aspect (to our knowledge Aura/MLS does not
exploit the GHz and THz channels simultaneously). We focus on a combination of the25

1.8 THz and 480–650 GHz channels since both channels observe a number of com-
mon molecules, e.g. HCl, HOCl, HO2, NO, O3, H2O and its isotopologues. In this study
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we investigate the retrieval capability of HCl by multi-channel fitting. Note that these
two channels are characterized by different spectral response functions.

Table 2 summarizes the main instrument and atmospheric parameters. TELIS can
measure signals at different observing and tangent altitudes during the flight, a corre-
sponding change of geometry with respect to Table 1 has been made. The synthetic5

measurement is simulated for two HCl microwindows observed with the LO frequency
set to 1877.63 and 619.10 GHz as utilized during the previous flights. Random noise
is superimposed onto the measurement for each channel with the estimated signal-to-
noise ratio. In addition to the target molecule, H2O, O3, O2, NO2, ClO, and HOCl were
taken as the interfering molecules.10

The state vector is constructed from the VMR profiles of the main target HCl and one
auxiliary molecule O3, with the a priori error of 90 %. The retrieval grid is discretized
in 1.5 km between 10 and 32.5 km which is equivalent to the tangent spacing, and
the same spacing above 32.5 km as in Sect. 3.1. In this section, the regularization
parameters are estimated by minimizing certain objective functions corresponding to15

the main component of the state vector, i.e. the reconstruction of HCl. All retrievals are
performed with λHCl = 1×10−4 and λO3

= 0.
In Fig. 16a the averaging kernels for HCl retrieval using the multi-channel measure-

ment are compared with those using only the single-channel measurement. The aver-
aging kernels for the multi-channel case indicate an improved vertical resolution below20

20.5 km where the averaging kernels obtained from the measurement in the THz chan-
nel are rather wide. On the other hand, the averaging kernels for the multi-channel
case below 20.5 km imply that the GHz channel data provides a better resolution of the
retrieval product also over this altitude range. Above 20.5 km the averaging kernels for
the profile obtained from the multi-channel data are quite similar to those obtained from25

the THz channel measurement alone. A noticeable quality improvement in terms of the
degree of freedom for signal is also obtained. By using both channels concurrently, the
corresponding smoothing error (Fig. 16b) indicates that regularization results in less
information loss below 22 km and the noise error below 19 km is decreased by about
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a factor of 5, as compared to the results using the THz channel only. In this case, the
relative retrieval error is therefore 5–10 % better over the altitude range of 10–20.5 km.
For the retrieval using the THz channel only, the noise error dominates the retrieval er-
ror over the whole altitude range due to the worse signal-noise-ratio, whereas the noise
error is very closed to zero for the retrieval with the GHz channel data. The smoothing5

error for all retrievals is large below 20.5 km and the regularization can have an effect
on the retrieval quality of HCl. By comparison with the results using the GHz channel
alone, a smaller smoothing error given by the multi-channel measurement is achieved,
although a slightly worse retrieval error is found above 20.5 km due to larger measure-
ment noise in the THz channel. According to these results, the sensitivity of HCl in the10

THz channel microwindow is superior to that in the GHz channel microwindow at higher
altitudes, while at lower altitudes the GHz channel data delivers a stronger HCl signal.

In Fig. 17 the errors of HCl with respect to the true profile for the three cases are
depicted. The error for the multi-channel measurement is overall better than that re-
trieved from the THz channel measurement. A large improvement can be found below15

17.5 km with respect to that using the GHz channel only. The largest error appears
around 20.5 km where the noise error (see Fig. 16b) is largest below the observer in
the THz channel measurement.

These results indicate that the multi-channel simultaneous retrieval can help to im-
prove the quality of the retrieval by significantly better exploitation of information from20

the observations. Furthermore, the multi-channel fitting requires less iteration steps
than both single-channel cases.

5 Conclusions

We have presented the retrieval code PILS for infrared/microwave limb sounding and
applied it to the TELIS level-2 data processing. Compared to most stochastic data25

models used in the literature, our data analysis operates in a semi-stochastic setting.
The forward model is based on an optimized line-by-line code, coupled with automatic
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differentiation for evaluating Jacobians accurately and efficiently, and the inversion em-
ploys nonlinear least squares fitting with direct and iterative multi-parameter regular-
ization methods.

A sensitivity study of hydroxyl radical (OH) retrieval from spectra recorded by the
TELIS 1.8 THz channel has been given, assuming a single limb scan with a worst5

case signal-noise-ratio, but otherwise perfect instrumental knowledge. Both single- and
multi-profile retrieval frameworks perform in decent quality. The results illustrate that
OH can be derived from the TELIS observations in the lower and middle stratosphere.
The relative retrieval error is typically 25 % at the lowest altitude due to the a priori
knowledge and gradually improves with increasing altitude where the retrieval error is10

dominated by the noise error.
Furthermore, a sensitivity analysis on potential error sources has been conducted.

We have simulated the calibration procedure in the forward model and retrieved OH
from the calibrated measurements distorted by nonlinearity. The calibration error,
mainly the nonlinearity effect, does not introduce a severe error on the OH retrieval.15

However, the inaccurate knowledge of the receiver sideband ratio is estimated to
induce an error in the retrieval, because the strong OH line lies in the upper sideband
in the selected frequency microwindow. The results are found to be more severely
influenced by larger biases. In particular, the pointing error could be another major
error source for the OH retrieval.20

The propagated errors due to the atmospheric profiles have also been investigated.
The OH retrieval is very sensitive to the errors in the temperature and pressure profiles
at lower altitudes where the concentration is rather low.

Besides, the capability of multi-channel simultaneous retrieval of hydrogen chloride
(HCl) from the far infrared and submillimeter observations has been studied. The errors25

and averaging kernels demonstrate the improvement on the retrieval quality, particu-
larly over the lower altitude range.

There are some important issues to be resolved, such as pointing retrieval, reliable
temperature profile, and errors in spectroscopic parameters and continuum model. Our
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current/future work focuses on analysis of the real measurement data from the three
Kiruna campaigns, and we begin with the O3 retrieval (see Kasai et al., 2013).
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Ekström, M., Frisk, U., Murtagh, D., de La Noë, J., Olberg, M., and Ricaud, P.: Odin/SMR limb10

observations of stratospheric trace gases: Level 2 processing of ClO, N2O, O3, and HNO3,
J. Geophys. Res., 110, D14, doi:10.1029/2004JD005741, 2005. 268

Vasquez, M., Gottwald, M., Gimeno Garcı́a, S., Krieg, E., Lichtenberg, G., Slijkhuis, S., Schreier,
F., Snel, R., and Trautmann, T.: Venus observations from ENVISAT–SCIAMACHY: Measure-
ments and modeling, Adv. Space Res., 51, 835–848, doi:10.1016/j.asr.2012.09.046, 2013.15

261
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Table 1. Major instrument and geometry parameters used for simulating the synthetic spectra
observed for the OH microwindow. The channel notation THz stands for the 1.8 THz channel.

Parameter Description

Channel THz
LO frequency 1830.10 GHz
Intermediate frequency 4–6 GHz
Spectral resolution 2.16 MHz
ILS function Hamming apodization
Field-of-view (FWHM) Gaussian (6.3 arcmin)
Sideband ratio 1.0
Signal-to-noise ratio 35
Top-of-atmosphere 85 km
Observing altitude 35 km
Tangent altitudes 15–33 km
Vertical sampling 2 km
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Table 2. Major instrument and geometry settings for multi-channel retrieval simulation. The
channel notation GHz stands for the 480–650 GHz channel.

Parameter Description

Channel THz GHz
LO frequency 1877.63 GHz 619.10 GHz
Intermediate frequency 4–6 GHz 5–7 GHz
ILS function Hamming apodization Lorentzian
Field-of-view (FWHM) Gaussian (6.3 arcmin) Gaussian (10.8 arcmin)
Signal-to-noise ratio 30 110
Top-of-atmosphere 85 km
Observing altitude 34 km
Tangent altitudes 10–32.5 km
Vertical sampling 1.5 km
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J. Xu et al.: Far infrared balloon-borne limb sounding of stratospheric trace gases 5

Table 1. Major instrument and geometry parameters used for simu-
lating the synthetic spectra observed for the OH microwindow. The
channel notation THz stands for the 1.8 THz channel.

Parameter Description

Channel THz
LO frequency 1830.10 GHz
Intermediate frequency 4–6 GHz
Spectral resolution 2.16 MHz
ILS function Hamming apodization
Field-of-view (FWHM) Gaussian (6.3 arcmin)
Sideband ratio 1.0
Signal-to-noise ratio 35
Top-of-atmosphere 85 km
Observing altitude 35 km
Tangent altitudes 15–33 km
Vertical sampling 2 km

ematical Subroutine Library (Fox et al., 1978, available at
http://www.netlib.org/port/). The solver uses a trust-region375

method in conjunction with a Gauss–Newton model and a
quasi-Newton model (Dennis, Jr. et al., 1981). After conver-
gence, PILS delivers the diagnostic quantities introduced in
Sect. 2.3, including the relative difference with respect to the
true profile and the retrieval error (the square root of the di-380

agonal elements of the mean square error matrix Sλ).

3 OH retrieval from the 1.8 THz channel

3.1 Retrieval setup

In order to explore the inversion performance and potential
error sources, a set of numerical simulations has been made.385

We retrieve OH from a single limb-scanning sequence that
largely resembles typical TELIS observations of the 1.8 THz
channel. The limb tangent altitude varies from 15 to 33 km
in steps of 2 km, and the observing altitude is set to 35 km
(the dotted maroon horizontal line in the figures). The major390

instrument and geometry parameters used for simulating the
synthetic spectra are listed in Table 1.

H2O, O3, HCl, HOCl, and HO2 have been included
in the simulation as the interfering molecules. The line
parameters were read from the HITRAN 2008 (Rothman395

et al., 2009) spectroscopic database, and the semi-empirical
Clough–Kneizys–Davis (CKD) (Clough et al., 1989) model
was used to account for the H2O continuum. It is important
to choose a proper spectral microwindow covering targeted
OH lines with minimum overlapped contributions from other400

atmospheric spectral lines. Here the LO frequency is set
to 1830.10 GHz (≈ 61.04 cm−1) with an intermediate fre-
quency range of 4–6 GHz, as employed during the cam-
paigns in 2009 and 2011. The atmospheric pressure, temper-
ature and molecular concentration profiles were taken from405
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Fig. 1. Noise-free spectra (radiance and equivalent brightness
temperature) simulated for a local oscillator frequency fLO =
1830.10GHz with an intermediate frequency range of 4–6 GHz,
recording in double sideband mode with a sideband ratio of 1.0.
The flight altitude is 35 km and the tangent altitudes are given to
the right of the panel.

the AFGL subarctic winter reference model (Anderson et al.,
1986). The retrieval was performed on an altitude grid with a
step of 2 km between 15 km and 25 km, a step of 2.5 km be-
tween 25 km and 50 km, and a step of 5 km between 50 km
and 85 km. Typical spectra are depicted in Fig. 1 for this OH410

microwindow.
The Jacobian matrices with respect to the molecular con-

centrations for a tangent altitude of 25 km are plotted in
Fig. 2 (the derivatives above 45 km are not shown here).
In the derivative spectra of OH, two triplet pairs are visi-415

ble at both sides of the intermediate frequency point of about
4.65 GHz. It should be noticed that the strong triplet occurs
in the upper sideband while the weaker one lies in the lower
sideband. Both peaks are found to be larger than the middle
trough with a factor of 1.5 and the peaks are about two to five420

orders of magnitude larger than those of the other molecules.
A sequence of noise contaminated spectra is essential for

realistic inversion analysis. In the present simulations only
the radiometric noise was considered. The signal-to-noise ra-
tio (SNR) for a single spectrum can be estimated by425

SNR =
Tsig

Tsys

√
∆f t , (9)

where the TELIS spectral resolution ∆f is 2.16 MHz, and
the integration time t is 1.5 s. For the 1.8 THz channel the
average system noise temperature ranges between 3000 K
and 4000 K (Birk et al., 2010). In case of the selected OH430

microwindow, the system noise temperature Tsys can reach
3800 K. According to Fig. 1, the equivalent brightness tem-
peratures of the OH emission line Tsig are above 75 K, which
causes the lowest signal-to-noise ratio of SNR≈ 35. The
worst-case scenario was used to conduct the retrieval feasi-435

bility study. The noise δ, which is added to the noise-free
spectrum for each tangent altitude, is described by a Gaus-

Fig. 1. Noise-free spectra (radiance and equivalent brightness temperature) simulated for a
local oscillator frequency fLO = 1830.10GHz with an intermediate frequency range of 4–6 GHz,
recording in double sideband mode with a sideband ratio of 1.0. The flight altitude is 35 km and
the tangent altitudes are given to the right of the panel.
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Fig. 2. Jacobian for molecular concentration profiles evaluated at an altitude grid between 15 km and 45 km for a tangent altitude of 25 km.
The molecules are OH (a), H2O (b), O3 (c), HCl (d), HOCl (e), and HO2 (f).

sian distribution. There is no correlation in terms of the added
noise over the frequency range.

3.2 Retrieval results440

In this subsection, temperature, pressure, HCl, HOCl, HO2

were assumed to be known and set to their a priori val-
ues. Perfect atmospheric and instrument parameters were as-
sumed in the forward model so that eb = 0. The initial guess

and a priori profile of the target molecule(s) x0 and xa, re-445

spectively, were assumed to be identical and chosen as

x0 = xa =

{
0.1 xt if z < 30km ,

0.12 xt if z ≥ 30km .
(10)

A sensitivity study involving the variations of the limb ra-
diances 4F sk, corresponding to the sth tangent height and
to a 10 % variation of the concentration profile of relevant450

Fig. 2. Jacobian for molecular concentration profiles evaluated at an altitude grid between 15
and 45 km for a tangent altitude of 25 km. The molecules are OH (a), H2O (b), O3 (c), HCl (d),
HOCl (e), and HO2 (f).
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Fig. 3. Sensitivity study: variations of the limb radiances for a 10 % variation of the concentration profiles of OH, O3, and H2O at the altitude
levels of 27.5 km (a), 30 km (b), 32.5 km (c), and 35 km (d). The dotted horizontal lines delimit the noise domain.

molecules in the kth level is illustrated in Fig. 3. The re-
sults show that information about the concentration profile
in a specific level is mainly given by the spectra correspond-
ing to the tangent heights below the altitude level (see also
Fig. 2). The instrument is sensitive to OH in the frequency455

range of 4.5–5 GHz. In this spectral range and for altitude
levels above 27.5 km, the sensitivity of OH is superior to
that of other molecules. Below 27.5 km, the OH concentra-
tion is rather low and of no significant importance for the
measured radiance signal. In this regard, it can be expected460

that the retrieval of OH at altitude levels below 27.5 km is es-
sentially based on the a priori information and not from the
measurement. For the OH retrieval problem, the variations of
the spectra at 27.5 km and 30 km are not substantially larger
than the noise level, that can imply a worse noise error below465

30 km.

3.2.1 One-profile retrieval

First of all, we consider only OH as target molecule (with
accurate a priori knowledge of O3 and H2O) to clarify the

retrieval capability of the selected microwindow. The esti-470

mation of an appropriate regularization parameter plays an
important role in finding a reliable retrieval solution. For this
purpose, we solve the one-profile retrieval problem for var-
ious regularization parameters λ, and for each λ the rela-
tive solution errors ε(λ) = ‖xλ−xt‖/‖xt‖ are computed. In475

Fig. 4a we illustrate the relative solution errors of OH volume
mixing ratio (VMR) for Tikhonov regularization, the itera-
tively regularized Gauss–Newton method, and the regulariz-
ing Levenberg–Marquardt method. For iterative methods, λ
is the initial value of the regularization parameter, while at all480

subsequent iteration steps, the regularization parameters are
the terms of a geometric sequence with the ratio q = 0.8. The
error curve corresponding to Tikhonov regularization pos-
sesses a minimum, and by convention, the minimizers of the
solution errors represent the optimal values of the regulariza-485

tion parameter.
Still the iteratively regularized Gauss–Newton method

yields reliable results for large initial values of the regu-
larization parameter. Evidently, a stronger regularization at
the beginning of the iterative process requires a larger num-490

Fig. 3. Sensitivity study: variations of the limb radiances for a 10 % variation of the concentration
profiles of OH, O3, and H2O at the altitude levels of 27.5 (a), 30 (b), 32.5 (c), and 35 km (d).
The dotted horizontal lines delimit the noise domain.
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Fig. 4. Relative solution errors (a) and the number of iteration steps (b) for different values of the regularization parameter. The results are
for one-profile retrieval of OH and correspond to Tikhonov regularization (TR), the iteratively regularized Gauss–Newton (IRGN) method,
and the regularizing Levenberg–Marquardt (RLM) method.

ber of iterations as can be seen in Fig. 4b. The regularizing
Levenberg–Marquardt method is also insensitive to overes-
timations of the regularization parameter. However, the re-
sults in Fig. 4 illustrate that the regularizing Levenberg–
Marquardt method is inferior to the iteratively regularized495

Gauss–Newton method: for large initial values of the regular-
ization parameter, the solution errors are larger. Henceforth,
we choose Tikhonov regularization essentially for efficiency
reasons as it converges quickly (with≤ 5 iteration steps) dis-
regarding any choice of λ.500

For λ= 1× 10−4, the retrieved OH concentration profile
along with the corresponding quantity in terms of relative
difference is plotted in Fig. 5a. The relative difference is up
to 12 % (at 15 km) in the plotted altitude range. The quality
of the retrieval is also assessed by the retrieval error encap-505

sulating the combined effect of the noise and the smooth-
ing errors (Fig. 5b). The smoothing error dominates the re-
trieval error budget from 15 to 27.5 km where the noise error
is fairly small, which implies that the retrieval error at these
altitudes relies on the a priori information and the vertical510

resolution is poor. The noise error as the main error stretches
from 27.5 km upward, while the smoothing error appears to
take less effect.

3.2.2 Two-profile retrieval

For the two-profile retrieval we consider a joint retrieval of515

OH and O3. For multi-profile retrieval a smaller spectral
window of 500 MHz, corresponding to the second autocorre-
lator segment of 4.5–5 GHz, is used. Based on the previous
sensitivity analysis, the sensitivity of OH is highest in this
spectral range. In Fig. 1 a pair of strong O3 lines appears in520

the wings of the OH triplet, which implies that an uncertainty
in the concentration profile of O3 may have a distinct influ-
ence on the retrieval results of OH. To investigate how well

OH can be retrieved without an accurate a priori knowledge
of ozone, O3 is retrieved simultaneously with OH.525

For the joint retrieval of OH and O3 we mini-
mize (2) in conjunction with Eq. (5) for a set of
regularization parameters λ= (λOH,λO3

), and then
compute the solution errors in each component,
that is, εOH (λ) = ‖xOH,λ−xOH,t‖/‖xOH,t‖ and530

εO3
(λ) = ‖xO3,λ−xO3,t‖/‖xO3,t‖, as well as the to-

tal solution error ε(λ) =

√
εOH (λ)

2
+ εO3

(λ)
2. The results

in Fig. 6 show that for λOH = 1× 10−4 and λO3 ranging
between 1× 10−6 and 1, the total solution error is small
and almost constant. However, in order to obtain smaller535

residual after convergence, the regularization parameters of
OH and O3 are set to λOH = 1× 10−4 and λO3

= 1× 10−6,
respectively.

The relative differences of OH and O3 are displayed in the
left panel (a) of Fig. 7. Although O3 is weakly regularized540

during the retrieval, an error of less than 5 % is found be-
low the observing altitude, however, an underestimate above
35 km can be observed. Concerning OH, errors of less than
15 % with respect to the true profile in both combinations
are observed over the whole altitude range, that are compa-545

rable to the result of the one-profile fit. The right panel (b)
of Fig. 7 illustrates the retrieval error, the smoothing and the
noise errors for the retrieved molecules. The retrieval error
is dominated by the smoothing error at lower altitudes and
by the noise error above 25 km. It is apparent that the ver-550

tical resolution of the retrieval of OH is poorer than the O3

retrieval. The smoothing error of O3 is very small, which re-
veals that the main information comes from the measurement
itself rather than from the a priori information.

Fig. 4. Relative solution errors (a) and the number of iteration steps (b) for different values of
the regularization parameter. The results are for one-profile retrieval of OH and correspond to
Tikhonov regularization (TR), the iteratively regularized Gauss–Newton (IRGN) method, and
the regularizing Levenberg–Marquardt (RLM) method.
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Fig. 5. Results of single OH retrieval and corresponding diagnostic quantities as a function of altitude. (a): Retrieved VMR profile and
corresponding errors in terms of relative difference with respect to the true profile. The dashed black line refers to the true profile. (b):
Corresponding properties of the retrieval, i.e., relative retrieval error, smoothing and noise errors.
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Fig. 6. Determination of the regularization parameters for two-profile retrieval of OH and O3. (a): Relative solution errors of OH and O3

versus different regularization parameters of OH and O3. (b): Total solution errors versus the regularization parameters of OH and O3.

3.2.3 Three-profile retrieval555

Another aspect to consider is the three-profile retrieval.
The state vector comprises three molecules, i.e., OH, O3,
and H2O. The same spectral window as the two-profile re-
trieval is used. The regularization parameters λOH = 1×
10−4, λO3 = 2×10−6, and λH2O = 5×10−6 have been cho-560

sen by using the technique described in Sect. 3.2.2.
The difference with respect to the true profile in Fig. 8a

shows that the OH retrieval can be done over the whole alti-
tude range, although the errors are slightly larger than for the
single- and two-profile retrievals. It may suggest that the in-565

accurate a priori knowledge of H2O and O3 could influence
the OH retrieval. The retrieval error of OH in Fig. 8b is quite
similar to the results above.

Using synthetic noisy measurements based on the perfect
instrumental knowledge, the vertical concentration profile of570

OH can be retrieved in both single- and multi-profile retrieval
frameworks in decent quality. A priori knowledge affects the
retrieval error and yields a poor vertical resolution at lower
altitudes, while the noise error dominates the retrieval error
budget at higher altitudes. Although the spectral information575

over the instrument is limited, the profile of OH above 35 km
can still be retrieved due to its high sensitivity in the middle
stratosphere. Nonetheless, the imperfect instrumental knowl-
edge and inaccurate atmospheric parameters can degrade the
quality of retrieved solution.580

Fig. 5. Results of single OH retrieval and corresponding diagnostic quantities as a function of
altitude. (a): retrieved VMR profile and corresponding errors in terms of relative difference with
respect to the true profile. The dashed black line refers to the true profile. (b): corresponding
properties of the retrieval, i.e. relative retrieval error, smoothing and noise errors.
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Fig. 5. Results of single OH retrieval and corresponding diagnostic quantities as a function of altitude. (a): Retrieved VMR profile and
corresponding errors in terms of relative difference with respect to the true profile. The dashed black line refers to the true profile. (b):
Corresponding properties of the retrieval, i.e., relative retrieval error, smoothing and noise errors.
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Fig. 6. Determination of the regularization parameters for two-profile retrieval of OH and O3. (a): Relative solution errors of OH and O3

versus different regularization parameters of OH and O3. (b): Total solution errors versus the regularization parameters of OH and O3.

3.2.3 Three-profile retrieval555

Another aspect to consider is the three-profile retrieval.
The state vector comprises three molecules, i.e., OH, O3,
and H2O. The same spectral window as the two-profile re-
trieval is used. The regularization parameters λOH = 1×
10−4, λO3 = 2×10−6, and λH2O = 5×10−6 have been cho-560

sen by using the technique described in Sect. 3.2.2.
The difference with respect to the true profile in Fig. 8a

shows that the OH retrieval can be done over the whole alti-
tude range, although the errors are slightly larger than for the
single- and two-profile retrievals. It may suggest that the in-565

accurate a priori knowledge of H2O and O3 could influence
the OH retrieval. The retrieval error of OH in Fig. 8b is quite
similar to the results above.

Using synthetic noisy measurements based on the perfect
instrumental knowledge, the vertical concentration profile of570

OH can be retrieved in both single- and multi-profile retrieval
frameworks in decent quality. A priori knowledge affects the
retrieval error and yields a poor vertical resolution at lower
altitudes, while the noise error dominates the retrieval error
budget at higher altitudes. Although the spectral information575

over the instrument is limited, the profile of OH above 35 km
can still be retrieved due to its high sensitivity in the middle
stratosphere. Nonetheless, the imperfect instrumental knowl-
edge and inaccurate atmospheric parameters can degrade the
quality of retrieved solution.580

Fig. 6. Determination of the regularization parameters for two-profile retrieval of OH and O3.
(a): relative solution errors of OH and O3 versus different regularization parameters of OH and
O3. (b): total solution errors versus the regularization parameters of OH and O3.
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Fig. 7. Retrieval results for two-profile retrieval as a function of altitude. (a): Relative differences for joint retrieval of OH and O3. (b):
Relative retrieval error, smoothing and noise errors for joint retrieval of OH and O3.
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Fig. 8. Retrieval results for three-profile retrieval as a function of altitude. (a): Relative differences for joint retrieval of OH, O3, and H2O.
(b): Relative retrieval error, smoothing and noise errors for joint retrieval of OH, O3, and H2O.

3.3 Sensitivity to expected error sources

In the retrieval results displayed above, several assumptions
of forward model profiles and instrument parameters have
been made. However, it is of importance to see how imperfect
atmospheric state profiles and instrumental knowledge influ-585

ence the performance of the retrieval. For this reason, an er-
ror analysis has been carried out for atmospheric profiles and
instrument parameters. In this study only the most important
error sources (known from previous studies, e.g., de Lange
et al., 2009, 2012; Baron et al., 2011; Urban et al., 2005)590

have been considered. As O3 appears to be important in this
OH microwindow, OH and O3 were considered as the tar-
get molecules of multi-profile fitting involved in the follow-
ing simulations. The selected regularization parameters are
λOH = 1×10−4 and λO3

= 1×10−6. In contrast to Sect. 3.2,595

the initial and a priori profiles of the target molecules were

scaled with a factor of 0.1, or rather, a priori error of 90 %.
H2O, HCl, HOCl, and HO2 were assumed to be known. In
this study we concentrate on the performance of the OH re-
trieval affected by errors in calibration procedure, instrumen-600

tal knowledge and atmospheric profiles.

3.3.1 Calibration error

Radiometric accuracy is crucial for a good quality of atmo-
spheric profiles retrieval, especially systematic radiometric
errors can result in a bias in the retrieval. For TELIS, a linear605

radiometric calibration approach is employed. An on-board
blackbody unit is used as a hot signal reference and the sig-
nal from pointing into deep space is used as a cold signal
reference. To reduce drift effects, both blackbodies are mea-
sured in short time intervals (ca. every 30 s) between the limb610

scans. From these hot and cold calibration measurements,

Fig. 7. Retrieval results for two-profile retrieval as a function of altitude. (a): relative differences
for joint retrieval of OH and O3. (b): relative retrieval error, smoothing and noise errors for joint
retrieval of OH and O3.
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Fig. 7. Retrieval results for two-profile retrieval as a function of altitude. (a): Relative differences for joint retrieval of OH and O3. (b):
Relative retrieval error, smoothing and noise errors for joint retrieval of OH and O3.
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Fig. 8. Retrieval results for three-profile retrieval as a function of altitude. (a): Relative differences for joint retrieval of OH, O3, and H2O.
(b): Relative retrieval error, smoothing and noise errors for joint retrieval of OH, O3, and H2O.

3.3 Sensitivity to expected error sources

In the retrieval results displayed above, several assumptions
of forward model profiles and instrument parameters have
been made. However, it is of importance to see how imperfect
atmospheric state profiles and instrumental knowledge influ-585

ence the performance of the retrieval. For this reason, an er-
ror analysis has been carried out for atmospheric profiles and
instrument parameters. In this study only the most important
error sources (known from previous studies, e.g., de Lange
et al., 2009, 2012; Baron et al., 2011; Urban et al., 2005)590

have been considered. As O3 appears to be important in this
OH microwindow, OH and O3 were considered as the tar-
get molecules of multi-profile fitting involved in the follow-
ing simulations. The selected regularization parameters are
λOH = 1×10−4 and λO3

= 1×10−6. In contrast to Sect. 3.2,595

the initial and a priori profiles of the target molecules were

scaled with a factor of 0.1, or rather, a priori error of 90 %.
H2O, HCl, HOCl, and HO2 were assumed to be known. In
this study we concentrate on the performance of the OH re-
trieval affected by errors in calibration procedure, instrumen-600

tal knowledge and atmospheric profiles.

3.3.1 Calibration error

Radiometric accuracy is crucial for a good quality of atmo-
spheric profiles retrieval, especially systematic radiometric
errors can result in a bias in the retrieval. For TELIS, a linear605

radiometric calibration approach is employed. An on-board
blackbody unit is used as a hot signal reference and the sig-
nal from pointing into deep space is used as a cold signal
reference. To reduce drift effects, both blackbodies are mea-
sured in short time intervals (ca. every 30 s) between the limb610

scans. From these hot and cold calibration measurements,

Fig. 8. Retrieval results for three-profile retrieval as a function of altitude. (a): relative differences
for joint retrieval of OH, O3, and H2O. (b): relative retrieval error, smoothing and noise errors for
joint retrieval of OH, O3, and H2O.
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the unknowns of the instrument’s response function, the ra-
diometric gain and the offset, can be determined and thus
allow for a linear radiometric calibration of the measured
spectra. However, in the TELIS IF-signal chain nonlineari-615

ties are present, which can not be compensated by the linear
calibration approach and further lead to systematic errors in
radiometric calibrated spectra. To study the influence of the
nonlinearity on the retrieval, the linear calibration procedure
together with a nonlinear instrument response needs to be620

modelled.
Assuming a linear response system, the instrument output

yi for a given input signal I i
m can be given by

yi = G
(
I i
m + ITsys

)
, with i= atm, H, C (11)

where Iim denotes a noise-free model spectrum with the index625

i indicating an atmospheric (atm) spectrum, a hot load (H)
spectrum or a cold load (C) spectrum. The offset ITsys

rep-
resents the modelled intensity of a blackbody at the system
noise temperature of the heterodyne receiver and G speci-
fies the radiometric gain. In the linear calibration scheme, the630

unknowns of the instrument’s response, the gain and the off-
set are then derived from calibration measurements of both
known reference blackbodies with

G =
yH− yC

IH
m− IC

m

(12)

and635

ITsys
=

IH
m yC− IC

m yH

yH− yC
. (13)

IH
m and IC

m are computed via Planck’s law from given bright-
ness temperatures of the hot and cold blackbodies. Con-
sequently, the radiometric calibrated atmospheric spectrum
Iatm
cal can be calculated from the instrument output yatm us-640

ing Eqs. (12) and (13):

Iatm
cal =

yatm

G
− ITsys

. (14)

However, according to on-ground characterizations of
TELIS using gas cell measurements, the input-output relation
of the instrument is nonlinear and therefore Eq. (11) does not645

hold. Although experiments show a complex combination of
nonlinear elements in the IF-signal chain, a more generic ap-
proach is employed in this study. The nonlinearities of the in-
strument can be approximated by an effective, quadratic non-
linearity, which is only sensitive to the integral power along650

the bandwidth W at the input. As a result, Eq. (11) shall be
reformulated as

yinl =
(
Iim + ITsys

)1 + Cnl

∫
W

dν (Iim + ITsys
)

 , (15)

where Cnl is the coefficient which defines the quadratic non-
linearity. For the sake of simplicity, the linear coefficient is655
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Fig. 9. Modelled calibrated spectrum measured at the tangent alti-
tude of 25 km and corresponding residuals with respect to the pure
model spectrum. The assumed compressions of 10 % and 30 % in
the hot load measurement are taken into account.

set to one. As the nonlinearity is caused by saturation effects
in the amplifier chain, Cnl < 0 applies. This leads to a com-
pression ω of the output with respect to the linear case with
ω = 1− yinl/y

i < 1. To calculate the nonlinear outputs yinl,
the quadratic coefficientCnl is chosen such that the compres-660

sion of the modelled hot load measurement yH
nl is compara-

ble to the values deduced from laboratory measurements. The
nonlinearity is then propagated into the calibration procedure
by replacing yi with yinl in Eqs. (12)–(14).

The obtained calibrated spectra Iatm
cal , which are distorted665

by the nonlinearity, are compared with the pure atmospheric
model spectra Iatm

m and then used as input for the retrieval.
In case of the OH microwindow, the blackbodies having the
temperature of 278 K and 2.725 K are used as the hot and
cold load, respectively. The compression in the hot load is es-670

timated with ω = 20±10 %. The modelled calibrated spectra
at one tangent altitude are plotted in Fig. 9 and compressions
of 10 % and 30 % are assumed for the nonlinearity. As can be
seen from the residuals, the nonlinearity results in a line scal-
ing effect in the calibrated spectra with respect to the ideal675

case.
Furthermore, the calibrated spectra with the compression

of 30 % were used as the worst-case scenario and the retrieval
was performed with the noisy synthetic measurements dis-
torted by the nonlinearity. It is expected that the retrieved680

profile of OH and O3 can be distorted resulting from the
line scaling effect in the measurements. Thus, a pseudo-
correction scheme for simulating the linear calibration pro-
cedure is implemented in the retrieval, which superimposes
the nonlinearity onto the model spectra by Eq. (14) at ev-685

ery iteration step with the given compression quantities ω.
The nonlinear outputs yinl are evaluated by Eq. (15). The ra-
diometric gain G and the offset ITsys

in the nonlinear sys-
tem are computed by Eq. (12) and Eq. (13), respectively. To

Fig. 9. Modelled calibrated spectrum measured at the tangent altitude of 25 km and corre-
sponding residuals with respect to the pure model spectrum. The assumed compressions of
10 and 30 % in the hot load measurement are taken into account.
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Fig. 10. Relative difference of OH and O3. The retrievals are done
for the noisy synthetic measurements that are generated by the cali-
brated spectra with the compression of 30 % in the hot load. 5 % un-
certainty is taken into account in the pseudo-correction procedure:
the compression is set to 25 % and 35 % for two repeated retrievals.

access the error propagation onto the retrieval products, an690

additional 5 % uncertainty was assumed, i.e., the retrievals
were repeated with the compression ω set to 25 % and 35 %,
respectively. The retrieval results of OH and O3 are com-
pared to the results without the correction in Fig. 10. In this
case, neither the noise errors nor the smoothing errors are695

increased in an evident way. Accordingly, the influence on
the retrieval error is low (not shown). The errors in terms of
relative difference imply that the nonlinearity effect is more
severe on O3, that causes largest error of 20 % at 15 km. The
retrieved OH profile is not affected by the nonlinearity be-700

low 21 km due to the fact that there is no strong OH signal
below this altitude (see also Fig. 1). The results for correc-
tion with 25 % and 35 % compression are almost symmetric
with respect to the case of 30 % (above 25 km for OH). As
expected, the nonlinearity can affect the retrieval of OH at705

higher altitudes where the spectral feature is strong.
The nonlinearity effect has been studied with the modelled

calibration procedure and the corresponding retrieval results
from these measurements. The errors with respect to the true
profile declare that the nonlinearity can bring about an er-710

ror on the OH retrieval in the middle stratosphere where the
OH lines are easily identifiable. With the pseudo-correction
scheme applied to the retrieval, the errors with respect to the
true profile are reduced by up to 7 %, as can be inferred from
Fig. 10.715

3.3.2 Instrumental knowledge: sideband ratio

Uncertainties in the parameters used by the instrument mod-
ule of the forward model might cause systematic biases in the
retrieved vertical profiles. Excluding the calibration error, the
most important instrumental error sources for the TELIS ob-720

servations are discussed below and in Sect. 3.3.3.

The precise knowledge of the receiver sideband ratio is
a fundamental requirement for the calculation of the TELIS
spectra. An error in the sideband ratio r can result in a sys-
tematic change in the contributions of the spectra, and fur-725

ther, an unexpected error in the retrieval results. We define
the distorted sideband ratio as r̃ = r(1 + η) by introducing a
relative bias η, the measured spectrum I is expressed as:

I =
r

r+ 1
IUSB +

1

r+ 1
ILSB

=
r

r+ 1

(
1 +

η

r(1 + η) + 1

)
IUSB730

+
1

r+ 1

(
1− r η

r(1 + η) + 1

)
ILSB , (16)

where IUSB and ILSB denote the spectra of the upper side-
band (USB) and lower sideband (LSB), respectively. The
strong OH line lies in the upper sideband of the selected
LO frequency in this study. A positive η means an overes-735

timated contribution of the upper sideband in the spectra,
while a negative η will lead to an underestimated intensity.
To study the impact of the error in the sideband ratio, the
relative bias η has been studied in the following simulation.
According to recent laboratory measurements performed for740

characterization of the sideband ratio, r is estimated to lie in
the range of 0.95 to 1.05 for the 1.8 THz channel, i.e., max-
imal uncertainty of 5 % with respect to the ideal sideband
ratio r = 1.0. The values ±0.01, ±0.03, ±0.05, and ±0.1
(extreme case) for η are taken into account. The propagated745

error on the retrieval has been evaluated by using the linear
mapping (eb = K†δb with Eq. (7)) which relates changes
in the solution to changes in the spectra via K†. For all al-
titudes below the observing altitude of 35 km, the bias η
(−0.1∼ 0.1) in the sideband ratio produces the propagated750

error of less than 3 % in the retrieved O3 profile (these re-
sults are not shown here). The propagated errors in the OH
retrieval are depicted in Fig. 11. The relative retrieval error
and the noise error are also included for comparison. The er-
rors introduced by the small biases (0.01 and 0.03) can reach755

5–15 % at 21 km and decrease with increasing altitude. The
results are found to be more severely influenced by larger bi-
ases (0.05 and 0.1). For more clarity, the large sideband ratio
bias can result in significant error on the retrieval quality of
OH.760

In Fig. 12 the errors in terms of relative difference are ob-
tained by retrievals with different η in the sideband ratio. The
measurement is for the assumed sideband ratio r = 1.0. O3

is not plotted for the reason that no significant error on the
retrieved profile is induced by the sideband ratio bias. In our765

case, the intensity is sensitive to the contribution of OH in
the upper sideband. As judged from Eq. (16) and Fig. 11,
the retrieved OH profile is overestimated with positive biases
on the sideband ratio, whereas underestimated with negative
ones.770

Fig. 10. Relative difference of OH and O3. The retrievals are done for the noisy synthetic mea-
surements that are generated by the calibrated spectra with the compression of 30 % in the hot
load. 5 % uncertainty is taken into account in the pseudo-correction procedure: the compres-
sion is set to 25 and 35 % for two repeated retrievals.
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Fig. 11. Propagated error of sideband ratio onto the OH retrieval with the sideband ratio bias η. (a): Results in terms of absolute unit (VMR)
with respect to the values ±0.01, ±0.03, ±0.05, and ±0.1 for η. (b): Results in terms of relative unit in percent of the true profile with
respect to the positive values for η. For reference the retrieval error and the noise error caused by the measurement noise are included in this
plot.
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Fig. 12. Errors for OH retrieval in terms of relative difference with
different values of relative bias η in the sideband ratio. The retrievals
are performed using the synthetic measurement for ideal sideband
ratio r = 1.0. For reference the retrieval result for the assumed side-
band ratio r = 1.0 is given in dashed black line.

3.3.3 Instrumental knowledge: pointing

A pointing error can be characterized by systematic pointing
bias and random pointing offset. The pointing error can be
expressed by an altitude error at the tangent point, or by an
error in the zenith angle of the line-of-sight. The MIPAS-B775

instrument on the gondola is equipped with a highly stable
attitude and heading reference system (Friedl-Vallon et al.,
2004). Although TELIS also receives its pointing informa-
tion from this system, the stability of the connection between
both instruments remains to be examined, a fact which could780

have an impact on the quality of the trace gas retrieval. It has
been probed that the systematic pointing bias is 3.4 arcmin

on the zenith angle for the 1.8 THz channel, corresponding
to a 500 m deviation for the lowest tangent altitude (15 km)
in this case. Assuming that the uncertainty in this systematic785

pointing bias is up to 1 arcmin, the expected error propaga-
tion onto the retrieved profile of OH is plotted in Fig. 13.
As this bias is deterministic, the propagated error is esti-
mated by using Eq. (7) in the framework of a linearized for-
ward model about the true state. A propagated error of up to790

0.01 ppbv with the uncertainty of 1 arcmin is found below
the observing altitude. As a result of very low concentration
at lower altitude, the largest propagated error occurs between
15–25 km.

The relative differences in the OH profile for a single-795

target retrieval by assuming the uncertainties of 0.5 arcmin
and 1 arcmin in the systematic pointing bias (3.4 arcmin) are
shown in Fig. 14a. These results are in agreement with the
relative propagated errors in Fig. 13b, leading to the conclu-
sion that the forward model is not too nonlinear. The pointing800

error yields a shift of all gas profiles. As O3 is the most im-
portant contributor to the measurement signal, an unresolved
shift of the O3 profile is the reason for the large relative dif-
ferences in the OH profile. The relative differences in the OH
profile become considerably smaller if a joint retrieval of OH805

and O3 is performed, as can be seen in Fig. 14b.
The standard approach for far infrared and microwave

limb sounding is to extract the pointing information from
measurements of oxygen emission lines. Alternatively, the
pointing error can be retrieved for each spectrum in the limb810

sequence together with the target molecules. In this case the
random pointing offset is nearly compensated.

Fig. 11. Propagated error of sideband ratio onto the OH retrieval with the sideband ratio bias
η. (a): results in terms of absolute unit (VMR) with respect to the values ±0.01, ±0.03, ±0.05,
and ±0.1 for η. (b): results in terms of relative unit in percent of the true profile with respect
to the positive values for η. For reference the retrieval error and the noise error caused by the
measurement noise are included in this plot.
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Fig. 11. Propagated error of sideband ratio onto the OH retrieval with the sideband ratio bias η. (a): Results in terms of absolute unit (VMR)
with respect to the values ±0.01, ±0.03, ±0.05, and ±0.1 for η. (b): Results in terms of relative unit in percent of the true profile with
respect to the positive values for η. For reference the retrieval error and the noise error caused by the measurement noise are included in this
plot.
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Fig. 12. Errors for OH retrieval in terms of relative difference with
different values of relative bias η in the sideband ratio. The retrievals
are performed using the synthetic measurement for ideal sideband
ratio r = 1.0. For reference the retrieval result for the assumed side-
band ratio r = 1.0 is given in dashed black line.

3.3.3 Instrumental knowledge: pointing

A pointing error can be characterized by systematic pointing
bias and random pointing offset. The pointing error can be
expressed by an altitude error at the tangent point, or by an
error in the zenith angle of the line-of-sight. The MIPAS-B775

instrument on the gondola is equipped with a highly stable
attitude and heading reference system (Friedl-Vallon et al.,
2004). Although TELIS also receives its pointing informa-
tion from this system, the stability of the connection between
both instruments remains to be examined, a fact which could780

have an impact on the quality of the trace gas retrieval. It has
been probed that the systematic pointing bias is 3.4 arcmin

on the zenith angle for the 1.8 THz channel, corresponding
to a 500 m deviation for the lowest tangent altitude (15 km)
in this case. Assuming that the uncertainty in this systematic785

pointing bias is up to 1 arcmin, the expected error propaga-
tion onto the retrieved profile of OH is plotted in Fig. 13.
As this bias is deterministic, the propagated error is esti-
mated by using Eq. (7) in the framework of a linearized for-
ward model about the true state. A propagated error of up to790

0.01 ppbv with the uncertainty of 1 arcmin is found below
the observing altitude. As a result of very low concentration
at lower altitude, the largest propagated error occurs between
15–25 km.

The relative differences in the OH profile for a single-795

target retrieval by assuming the uncertainties of 0.5 arcmin
and 1 arcmin in the systematic pointing bias (3.4 arcmin) are
shown in Fig. 14a. These results are in agreement with the
relative propagated errors in Fig. 13b, leading to the conclu-
sion that the forward model is not too nonlinear. The pointing800

error yields a shift of all gas profiles. As O3 is the most im-
portant contributor to the measurement signal, an unresolved
shift of the O3 profile is the reason for the large relative dif-
ferences in the OH profile. The relative differences in the OH
profile become considerably smaller if a joint retrieval of OH805

and O3 is performed, as can be seen in Fig. 14b.
The standard approach for far infrared and microwave

limb sounding is to extract the pointing information from
measurements of oxygen emission lines. Alternatively, the
pointing error can be retrieved for each spectrum in the limb810

sequence together with the target molecules. In this case the
random pointing offset is nearly compensated.

Fig. 12. Errors for OH retrieval in terms of relative difference with different values of relative
bias η in the sideband ratio. The retrievals are performed using the synthetic measurement for
ideal sideband ratio r = 1.0. For reference the retrieval result for the assumed sideband ratio
r = 1.0 is given in dashed black line.
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Fig. 13. Propagated error of pointing onto the OH retrieval with the error on the systematic pointing bias. By assuming ±0.5 arcmin and
±1 arcmin, respectively, the results in terms of absolute unit (a) and relative unit (b) with respect to the true profile are shown.
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Fig. 14. Relative differences in the OH profile for single-target retrieval (a) and joint retrieval of OH and O3 (b) with uncertainties of
0.5 arcmin and 1 arcmin in the systematic pointing bias. For reference the retrieval result for the perfectly known pointing information is
given in dashed black line.

3.3.4 Atmospheric profiles

The accuracy of the temperature profile is vital to the reliabil-
ity of target gas retrievals. For more precise retrieval results815

from actual TELIS data, the MIPAS-B temperature retrieval
can be a pleasant candidate due to the fact that MIPAS-B and
TELIS are both carried by the same gondola frame.

We have assumed an uncertainty of 1 K on the temper-
ature profile for altitudes up to 45 km to investigate the820

corresponding effect on the retrieval. In Fig. 15, the esti-
mated error propagation onto the retrieved OH profile via
Eq. (7) is depicted. Below 27.5 km, the propagated error
ranges 10–14 %. The profile is saturated and depleted by up
to 0.0006 ppbv respectively with errors of 1 K and -1 K in825

the temperature profile. Between 27.5 km and 35 km, a prop-
agated error of up to 7 % is found despite an increased abso-
lute propagated error because of up to two orders of mag-

nitude higher concentration in the stratosphere. It implies
that a slight deviation in the temperature profile may cause830

an error especially at lower altitudes (upper troposphere and
lower stratosphere) where the concentration of OH is rela-
tively low.

Moreover, we have assessed the propagation of a pres-
sure error onto the OH retrieval by introducing errors of -835

1 % and 1 % for the whole altitude grid. Compared to the
error propagation by the temperature profile, the assumed er-
rors on the pressure profile lead to considerable effects be-
tween 15 km and 30 km (Fig. 15). A propagated error of up
to 0.006 ppbv is found over the altitude range of 15–35 km,840

where the largest value is located at the altitude of 21 km
(56 %). Below the observer, the profile is saturated with a
positive error, while depleted with a negative error. O3 is not
affected by the assumed errors on the pressure profile, the

Fig. 13. Propagated error of pointing onto the OH retrieval with the error on the systematic
pointing bias. By assuming ±0.5 and ±1 arcmin, respectively, the results in terms of absolute
unit (a) and relative unit (b) with respect to the true profile are shown.
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Fig. 13. Propagated error of pointing onto the OH retrieval with the error on the systematic pointing bias. By assuming ±0.5 arcmin and
±1 arcmin, respectively, the results in terms of absolute unit (a) and relative unit (b) with respect to the true profile are shown.
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Fig. 14. Relative differences in the OH profile for single-target retrieval (a) and joint retrieval of OH and O3 (b) with uncertainties of
0.5 arcmin and 1 arcmin in the systematic pointing bias. For reference the retrieval result for the perfectly known pointing information is
given in dashed black line.

3.3.4 Atmospheric profiles

The accuracy of the temperature profile is vital to the reliabil-
ity of target gas retrievals. For more precise retrieval results815

from actual TELIS data, the MIPAS-B temperature retrieval
can be a pleasant candidate due to the fact that MIPAS-B and
TELIS are both carried by the same gondola frame.

We have assumed an uncertainty of 1 K on the temper-
ature profile for altitudes up to 45 km to investigate the820

corresponding effect on the retrieval. In Fig. 15, the esti-
mated error propagation onto the retrieved OH profile via
Eq. (7) is depicted. Below 27.5 km, the propagated error
ranges 10–14 %. The profile is saturated and depleted by up
to 0.0006 ppbv respectively with errors of 1 K and -1 K in825

the temperature profile. Between 27.5 km and 35 km, a prop-
agated error of up to 7 % is found despite an increased abso-
lute propagated error because of up to two orders of mag-

nitude higher concentration in the stratosphere. It implies
that a slight deviation in the temperature profile may cause830

an error especially at lower altitudes (upper troposphere and
lower stratosphere) where the concentration of OH is rela-
tively low.

Moreover, we have assessed the propagation of a pres-
sure error onto the OH retrieval by introducing errors of -835

1 % and 1 % for the whole altitude grid. Compared to the
error propagation by the temperature profile, the assumed er-
rors on the pressure profile lead to considerable effects be-
tween 15 km and 30 km (Fig. 15). A propagated error of up
to 0.006 ppbv is found over the altitude range of 15–35 km,840

where the largest value is located at the altitude of 21 km
(56 %). Below the observer, the profile is saturated with a
positive error, while depleted with a negative error. O3 is not
affected by the assumed errors on the pressure profile, the

Fig. 14. Relative differences in the OH profile for single-target retrieval (a) and joint retrieval
of OH and O3 (b) with uncertainties of 0.5 and 1 arcmin in the systematic pointing bias. For
reference the retrieval result for the perfectly known pointing information is given in dashed
black line.
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Fig. 15. Propagated errors of atmospheric profiles onto the OH retrieval. By assuming errors of -1 K and 1 K in the temperature profile and
errors of -1 % and 1 % in the pressure profile, respectively, the results in terms of absolute unit (a) and relative unit (b) with respect to the
true profile are shown. The black dashed line refers to the retrieval error in case of the exact temperature profile.

accuracy of the pressure profile is therefore of importance to845

retrieval of OH and other weak molecules.
For analysis of the real measurements, the pressure pro-

file can be taken from the ECMWF (European Centre for
Medium-Range Weather Forecasts) data. Alternatively, at-
mospheric pressure can be calculated from the temperature850

profile via the hydrostatic equation.
Regarding other interfering gases, inaccurate a priori

knowledge of HCl and HO2 does not affect the OH retrieval.

4 Capability of multi-channel simultaneous retrieval

During the flight, TELIS can measure two of three chan-855

nels simultaneously. It is tempting to consider improving
the retrieval accuracy by the simultaneous processing of sev-
eral windows. Multi-window retrieval is commonly used for
instruments covering broad spectral bands, notably Fourier
transform spectrometer, e.g., MIPAS, (Fischer et al., 2008),860

whereas the synergistic analysis of spectra measured by dif-
ferent instruments is discussed in few papers only, e.g., IASI
and GOME-2 (Landgraf and Hasekamp, 2007), or IASI and
MIPAS (Ceccherini et al., 2010). Here a joint retrieval from
far infrared and submillimeter observations offers a novel as-865

pect (to our knowledge Aura/MLS does not exploit the GHz
and THz channels simultaneously). We focus on a combina-
tion of the 1.8 THz and 480–650 GHz channels since both
channels observe a number of common molecules, e.g., HCl,
HOCl, HO2, NO, O3, H2O and its isotopologues. In this870

study we investigate the retrieval capability of HCl by multi-
channel fitting. Note that these two channels are character-
ized by different spectral response functions.

Table 2 summarizes the main instrument and atmospheric
parameters. TELIS can measure signals at different observ-875

ing and tangent altitudes during the flight, a correspond-

ing change of geometry with respect to Table 1 has been
made. The synthetic measurement is simulated for two
HCl microwindows observed with the LO frequency set to
1877.63 GHz and 619.10 GHz as utilized during the previous880

flights. Random noise is superimposed onto the measurement
for each channel with the estimated signal-to-noise ratio. In
addition to the target molecule, H2O, O3, O2, NO2, ClO,
and HOCl were taken as the interfering molecules.

The state vector is constructed from the VMR profiles of885

the main target HCl and one auxiliary molecule O3, with
the a priori error of 90 %. The retrieval grid is discretized
in 1.5 km between 10 and 32.5 km which is equivalent to
the tangent spacing, and the same spacing above 32.5 km
as in Sect. 3.1. In this section, the regularization parameters890

are estimated by minimizing certain objective functions cor-
responding to the main component of the state vector, i.e.,
the reconstruction of HCl. All retrievals are performed with
λHCl = 1× 10−4 and λO3

= 0.
In Fig. 16a the averaging kernels for HCl retrieval using895

the multi-channel measurement are compared with those us-
ing only the single-channel measurement. The averaging ker-
nels for the multi-channel case indicate an improved vertical
resolution below 20.5 km where the averaging kernels ob-
tained from the measurement in the THz channel are rather900

wide. On the other hand, the averaging kernels for the multi-
channel case below 20.5 km imply that the GHz channel data
provides a better resolution of the retrieval product also over
this altitude range. Above 20.5 km the averaging kernels for
the profile obtained from the multi-channel data are quite905

similar to those obtained from the THz channel measure-
ment alone. A noticeable quality improvement in terms of
the degree of freedom for signal is also obtained. By using
both channels concurrently, the corresponding smoothing er-
ror (Fig. 16b) indicates that regularization results in less in-910

formation loss below 22 km and the noise error below 19 km

Fig. 15. Propagated errors of atmospheric profiles onto the OH retrieval. By assuming errors
of −1 and 1 K in the temperature profile and errors of −1 and 1 % in the pressure profile,
respectively, the results in terms of absolute unit (a) and relative unit (b) with respect to the
true profile are shown. The black dashed line refers to the retrieval error in case of the exact
temperature profile.
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16 J. Xu et al.: Far infrared balloon-borne limb sounding of stratospheric trace gases

Table 2. Major instrument and geometry settings for multi-channel retrieval simulation. The channel notation GHz stands for the 480–
650 GHz channel.

Parameter Description

Channel THz GHz
LO frequency 1877.63 GHz 619.10 GHz
Intermediate frequency 4–6 GHz 5–7 GHz
ILS function Hamming apodization Lorentzian
Field-of-view (FWHM) Gaussian (6.3 arcmin) Gaussian (10.8 arcmin)
Signal-to-noise ratio 30 110
Top-of-atmosphere 85 km
Observing altitude 34 km
Tangent altitudes 10–32.5 km
Vertical sampling 1.5 km
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Fig. 16. (a): Averaging kernels for HCl retrieval using the single-channel measurement in the 1.8 THz and 480–650 GHz channels, and the
multi-channel measurement in both channels. The notation DOF stands for the degree of freedom for signal. (b): Relative retrieval error,
smoothing and noise errors of HCl for the single- and multi-channel fitting.

is decreased by about a factor of 5, as compared to the results
using the THz channel only. In this case, the relative retrieval
error is therefore 5-10 % better over the altitude range of 10–
20.5 km. For the retrieval using the THz channel only, the915

noise error dominates the retrieval error over the whole alti-
tude range due to the worse signal-noise-ratio, whereas the
noise error is very closed to zero for the retrieval with the
GHz channel data. The smoothing error for all retrievals is
large below 20.5 km and the regularization can have an ef-920

fect on the retrieval quality of HCl. By comparison with the
results using the GHz channel alone, a smaller smoothing er-
ror given by the multi-channel measurement is achieved, al-
though a slightly worse retrieval error is found above 20.5 km
due to larger measurement noise in the THz channel. Ac-925

cording to these results, the sensitivity of HCl in the THz
channel microwindow is superior to that in the GHz channel
microwindow at higher altitudes, while at lower altitudes the
GHz channel data delivers a stronger HCl signal.

In Fig. 17 the errors of HCl with respect to the true pro-930

file for the three cases are depicted. The error for the multi-
channel measurement is overall better than that retrieved
from the THz channel measurement. A large improvement
can be found below 17.5 km with respect to that using the
GHz channel only. The largest error appears around 20.5 km935

where the noise error (see Fig. 16b) is largest below the ob-
server in the THz channel measurement.

These results indicate that the multi-channel simultane-
ous retrieval can help to improve the quality of the retrieval
by significantly better exploitation of information from the940

observations. Furthermore, the multi-channel fitting requires
less iteration steps than both single-channel cases.

5 Conclusions

We have presented the retrieval code PILS for in-
frared/microwave limb sounding and applied it to the TELIS945

Fig. 16. (a): averaging kernels for HCl retrieval using the single-channel measurement in the
1.8 THz and 480–650 GHz channels, and the multi-channel measurement in both channels. The
notation DOF stands for the degree of freedom for signal. (b): relative retrieval error, smoothing
and noise errors of HCl for the single- and multi-channel fitting.

302

http://www.geosci-instrum-method-data-syst-discuss.net
http://www.geosci-instrum-method-data-syst-discuss.net/3/251/2013/gid-3-251-2013-print.pdf
http://www.geosci-instrum-method-data-syst-discuss.net/3/251/2013/gid-3-251-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


GID
3, 251–303, 2013

Far infrared
balloon-borne limb
sounding of trace

gases

J. Xu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

J. Xu et al.: Far infrared balloon-borne limb sounding of stratospheric trace gases 17

-30 -20 -10 0 10 20 30
HCl rel. diff. [%]

10

15

20

25

30

35

40

45
A

lt
it

u
d
e
 [

k
m

]

THz
GHz
THz + GHz

Fig. 17. Relative differences of HCl for the single- and multi-
channel retrievals. The retrievals are done with the THz, GHz, and
the combination of THz and GHz data, respectively.

level-2 data processing. Compared to most stochastic data
models used in the literature, our data analysis operates in
a semi-stochastic setting. The forward model is based on an
optimized line-by-line code, coupled with automatic differ-
entiation for evaluating Jacobians accurately and efficiently,950

and the inversion employs nonlinear least squares fitting with
direct and iterative multi-parameter regularization methods.

A sensitivity study of hydroxyl radical (OH) retrieval from
spectra recorded by the TELIS 1.8 THz channel has been
given, assuming a single limb scan with a worst case signal-955

noise-ratio, but otherwise perfect instrumental knowledge.
Both single- and multi-profile retrieval frameworks perform
in decent quality. The results illustrate that OH can be de-
rived from the TELIS observations in the lower and middle
stratosphere. The relative retrieval error is typically 25 % at960

the lowest altitude due to the a priori knowledge and grad-
ually improves with increasing altitude where the retrieval
error is dominated by the noise error.

Furthermore, a sensitivity analysis on potential error
sources has been conducted. We have simulated the calibra-965

tion procedure in the forward model and retrieved OH from
the calibrated measurements distorted by nonlinearity. The
calibration error, mainly the nonlinearity effect, does not in-
troduce a severe error on the OH retrieval.

However, the inaccurate knowledge of the receiver side-970

band ratio is estimated to induce an error in the retrieval, be-
cause the strong OH line lies in the upper sideband in the
selected frequency microwindow. The results are found to be
more severely influenced by larger biases. In particular, the
pointing error could be another major error source for the975

OH retrieval.
The propagated errors due to the atmospheric profiles have

also been investigated. The OH retrieval is very sensitive to
the errors in the temperature and pressure profiles at lower
altitudes where the concentration is rather low.980

Besides, the capability of multi-channel simultaneous re-
trieval of hydrogen chloride (HCl) from the far infrared and
submillimeter observations has been studied. The errors and
averaging kernels demonstrate the improvement on the re-
trieval quality, particularly over the lower altitude range.985

There are some important issues to be resolved, such as
pointing retrieval, reliable temperature profile, and errors in
spectroscopic parameters and continuum model. Our cur-
rent/future work focuses on analysis of the real measurement
data from the three Kiruna campaigns, and we begin with the990

O3 retrieval (see Kasai et al., 2013).
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Bischof, C. H. and Bücker, H. M.: Computing Derivatives of Com-

puter Programs, in: Modern Methods and Algorithms of Quan-
tum Chemistry: Proceedings, 2nd Edition, edited by Grotendorst,
J., NIC Series, Vol. 3, John von Neumann Institute for Comput-1025
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