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Abstract. Around 490 GHz relatively strong HDO and which results in freeze drying of tropospheric air, as was al-
H,180 emission lines can be found in the submillimeter ready proposed bBrewer(1949 to explain the stratospheric
thermal-emission spectrum of the Earth’s atmosphere, alongridity. Although this explanation has been accepted as the
with lines of the principal isotopologue of water vapour. general dehydration process of incoming tropospheric air,
These can be used for remote sensing of the rare/principahe actual mechanisms and locations of the influx have been
isotope ratio in the stratosphere. A sensitivity study has beesubject of discussions ever since, and are still not fully re-
performed for retrieval simulations of water isotopologues solved Rosenlof 2003. Several mechanisms of dehydra-
from balloon-borne measurements by the limb soundertion have been recognised; convective overshootBige(-
TELIS (TErahertz and submillimeter Limb Sounder). The wood and Dessle2000, gradual dehydrationHolton and
study demonstrates the capability of TELIS to determine,Gettelman2001), and ice lofting Danielsen 1982 Moyer
from a single limb scan, the profiles for,H#O and HDO et al, 1996 Smith et al, 2006. The reaction constants of
between 20 km and 37 km with a retrieval errore8% and  the various processes differ for different water isotopologues,
a spatial resolution of 1.5 km, as determined by the widthand therefore, the isotope ratios of water will provide addi-
of the averaging kernel. In addition HDO can be retrievedtional insight in the different pathways of dehydration of tro-
in the range of 10—20 km, albeit with a strongly deterioratedpospheric air. In situ measurements\bigbster and Heyms-
retrieval error. Expected uncertainties in instrumental paramfield (2003 have shown that these processes can indeed be
eters have only limited impact on the retrieval results. discerned by isotope signatures. More recerRlgad et al.
(2008 have shown how water isotopologue data from satel-
lites can contribute in understanding the roles of convection,
mixing, and freeze drying.

1 Introduction ) o .
A second source of stratospheric water is in situ oxidation

Water is one of the most important species in the Earth's atf methane and molecular hydrogen. This water is enriched
mosphere, which occurs not only in the humid troposphere'” the rare, heavy isotopes \{wth_respect to water trgnsported
but also in the relative arid stratosphere. There it plays a vi{Tom the troposphere. As oxidation becomes more important

tal role in the radiative budget over a wide spectral range ad0r higher altitudes, this leads to an enrichment of rare iso-

well as in chemical reactions, both homogeneous and heterd®Pes with altitudeNloyer et al, 1996 Johnson et 8|200%
geneous. Ridal et al, 2001, Zahn et al.20086.

The main source of stratospheric water is the influx of hu- Water dynamics become even more complex if chem-
mid air from the troposphere in tropical regions. Upon entryistry is also accounted for. Water is directly linked to the
into the stratosphere the air crosses the very cold tropopausélOy family, and thereby to numerous chemical processes
in the stratosphere, including ozone-hole chemistry. Strato-
spheric ozone is relatively more enrichedi® than in'80

Correspondence toA. de Lange with respect to other oxygen containing species, dubbed as
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(a.de.lange@sron.nl) the ozone anomaly. If stratospheric water vapour shows
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deviations in the relative depletion of the rare-oxygen iso-tunable 480-650 GHz channel (SRON). The instrument ei-
topes with respect to natural abundances, this may give addiher records a 4 GHz spectrum with the 500 GHz chan-
tional information on how water is interconnected to ozonenel or records simultaneously two 2 GHz spectra with the
chemistry and how important exchange reactions @ranz 1.8 THz and 480-650 GHz channels. The spectral resolution
and Rockmann 20095. is 2.2 MHz. The latter two channels will both be employed

Allin all, the stratospheric hydrological cycle is very com- to retrieve profiles of water isotopologues. The presented ca-
plex and is still far from understood. To shed light on the pacity study pertains to the 480—650 GHz channel by SRON.
manifold of processes of influx, local production, and the TELIS had its maiden flight in June 2008 in Teresina,
various chemical reactions of water, water isotopologues ardrazil. It was mounted on the MIPAS-B2 balloon gondola
a useful tool. Vertical stratospheric profiles of water isotopo-and flew together with the MIPAS instrument (Michelson
logues can contribute to solving these long-standing issues.Interferometer for Passive Atmospheric Soundirfg)ied|-

In natural abundance 99.7% of water consists of the prin-Vallon et al, 2004 and mini-DOAS (Differential Optical
cipal isotopologue bi®0, and hence retrieving concentra- Absorption Spectroscopy)Weidner et al. 2009. Dur-
tions of the rare isotopologues with remote sensing teching this flight all subsystems were separately successfully
niques is challenging. Currently operational satellite instru-tested Yagoubov et a].2008. The first scientific flight is
ments that provide stratospheric water isotopologue profilegoreseen in spring 2009 in Kiruna, Sweden.
are MIPAS Gteinwagner et §12007), Odin (Zelinger et al. Heterodyne detection is based on measuring the difference
2006 Urban et al. 2007, ACE-FTS (Nassar et a).2007), frequency of the atmospheric signal and a reference signal.
and, up to 100 hPa{17 km), also TES\WVorden et al.2009. The reference signal is generated in the so-called local os-
However, due to low S/N ratios, averaging is required, at thecillator (LO). It is crucial to keep the LO frequency stable
expense of spatial and/or temporal resolution. In view ofand well defined, and in the 480-650 GHz channel this is
the aforementioned science cases, a significant step forwaraichieved by either a phase lock loop or by frequency lock-
would be the possibility of the retrieval of water isotopologue ing. Both methods result in a different shape of the power
profiles from a single measurement and thereby improvingspectrum.
on spatial and temporal resolution. Frequency locking results in a Lorentzian lineshape of the

With a low spectral resolution spectrometer, the spectralLO with a full width half maximum (FWHM) of 2-10 MHz,
features of the rare isotopologues will most likely be dwarfeddepending on LO frequency. The central frequency, how-
by the absorption and emission lines of the principal isotopo-€ver, may drift by~2 MHz. With the phase lock loop
logue, if not other species. A high resolution spectrome-this drift is suppressed and the central frequency is fixed
ter, with the resolving power of individual lines, is therefore within 1 kHz. The lineshape in this case is less well de-
a promising route to obtain the stratospheric isotopic waterfined, but can be measured separately. Most of the power is

composition, as the weak lines may be isolated from stronggenerated in a delta-like peak around the locking frequency
lines. (FWHM<1 kHz). A part, however, is stored in two side

In this paper the possibi”ties of isotopic water re- lobes, located 10-15 MHz from the central peak. It is noted
trieval from the 480-650 GHz channel of the balloon that further signal processing results in an additional uncer-
borne instrument TELIS (TErahertz and submillimeter Limb tainty of the LO frequency of1 MHz, independent of the
Sounder) Hoogeveen et 12005 Yagoubov et a].200§ are ~ chosen locking technique.
investigated by retrieval simulations. The outline of this pa-  The two different locking modes can be selected in-flight
per is as follows. In Sect@—4 TELIS, the radiative transfer and in this paper frequency locking is assumed with an
code and the retrieval algorithm are introduced respectivelyFWHM=2 MHz. Note that the pressure broadening of the at-
Then in Sect5 profile retrieval of water isotopologues are mospheric lines results in linewidthsl0 MHz for altitudes
investigated for the ideal case with perfect knowledge of the<37 km (flight altitude of TELIS), and the actual locking
instrument. Finally, in Sec6, the impact of uncertainties in mechanism, and thus the spectral lineshape of the LO is of

instrument parameters on these retrievals are studied. minor importance.. _ _ _
The atmospheric signal is measured against the abso-

lute difference frequency with respect to the local oscilla-
2 The TELIS instrument tor. Hence, recorded signal may come from either side of
the local oscillator frequency, o, or sideband. In double-
TELIS is a cryogenic heterodyne balloon sounder developedideband mode no sideband is suppressed, and the measured
in a collaboration of three institutes: Deutsches Zentrumspectrum is the superposition of two spectra covering the fre-
fur Luft- und Raumfahrt (DLR), Germany, Rutherford Ap- quency ranges o-+vig respectivelyv o—vig, wherevig is
pleton Laboratory (RAL), United Kingdom, and SRON — the measured difference frequency, or the intermediate fre-
Netherlands Institute for Space Research, the Netherlandsjuency (IF). For the 480—650 GHz channgk=5-7 GHz.
Each institute develops one channel; a miniaturised 500 GHz TELIS is currently operating in double-sideband mode.
channel (RAL), a tunable 1.8 THz channel (DLR), and a The sideband ratio (SBR) represents the relative magnitude
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of the two sidebands in the recorded spectrum. In the follow- 150 L \

ing this ratio is defined as=yysg/yLss, Whereyysg and LO = 495.040 GHz |
yLsB are respectively the gain of the upper sideband (USB) I |
and the lower sideband (LSB). The recorded spectfuis

the weighted superposition of the spectra of the two side- 100
bands,

__yusBluse + visBlLsB
YusB + ¥YLsB 50

Intensity [K]

s 1 1

= s+11uss+ H_—llLSB, (1)
wherelysg andl sg are respectively the spectra of the upper
and lower sideband. In this study a sideband ratie=61.0
is assumed for convenience and hence the weighting factors 150
for both sidebands are 50%. In Se6t2 deviations in the 3 LO = 496.880 GHz |
sideband ratio from unity are addressed. r 1

In the 480-650 GHz channel the receiver antenna, the lo-
cal oscillator, and the mixer that generates the difference
frequency are all situated on a4 mn? chip, called the
Super-conducting Integrated Receiver (SIR). This chip is de-
veloped in collaboration with Institute of Radio Engineering
and Electronics (IREE), Moscow, and is a major step in the
miniaturisation of submillimeter receiver systems. For de-
tails we refer toHoogeveen et al(2005; Koshelets et al.
(2007).

In the 480-650 GHz frequency window, there are a hand-
ful relatively strong isotopic water emission lines. Unfor-
tunately, most of these lines are blended by strong ozone
or water lines. Notable exceptions are the!#® line at
489054 GHz and the HDO line at 4%B7 GHz which are  Fig. 1. Noise free spectra as function of difference frequengy
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also the lines probed by the Odin satellitdrifan et al. for a local oscillator frequency 0=495040 GHz in the upper
2007. It is noted that the HDO line shows a small ozone panel andy 0=496880 GHz in the lower panel. The spectra are
feature in its wing. for TELIS, recording in double-sideband mode with a sideband ra-

In selecting the local oscillator frequency, one should takeli© 0f 1.0. The flight altitude is 37 km and the probed tangent height
care that the lines aimed for do not overlap with lines from 'S 27-5 km. In grey is indicated which part of the spectrum is taken
the other sideband. With the local oscillator set to respec—for retrieval of the mentioned molecule.
tively 495040 GHz and 49880 GHz, the H®0 and HDO

lines are isolated from lines of the other sideband. More- ) . .
over, at these frequencies there is a water line of the prinwhere Tsys=250 K is the noise temperature of the instru-

cipal isotopologue in each spectrum, such that the ratiogn€nt in the frequency range of the rare water isotopo-
H2180/H,160 and HDO/H80 can each be determined from l0gues ¥agoubov et a.2008, Av=2.2 MHz is the spec-
asingle measurement. It is noted that the main water isotopolf@l resolution, and=1.5 s is the integration time, which re-
logue line lies in the same sideband in the case.df@ and ~ Sults in an RMS (Root Mean Squares) measurement noise
in the opposite sideband in case of HDO. AT=0.13 K, corresponfjmg to a S|gnal_to noise ratio _of
In Fig. 1 typical spectra are depicted for the measurement> N=10/0.13~75 for a single spectrum with a tangent point
windows of HDO and K80 for a tangent height of 27.5 km, &t 27-5 km.
meaning the lowest point in altitude along a light path. From The vertical resolution is determined by the field of view
these spectra it can be seen that the signal levels of the ra®f the instrument in conjunction with the spacing between

water isotopologues are10 K. probed tangent heights and the spectral features in the spec-
The measurement noise per spectral sampling point can b&um. The field of view of the 480-650 GHz channel is al-
expressed as most Gaussian shaped with an FWHM in the vertical direc-
tion of 13 arc min at 490 GH2vagoubov et al.2008, which
AT — Tsys 2 translates tex1.5 km at a tangent point of 26 km which is
T JAvr @) the middle of the limb sequence. The field of view in the
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horizontal direction is twice as large, but horizontal gradientsdue to the pressure and temperature dependence of the index
in the atmosphere are much smaller than vertical gradientsf refraction and is included in the model.
and can be neglected on this scale. To account for instrument characteristics, the modelled at-
The limb sequence for water isotopologue measurementmospheric spectra are first convolved with the instrumental
covers the altitude range of 10-36.5 km. Below 20 km thelineshape, as determined by the locking mechanism of the
tangent height spacing is set to 1 km and above 20 km tdocal oscillator. Then the spectra are convolved with the field
1.5 km resulting in a limb sequence of 22 spectra. The ratio-of view (FOV) of the telescope. Finally the absolute differ-
nale behind this is that the range below 20 km is of relevanceence frequency with the local oscillator is taken, effectively
for the influx of tropospherical water into the stratosphere.mapping the two sidebands on top of each other. The latter

The total time required for a single limb scan will 54 min, is true in double sideband mode, but also in single sideband
including radiometric calibration cycles. mode if the suppressed sideband still gives rise to residual
signal.

3  Forward model

4 Retrieval and regularisation
The aim of the forward model is to simulate the measure-

ments by TELIS for a given state of the atmosphere andwith the forward model a spectrum for a specific atmo-
viewing geometry. For this purpose the radiative transfersphere and geometry is calculated that is representative for
equation is solved, which gives the intensityy, s) of ra-  the TELIS measurement. In the following the forward model
diation with frequency at locations in a light path. For  will be denoted byF and the discrete set of atmospheric pa-
a non-scattering atmosphere in local thermal equilibrium therameters by the vectar. A measurement can be simulated
radiative transfer equation can be integrated along the instrupy

ment’s line of sight

r=F(x)+ey, (6)
I(v,5) = I (v, sp)e " "50:5) 4
5 ) wheree, is the measurement error including noise and bi-
/ B, T(s")k (v, s)e™" " ds’, (3) ases.
S0

The aim of retrieval is to invert Eq6J to obtain the atmo-
where B(T) is the Planck function at temperatufe and  spheric conditionx from the measurement As the forward
I (v, sp) is the background intensity at the start of the line model is nonlinear a Gauss—Newton iterative scheme is de-

of sight. The optical density is given by ployed to solve the inversion problem. In every iteration the
s forward modelF is linearised by means of a Taylor expan-
(v, s, s) = / kv, s")ds”, 4) sion around a reference statg 1 and solved for;, where
s’

the indexi refers to the iteration number. This results in
and the absorption coefficientis defined as

y=Kx; +ey, (7)
k(v,s) = ka(v, )y, (5)

whereK is the Jacobian matrix ang=r—F (x;_1)+Kx;_1.
A least squares fit minimises the residue of the modelled

with k,, the absorption cross section per molecule Ofspectrum with respect to the measured spectrum,

moleculem and n,, its number density. In general,
is a summation over many lines, each with different cen-xsq = m|n [(Kx — y)||°. (8)
tral frequency, line strength, and line profile. To ac-
count for random, collision-induced, phase shifts the vanWithin a limb scan each recorded spectrum probes predomi-
Vleck—Weisskopf correction is applied to the Voigt line pro- nately the atmospheric state at a different tangent height, and
files (Vleck and Weisskopf1945. The actual profiles are therefore all spectra contain different information about the
based on line parameters taken from the HITRAN 2004atmosphere. At first glance one might therefore believe that
databaseRothman et a).2005. a least squares fit with a retrieval grid equal to the probed
In the 480—650 GHz frequency range water shows someangent heights would give good results. However, the at-
strong emission lines, the most notable around 557 GHzmosphere above the instrument, where no tangent points are
Even far from line centre the wings contribute significantly possible, may not be neglected in the forward model and
to the spectrum, acting as an offset or continuum. The calwill be of influence for the retrieval. Below the lowest tan-
culated line profiles show small discrepancies with the actuabgent point the atmosphere is probed due to the extended field
line profiles. To account for this, the empirical Liebe model of view. As a result Eq.&) becomes an ill-posed problem,
for the continuum is adopted.iebe 1989. implying that different atmospheric profiles of temperature,
The total path integral of the radiative transfer equationpressure, and molecular concentrations, reproduce the mea-
(Eq. 3) is numerically solved. This path is slightly curved surement within noise limits.
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The least squares solution will then predominately be dewith S, the measurement noise covariance matrix ktfe
termined by the noise on the measurement, rather than thenity matrix.
spectral features. To address this problem Tikhonov regular- Due to the measurement error, a retrieval noise error is
isation (Tikhonov, 1963 Phillips, 1962 Twomey, 1963 is imposed on the retrieved vector. This error propagation is
employed in this study. also governed by the contribution matrix,

With Tikhonov regularisation the least squares condition

_ T
is minimised in addition to a side constraint, sensitive to theSx =Dbs,D, (12)
retrieval noise. The minimisation equatiOI’l becomes WhereSx is the retrieval noise covariance matrix.
_ s ) The retrieved vectok,, is not an estimate of the true at-
Xy =min <||(Kx -+ yiliLx| ) . (9)  mospheric state vectafiue, but rather a weighted average.

By employing Egs. {) and (L0) the retrieved vector can be
wherey is the regularisation parameter, balancing the con-expressed as function of the true vector as follows
tributions of the least square solution and the side constraint,
andL is a suitably chosen matrix. In its standard form, the Xy = AXtrue + €x., (13)
side constraint is the norm aof, |x||2, and subsequently
is the identity matrix. Other choices &f include the ma-
trix representation of theth derivative ofx. In this study,
however, Tikhonov regularisation is employed in its standard

whereA=DK is the averaging kernel arg =De, the error
in the state vector caused by measurement errors.

It is noted here that, may contain more than one atmo-
spheric profile and also other parameters to be retrieved. As
froml. . L the normis used as as side constraint, it may be that this norm

Itis .clear tha't a'good choice of the regqlarlsanon params-e mainly determined by only a subset of these parameters, if
etery is of crucial importance fqr the solutl_on. _It should be_ these are much larger than others. This is circumvented by
chosen large enough that the side constraint filters out noisg rescaling of the elements of the state vector which is em-
contributions. However, i/ is chosen too large, the least ployed in the current study where appropriate.

square residual norm will pot be m|n|m|sed anymore, and By setting the regularisation parameterand thereby the
the spectrum associated with the retrieved vector will deparg ,iipytion matrixD, a retrieval produces three guantities;

from the measurement. o the retrieved state vectar,, the averaging kerné, and the
A successful approach to set the regularisation parametel )\ - iance matriS,. In the following thex, is given in

v is the use of the sp—called L-curve as proposecH-Itmsen units of volume mixing ratio (VMR) and the retrieval error,
(1992. The L-curve is a parametric plot of the logarithms of or the diagonal of the covariance matrix, in percent of the true

the two terms in the minimisation function of E@)(i.e. the . g6~ The averaging kernel is associated with the spatial

2 2
nolrm||x||f Vithle least squares ”%”m(x_ﬁg)” ._F_or_sm;ll dresolution of the retrieval. To interpret the kernel as a mea-
values ofy the least squares residue will be minimised, andg,, ¢ of resolution, the FWHM is calculated for every row in
the norm will be large. Ify is slowly increased, the norm kilometres

of x will sharply drop while the residual norm will almost

stay fixed at its minimal value. This means that the spectrum

associated with this state vecterstill represents the mea- 5 Water isotopologue retrieval

surement, while the noise contributions become suppressed.

There is a rather well defined point where further incrementRetrieval simulations have been performed for the rare water
of y will result in an increase of the least squares norm, in-isotopologues b#0 and HDO in the 480-650 GHz channel
dicating a departure from the measurement, without muctof TELIS. The retrieval results are all for a single limb scan,
change in the contribution of the side constraint. This pointwithout further averaging. For this study synthetic spectra
is the bend in the L-curve and the correspondingalances — are generated with instrument parameters as given in Sect.
the two norms, resulting in a state vector that is mostly ~ and are for convenience also listed in Table

determined by the atmospheric condition as opposed to the Besides the rare isotopologues of water, the specigs O
noise on the measurement. We refeHansen(1992 for 02, H20, N20O, and CIO are taken into account in the forward

the algorithm to locate this point. model in this study. The atmospheric conditions are set to
Once the regularisation parameteis set, the solution can  the AFGL US standard atmosphe#n(erson et a).198,
be written as with the tropopause of 217 K at12 km. However,An-
derson et aldoes not provide profiles for different isotopo-
x, =Dy, (20) logues. For the current study the profiles for the rare isotopo-

) ) o logues are constructed by taking the profile of the principal
whereD is the pseudo-inverse &f or the contribution ma- isotopologue K60 which is then corrected for the natural

trix, abundance of the rare isotopologue. It is noted that the pro-
. N R file of HDO may be depleted in the stratosphere by 30-50%
D= (K K+y I) K'S,?, (11)  which would lead to lower signal strengths and consequently
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N
o

Table 1. Instrument parameters used for the generation of synthetic
spectra. LO stands for local oscillator, FWHM for full width half
maximum, and FOV for field of view.

w
a1

w
o
w
o

LO frequency  495.040 GHz #180)

£t i 1 £ 496.880 GHz (HDO)
g5 E 158 LO shape Lorentzian
< i 1 =< LO FWHM 2 MHz
20r o 120 Sidebandratio 1.0
[ [ ] FOV FWHM 13 arc minutes
15F = s Integration time 1.5 seconds
F 9 r RMS noise 0.13K
10(; T — ‘49‘_08 O =L J10 Limb sequence  10-20km @ 1.0km
[HZISO] [VMR] [HDO] [VMR] 20-36.5km @ 1.5km

Flight altitude 37 km

Fig. 2. Typical example of state vectors forb O (left panel)

and HDO (right panel) for TELIS. The retrieved profile (solid) is pe seen that the averaging kernel peaks to 1.0 over an alti-

shown along with the retrieval error (grey), the true profile (dashed),tude range of 15-35 km in the case OjllaD and 20—35 km

and Axte (dotted). The results are obtained from a single limb 3, 1o cage of HDO resulting in an FWHM equal to the tan-
sequence with 22 spectra recorded at different tangent points and an

integration time of 1.5 s with perfect knowledge of the instrument gen_t spacing, .I'e' 1.5 km abovg 20 km and 1'0. km below. The
parameters. retrieval error is 2—3% over a wide range of altitudes, peaking

at 17-19 km at values of 6% and 11% for respectively HDO

and H180. For HDO there is a clear correlation between the
to higher retrieval errors. This depletion is a function of al- broadening of the averaging kernel, effectively averaging the
titude and lessens with increasing altitude due to methan@rofiles over a wider range of altitudes, and the decrease of
oxidation. The depletion of stratospherig¥30 is less than  the retrieval error for the lower part of the limb scan. It is
10%. Examples of noise-free simulated spectra are depictefioted that the absolute retrieval error increases with decreas-
in Fig. 1 for both HDO and H'80. The parts indicated in ing altitude below 20 km for both isotopologues as both the

grey are used for retrieval. volume mixing ratio and the air density increase.

In this study the temperature, pressure, 8,0, and CIO Above 37 km the retrieval error increases for both-$0
profiles are assumed to be known and set to their a priorand HDO in conjunction with a broadening of the averaging
values. kernel as information in the spectra is limited for these alti-

The H180 line occurs in the wing of a strong water line tudes. This is because no tangent heights are possible above
(just outside the spectrum of Fitj) acting as a large baseline the flight altitude of 37 km. Although the radiative transfer of
offset for low tangent heights. Thereforep® is retrieved this altitude range is of importance for the retrieval at lower
simultaneously with H'80. The purpose of this retrieval is  altitudes, the actual retrieved values are of limited value only.
not to get a proper water profile, but rather to account for Another aspect to consider are cross-correlations between
the offset such that its influence on the'fO retrieval is  different profiles. In Fig.3 only the part of the averaging
minimised. For this retrieval, the {profile is set to the a  kernel is depicted that links the retrieved profile to the true
priori values. profile of that particular species. The cross-averaging ker-

In the wing of the HDO line a @feature resides. To in- nel links the retrieved profile to the true profile of another
vestigate how well HDO can be retrieved without a priori species, i.e. bO in case of H80 retrieval and @ in case
knowledge of ozone, the Lprofile is retrieved simultane- of HDO. Ideally these values are close to zero, which would
ously with HDO. For HDO retrieval, the #0 profile is setto  indicate that the retrieved isotopic water profile is not mixed
the a priori value. with water, respectively ozone. For HDO, this is indeed the

In Fig. 2 the retrieved state vector (solid line) with its re- case and the retrieved profile is not intermingled with the
trieval error (grey area), the true profile (dashed line), andozone profile. For K20, however, the cross-averaging ker-
Axyue (dotted line) are plotted in Fig2 for Ho180 (left nel departs from zero in the range 10-20 km, as is illustrated
panel) and HDO (right panel) for the case that only receiverin the left panel of Fig4. This means that for 580 signifi-
noise is considered. As first guess, the true state vector isant amounts of b is mixed into the isotopic water profile
taken with a scaling factor. The scaling factor has no influ-below 20 km. In the right panel the contributions of the aver-
ence on the retrieval results in the range of 10% to the uppeaging kernel and the cross-averaging kernel to the retrieved
limit of 400%. In Fig.3 the retrieval error, the averaging ker- H»80 profile are both shown. Below 20 km the contribu-
nel and its FWHM are shown for both isotopologues. It cantion of the cross-averaging kernel increases with decreasing
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Fig. 3. The diagonal elements of the retrieved covariance matricesrjg. 4. The cross-averaging kernel of;B acting on H180 is

(left panel), the widths of the retrieved averaging kernels (centregpown in the left panel. In the right pan&kire is depicted for

panel), and the averaging kernels (right panel) for a typical HDO pqth contributions of HO (orange line) and p£80 (black line).
retrieval, respectively, b0 retrieval with TELIS. In Fig.2 the

retrieved state vectors are illustrated.
with Sy the ECMWF temperature covariance matiixthe
contribution matrix,Ks the Jacobian of the temperature,
and S, the covariance matrix of the retrieved state vector
In conclusion the retrieval for HDO can be done over the (Rodgers 2000. The result of this analysis is depicted in
whole 10-37 km altitude range of the limb sequence, with aFig. 5. As can be seen, thg error is in the range of the tangent
retrieval error of 1-6% in the undepleted case. In case HDJ€IgNts only~0.1%, which is less than the retrieval error (see
is depleted the retrieval error ranges fres—8%. The spa- Fig. 3) and is therefore of only minor consequence. Alterna-

tial resolution for HDO, as determined by the averaging ker-tiVely; the temperature prtlagile may be determined from the
nel widths, is 1.5 km above 20 km and below 20 km 1.5-Measurements from t€0*®0 line at 508.996 GHz.

2.5 km.

For Hy180 the retrieval results in an uncontaminated pro-
file above 20 km, with a retrieval error ef3% and an aver-
aging kernel FWHM of 1.5 km. The retrieval below 20 km

altitude, contaminating the retrieved isotopic water profile
and hampering a straightforward interpretation.

6 Sensitivity to instrumental parameters

In the results presented above, perfect knowledge of instru-
Tnental parameters is assumed. Unlike with synthetic data
Shis is obviously not the case with actual measurements. A
sensitivity study has been performed to see how imperfect
knowledge influences the retrieval results. The considered
error sources are pointing knowledge, sideband ratio, LO fre-

The assumed temperature profile has only limited accuracfluency, field of view, and the instrumental lineshape.
and may therefore have an impact on the retrieval error. The o

temperature profile will be taken from the analysis data by6-1 Pointing

the ECMWEF (European Centre for Medium-Range Weather.

Forecasts). The accuracies for March 2009 in Northern Scan! N€ Uncertainty in the pointing of the telescope contributes

dinavia is on the order of 1 K up to the maximum validated generally significantly to the_error quggt in limb retrieval.
pressure level of 10 mbar which corresponds to an altitudét_IS therefore mandatory to |n.spec.t Its mflgenc;e on th? re-
of ~32 km (K. Fielding, private communication, eCMWF, trieval. Currently, TELIS receives _|ts p0|_nt|ng |m_‘ormat|0r_1
2009). A slight increase can be discerned abe®¥ km. from the MIPAS instrument, which is equipped with a dedi-

The accuracies are in the following analysis set to 1 K forCatecj attitude and heading reference system (AHRSaq-

altitudes up to 27 km and then a linear increase with altitude?2/10n €t al, 2004. The stability of this system is much

to 2 K at 46 km. To assess the error propagation of this unpetter than 1 arc minute. However, both TELIS and MIPAS

certainty onto the retrieved rare water isotopologue profilesare cpnnected by several Springs to th? 9°”d°'a frame and it
the following formula is employed: remains untested how these springs will influence the actual

pointing with respect to the received pointing information. It
S = DKTSTK;DT, (14) is estimated that this pointing mismatch is up to 10 arc min.

are hard to interpret as the profile becomes mixed with th
profile of HO.

5.1 Temperature error propagation
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Fig. 5. The error propagation of the limited accuracy on the tem- Fig. 6. The retrieval error, the FWHM of the averaging kernels,
perature on the retrieved HDO ang+{O profiles is depicted. The andxy, —Axtrye for HDO retrieval with a systematic pointing error.
error is given in % relative to the true state vector and can thus di-For reference, the retrieval results with no offset is illustrated as
rectly be compared against the retrieval error. well for the case that pointing information is not retrieved (dashed
black line) and that pointing information is simultaneously retrieved
(solid black line). The pointing offset covers 1-10 arc min, which
Itis investigated what the effect of a pointing error is for both corresponds to a shift of the tangent height of 200 m to 2 km for the
a systematic offset and a random pointing error. lowest tangent points. In the right panel the solid black line refers
If pointing is not accounted for, the spectra correspondingto the retrieval error in case of no pointing offset.
to the retrieved profiles show systematic residuals with re-

spect to the measurement, implying that pointing information . i L
is contained in the measurements. In contrast to the retrievd@SPect to the retrieval without an offset. In fact, this is true

in Sect.5, in the following the pointing angle is retrieved for ©OVer & wide range of pointing offsets. Above 20 km, how-

each spectrum in the limb sequence in addition to the molec€Ver, the retrieval error increases, with increasing pointing

ular profiles. error. For 3arc min the retrieval error is still comparable

The retrieval results for HDO for a systematic pointing off- {0 @ rétrieval with perfect instrument knowledge for 23 km
set are depicted in Fig. In this figure, the dashed black line 2nd above, but below 23 km the error becomes significantly
refers to the retrieval in Sed, i.e. a retrieval with perfect larger. This can be explained by the fact that a pointing offset
knowledge of the instrument and no instrumental parame£°TTespoNds to an increasing offset in kilometers at tangent
ters are retrieved. The solid black line in the left and centreP0iNt for decreasing altitude. The impact on the retrieval is
panels corresponds to the case where no pointing offset is ar}herefqrg highest for the lowest tangent heights. For.increas-
plied, but nevertheless pointing information is retrieved. In N9 Pointing offsets, the affected range extends to higher al-
the range 20—35 km the dashed and solid black lines coincigdtudes. For an offset of 10arc min, the retrieval error is de-
in the centre panel, indicating that the averaging kernel in thid€riorated over the whole altitude range with respect to the
altitude range is virtually unaffected. Below 20 km, however, €triéval without pointing offset. _
the averaging kernel narrows when pointing information is Apart from the retrieval error, of a stochastic nature, a sys-

retrieved. This corresponds to the observed increase in thifMatic error to the retrieved profile may be induced by a
retrieval error in this altitude range. The increase in retrievalPOiNting offset. This can be investigated by comparing the re-
error is by a factor of 6, up to 35%. trieved profile with the smoothed true profile,x 0 —Axye.

This is due to the fact that the HDO line is pressure broad-1 NS €ffect is shown in the right panel of Fig. The solid
ened at low altitudes. A pointing error results in first order, black line refers to the retnevallerror W|_th(_)ut pointing offset.
at low altitudes, in an intensity shift of the spectrum. The AAS can be seen, no systematic error is introduced over the

sensitivity of the spectrum to the HDO profile and the point- Whole altitude range, even up to a pointing error of 10 arc
ing angle show therefore in both cases broad spectral featurd8'"- _ S _

and no distinction can be made anymore between contribu- In conclusion, HDO retrieval is feasible even for the most
tions from one or the other. The addition of extra parametersS€Vereé pointing offsets.  The retrieval error, however, be-

to the state vector results then in the increase of the retrievafOMes large below 20 km, such that a retrieval from a sin-
erTor. gle limb sequence will have only limited information in this

When a pointing offset is applied, the retrieval error and atitude range.
averaging kernel below 20 km are virtually unaffected with
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The retrieval results for 580 for a systematic pointing 40 ] YT 40
offset are depicted in Figi. Above 20 km the averaging . f;: i {’//":} ~— ]
kernel is unaffected by a pointing error, as was also the case 3§ C ‘ 1 r ﬁ;‘/ %
with HDO. For H,*80, however, the retrieval error seemsto | 1 ]
be slightly higher than for HDO, with the exception of the 30 C 1 r %
largest offset of 10 arc min. When no pointing offset is ap- £ 1 E
plied, the averaging kernels of the retrievals with or without €25 C 1 r 153
pointing information, are very similar. This is in contrast to = o E
HDO where a narrowing is observed below 20 km. Whena 20 r 1 C 20
pointing offset is applied, the averaging kernels show some | . K 1 b = =
variation below 20 km, which is governed by noise rather 15,‘, ¢ r \ 1 s
than systematic effects, as is the case with HDO. The re- [/ /) 1 F i\\\\ 1 b3 -— 1
trieval errors are comparable to the retrieval errors of HDO. 10 (oo R EAt il b 10

In contrast to HDO, however, is the observation of large sys- Retrieval error [%] FWHM A ] A

tematic errors in the 180 profile below 20 km (not shown).

Th_'s is, however, of mln_or importance as the retrievals in th'_SFig. 7. The retrieval error, the widths of the averaging kernels, and
altitude range are ambiguous even for the case of perfect inge ayeraging kernels for 180 retrieval with a systematic point-
strument knowledge as is explained in Séct. ing error. For reference, the retrieval results with no offset is illus-
In the above, only a systematic pointing offset was investi-trated as well for the case that pointing information is not retrieved
gated. The results for a random pointing error for each spec¢dashed black line) and that pointing information is simultaneously
trum in the limb sequence, however, are virtually the sameretrieved (solid black line). The pointing offset covers 1-10 arc min,
This is due to the implementation of the pointing retrieval. A which corresponds to a shift of the tangent height of 200 m to 2 km
pointing offset is not retrieved as a single parameter, but igfor the lowest tangent points.
retrieved separately for each spectrum in the limb sequence.
The rationale behind this is that it is anticipated that the ac-
tual pointing angles of real measurements will show a genWhich is of similar form as Eq.1) albeit with an extra scal-
eral offset with a random component superimposed due td"d factor for both sidebands. From these equations it can be
the springs by which TELIS is attached to the gondola, andS€en that an error in the knowledge of the sideband ratio will
hence, it must be retrieved for every spectrum separately. Thiead to erroneous contributions of the spectra of the two side-
retrieval results are therefore very comparable for a systembands. To compensate for this effect, the retrieval algorithm
atic offset or an offset with a random nature. will alter the state vector, and thus the profile, effectively nul-
In conclusion, if there is an uncertainty in the pointing in- lifying these scaling factors.
formation, both HDO and p80 can still be retrieved above ~ The HDO line occurs in this study in the lower sideband
20 km, up to a pointing error of about 5 arc min. For HDO and from Eq. 16) it is then expected that an overestimation
the retrieval is also possible below 20 km, albeit that the re-0f the sideband ratio by a factewill lead to an underestima-
trieval error peaks te=35%. In this range b0 retrieval is  tion of the retrieved profile by a factor &f, for the assumed
hampered due to #D interference, as is explained in Sext.  sideband ratie=1.0. The retrieval results on this systematic
effect are shown in Fig8. Indeed, for small values af the
6.2 Sideband ratio systematic underestimation of the HDO profileSisAbove

20 km the systematic error in the HDO profile is smaller than
An error in the knowledge of the sideband ratio (SBR) leadsthe retrieval error it <0.06, and below 20 km i <0.12.

to a systematic shift in the contributions of the two sideband | oe or more lines of a single species is present in both

spectra, and may lead to a systematic over- or underestimasgepands, the sideband ratio may be retrieved assuming a
tion of the retrieved species. This can be seen as followsgiapie SBR over the frequency interval. FortBD retrieval
Suppose that the relative error in the knowledge of this ratioy,is is the case; @shows spectral features from both side-
is €, then Eq. 1) becomes bands in the retrieval window. The retrieval of the sideband
s(l+¢) 1 ratio is of no consequence for the,HO retrieval (not de-
T s(1+e) 41 UsB + s(1+e) + 11'-53’ (15) picted). If the errok is set to zero, the retrieval errors and
the averaging kernels are almost identical whether the SBR

which, by neglecting higher order termsdncan be rewritten is retrieved or not. In fact, the retrieval results do not show

as significant change over the wide range of uncertainties in the
~ S € sideband ratio 0€=0.0-0.86. This, however, assumes per-
1= 14+ ——)Iuse+
s+1 s+1 fect knowledge of @.
1 € In Fig. 9 it is shown how the retrieval of the sideband ratio
s+1\"  s+1 fiss, (18) " influences the retrieval of the4LPO profile retrieval if ozone
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Fig. 8. The systematic error on the retrieved HDO profile induced Fig. 9. Retrieval results for K80 with an errore in the sideband

by an errore in the sideband ratio. In the right panel the average ratio. For reference the results for a retrieval with a known sideband

values of the altitude range 20-35 km are plotted (solid line). Theratio is illustrated as well in case this ratio is not retrieved (dashed

dotted line corresponds tee/2. line) and in case the ratio is retrieved (solid black line). Note that
in the latter case the line is obscured by the other results, indicat-
ing that an uncertainty in the knowledge of the sideband ratio does

is retrieved as well. Between 20 and 35 km, the retrieval ofnot influence the retrieval. In addition to the sideband ratio is the

the sideband ratio in conjunction with ozone, leaves the re-ozone profile retrieved. The grey line refers to a situation where the

trieved profile unaffected. Only below 20 km the averaging sideband ratio varies over the simulated spectrum over a range of

kernel broadens and correspondingly the retrieval error ded-2-1.3 with an average value of 1.25.

creases, but as explained in Segthis range is of limited

interest only, due to the water interference.

A first measurement of the sideband ratio at 625 GHz ind be d ined
showed a variation in the sideband ratio of 1.2-1.3 Oversure_ment windows are to be etern_une . .
2 GHz. To see how robust the retrieval is for a spectrally non-. It'is noted that for water dynamic studies, the ratio rare

constant sideband ratio, the observed variation in the Sidel_sotopologue/mam isotopologue is of importance. If the wa-

pan o modeled. Th s done s olowsnreases | DTS 817 107, e Seiopologue mesaenen
from 0.2 to 0.3 over the IF frequency rangge=5-7 GHz. ' y

Moreover, & e wih a fequency o600 iz and an  USTCE NS . i case oo b moiopologues e
amplitude of 0.03 is super-imposed on this slope. Even in y

this case the retrieval results fopHO are virtually identical neous sideband ratio on the isotope ratio will cancel, even if

to the retrieval with perfect knowledge on the sideband ratio.the S|.deband ratio Is not_ retf'eved- In_ case of HDO, however '
. . 'both isotopologues are in different sidebands and an error in
For all altitudes and over the whole range of ratios

C . the sideband ratio will cause a systematic error in the isotope
¥y —Axtue does not show significant deviations from zero ratio. For a systematic error of 2.5% in the HDO profile, the
for H>180 (not shown), i.e. an uncertainty in the sideband : ' ’

. : ) . systematic error is 5% in the HDO#@ ratio.
ratio causes no systematic effect on the0 profile. This In conclusion, above 20 km an error in the sideband ratio

retrieved HDO profile. The actual sideband ratio in all mea-

Unfortunatelv. in the HDO retrieval wind i f ratio can be retrieved. For HDO, matters are somewhat more
. ? ortunately, in e_l bl .reglet\r/]a .V(\j”nb ov; noomes ol_a complicated as the sideband ratio may not be retrieved di-
single species are avaiable in both sidebanads. ©zone Ine?(ectly from spectral features in the retrieval window. It re-

however, do occur in the 2 GHz HDO measurement Wmdow‘mains to be seen as to what accuracy the sideband ratio may

;_st;igﬂﬁj g;;gr:r?tf:gu?nsm%ee ?)rfllyc/jirl]):;gurrztrlr?e,ril?ﬁge determined in this measurement window, but uncertain-
) i : L _~ ties of a few percent may already cause biases in the re-
the sideband ratio at 625 GHz showed a variation in the side; P y y

: i . trieved HDO profile. Currently, no variations in the side-
0,
band ratio .Of less t.han 5% over 2 GH.Z' This would imply band ratio larger than 5% are observed over a bandwidth of
a systematic error in the retrieved profile of less than 2.5%.

C . . 2 GHz, which Id impl t ti f2.5% in th
Another option is to take the sideband ratio of the'$D Z, WHICT WOUTC IMPYy & Systematic error o oInthe

. . retrieved HDO profile. The retrieval error for HDO and the
measurement window as the LO frequencies of the measure

_ . . averaging kernel are not influenced by an error in the side-
ment windows of the two water isotopologues differ by less band ratio
than 2 GHz, giving rise to a similar systematic error in the '
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Fig. 10it can be seen that shifts up to 3 MHz do not influence sz 1 E
the retrieval of the K80 profile, when the LO frequency g 2s- 1 F JF Jesg
is retrieved as well. If the uncertainty in LO frequency in- 1 2

T
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T
|
T
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creases to 5 MHz, the averaging kernel broadens somewhat 2o}

- 20
below 20 km, and in conjunction the retrieval error decreases. [ )

7/
|

No systematic errors are observed at altitudes up to flight al- |- // 1 F \ 1 8=

titude. At 40 km, however, a systematic error425% can ; i I 1 F e ]
be observed (not depicted), which is more than the retrieval 1oyl - Lot Tou - LUSsCel ol 10
error of 15% at that altitude. This altitude lies in the range Retrieval error [%] FWHM A [km] A

where no tangent points are possible, and is only of minor

importance Fig. 10. Retrieval results for 80 with an error in the LO fre-
quency. For reference the results are also depicted for a retrieval

E'Zrnggcjr]sg:rltlzirnrﬁetg?r\ﬁ:];esig;?_rg gztalhgi% are not rel Wwithout a shift in LO frequency for the case that the LO frequency
" . . . q y is not retrieved (dashed black line) and that this frequency is re-
evant for isotopic water retrievals with TELIS.

trieved (solid black line). The latter is obscured by the other re-
trieval results, indicating that the retrieval is almost not influenced

6.4 Field of view and instrumental lineshape by an uncertainty in this frequency.

The width of the field of view is known within several per- eypected in the stratosphere and consequently the retrieval
cent. Simulations show that the importance of this uncer-grror will then be~4%. Expected uncertainties in the local
tainty becomes only relevant if this value is larger than 10%,qg¢jllator signal (central frequency, shape, and width), the
and then only in a slight systematic bias below 15 km of lessyyigth of the field of view, and in case of4%0, also the side-
than 1%. This is true even for the case where the field of viewyang ratio have only limited impact on these retrievals. If the
width is not retrieved, and hence this error is of no relevanceypinting error does not exceees arc min, this uncertainty
for isotopic water retrieval with TELIS. An asymmetry inthe |5 31s0 of minor relevance. In fact, only the sideband ratio
field of view, may in first order be interpreted as a pointing may induce a systematic shift in the HDO profile. For the
offset which is discussed in Se6L1 estimated upper limit of 5% in the knowledge of this ratio,
The width of the instrumental lineshape depends on théne pias in the HDO profile is estimated to be less than 2.5%,
locking mechanism of the LO frequency, but s in both casesyich is slightly smaller than the retrieval error. This means
much narrower than the pressure broadened atmospherigat isotopic water can be measured from a single limb scan
lines. Itis therefore expected that the width of this lineshapegown to the lower stratosphere with an accuracy and reso-

is only of minor importance. Indeed, an uncertainty of even|ytion that is sufficient to address the origin of stratospheric
50% does not significantly influence the retrievals, also if this\yater and stratospheric water dynamics.

width is kept fixed and is not retrieved. An asymmetryinthe PO can even be retrieved between 10-20 km probing
instrumental Iineghapg, may i.n first ordgr be interpreted as afne ypper troposphere as well. With perfect knowledge of the
LO frequency shift which is discussed in Se&8 instrument this can be done with a retrieval error of 1-6% and
a FWHM of the averaging kernel of 1.5-2.5 km. However,
this retrieval is deteriorated when pointing information has to
be retrieved as well. In that case the retrieval error increases

This paper demonstrates the capability of the 480-650 GH2/P t0~35%. _ _
channel of the TELIS instrument to retrieve profiles for In that altitude range, the profile of O becomes in-
H,180 and HDO from one single limb scan with an inte- termingled with the profile of the main water isotopologue
gration time of only 1.5 s per spectrum. This enables watefampering straightforward interpretation.

. , . : ; i 8 i i
isotopologue profile retrieval at a high spatial/temporal reso- N conclusion HDO and k0 can bOth be retrieved in th?
lution in contrast to current operational platforms. altitude range 20—37 km from a single limb scan. In addition

For both isotopologues the retrieval error is typically 3% HDO can also be retrieved between 10 and 20 km, albeit with
in the altitude range of 20-37 km and the averaging kernen enhance retrieval error. It is noted that the sideband ratio
width is~1.5 km, corresponding to the altitude step between™May cause a systematic error up to 2.5% in the case of HDO.
two consecutive tangent heights in the limb scan and to thd ELIS can therefore address scientific issues pertaining to
extension of the field of view at tangent point. This is for Water dynamics in the upper troposphere and lower strato-
the undepleted case. For HDO depletions of 30-50% can b&Phere.

7 Conclusions
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