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Abstract. Within the project MUSICA (MUIlti-platform re- 1 Introduction
mote Sensing of Isotopologues for investigating the Cycle of
Atmospheric water) ground- and space-based remote sen$/nderstanding the geological water cycle is essential for
ing as well as in situ data sets of tropospheric water vapoupredicting weather and climate, where atmospheric water
isotopologues are provided. The space-based remote-sensiffgaffected by evaporation, transport, and condensation and
data set is produced from spectra measured by the IASI (Instrongly interacts with fundamental thermodynamic pro-
frared Atmospheric Sounding Interferometer) sensor and i$€sses such as energy transport and radiation. But different
potentially available on a global scale. effects on the energy budget are still not clear such as rain-
Here, we present the MUSICA IASI data for three differ- fall evaporation (e.gWorden et al. 2007) or radiative im-
ent geophysical locations (subtropics, midlatitudes, and Arc-pacts depending on the present water phase Teegiberth
tic), and we provide a comprehensive characterisation of thé&t al, 2009. Thus, additional knowledge about the water
complex nature of such space-based isotopologue remoteeycle would allow improved weather forecasts as well as
sensing products. The quality assessment study is complénore precise climate predictions. Hereby, water vapour iso-
mented by a comparison to MUSICAs ground-based FTIRtopologues may give detailed insight into the different pro-
(Fourier Transform InfraRed) remote-sensing data retrievedre€sses since the partitioning of the different isotopologues
from the spectra recorded at three different locations withindepends on the underlying process (equilibrium condensa-
the framework of NDACC (Network for the Detection of At- tion or Rayleigh process, ice lofting, mixing of dry and hu-
mospheric Composition Change). mid air masses, rain evaporation, plant transpiration, etc.). In
We confirm that IASI is able to measure troposphers©H  this paper combined measurements gt and HD}°O are
profiles with a vertical resolution of about 4 km and a ran- used (in the following referred to asB and HDO). The en-
dom error of about 10 %. In addition IASI can observe mid- richment of the heavier isotopologue HDO compared to the
dle tropospheriéD that adds complementary value to IASI's main isotopologue kD is calledsD and calculated as a de-
middle tropospheric O observations. Our Study presents viation of the ratio of both iSOtOpO'OgUES Compared to the
theoretical and empirical proof that IASI has the capability Vienna standard mean ratio in ocean water (VSMOW).
for a global observation of middle tropospheric water vapour HDO/H-O
isotopologues on a daily timescale and at a quality that iSSD = 1000 %ox (# —
sufficiently high for water cycle research purposes. VSMOW
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More than 50 years agoraig(1961) reported on the mea- concentrations remains relatively stable. This is the dominat-
surements of water isotopologues by mass spectrometry img characteristic of atmospheric water vapour isotopologues
collected liquid water samples from all around the globe. Theand has to be accounted for when setting up a remote-sensing
first atmospheric in situ profiling of water isotopologues in retrieval.
the gas phase was performed Blhalt et al.in the 1970s We use the same code (PROFFHase et al.2004) for
(a review is given inEhhalt et al. 2005. Since then a few MUSICA's NDACC/FTIR and MetOp/IASI remote-sensing
dedicated aircraft campaigns have taken place @atpn retrievals. In so doing, we want to ensure that the respec-
2001, Webster and Heymsfiel@003 using different in situ  tive ground- and space-based data products are as consistent
instruments. In recent years there has been great progress &s possible. The code has been developed and successfully
remote-sensing observations of water vapour isotopologuesaised for the inversion of ground-based absorption spectra
In the meanwhile ground-based FTIR (Fourier Transform In-as well as thermal nadir spectra (eSchneider and Hase
fraRed) instrumentsSchneider et al2006 2012 have been  20113. The retrievals are performed in logarithmic scale and
used for measuringD in the lower and middle troposphere. with an interconstraint between both water vapour isotopo-
Furthermore, there are space-borne scientific sensors th&igues. This strategy enables us to account for the dominat-
measure middle troposphe® (Worden et al.2007) and ing characteristics of the atmospheric water vapour isotopo-
3D at and above the upper troposphere and lower stratosphefegue state.

(e.g. Steinwagner et gl.2007 Payne et aJ.2007 Lossow
et al, 2011). Most recently, middle tropospheréD prod- 2.1 The {humidity, §D} proxy state and water vapour
ucts applying the operational meteorological satellite sensor isotopologue covariances

IASI (Infrared Atmospheric Sounding Interferometer) have .
been presented i§chneider and Hag20113, Lacour etal. | e state {(In[3OJ+In[HDOI)/ 2} captures the large varia-
(2012, andPommier et al(2014). tions that are common to4® and HDO, it is a good proxy

These remote-sensing observations are very interestinr%r H20 variations, and we refer to itin the following as the
since they can give a global view on the atmospheric wateduMidity} proxy state. The state {In[HDO]-In[HO]} de-
vapour isotopologues, thus promising unprecedented OppOI_s_c_rlbes the relatively smaII_vgr|at|0ns in the HDQ[Bilralltlo,
tunities for water cycle research on a global scale. Howeverlt IS & 9ood proxy foBD variations, and we refer to it in the
the remote sensing of trace gas ratios I is no trivial following as the §D} proxy state. The transformation be-

task. The trace gas ratio product has rather complex charad¥een the {ln[HZO/]’ In[HDO]} state () and the {humidity,
teristics, and it is important to be aware of these complex-5D} Proxy state ') can be realised by a transformation ma-

ities, to understand, and to comprehensively describe thend" ™ P:

otherwise its scientific value will be limited. , %H %]1
Such quality assessment is a main objective of thet =PX = ( 1 I ) )

project MUSICA (MUIti-platform remote Sensing of Iso-

topologues for investigating the Cycle of Atmospheric wa- Herelisnxn unity matrix ¢z is the number of atmospheric

ter, www.imk-asf.kit.edu/english/musiyaSchneider et al.  9rid levels).

(2012 present an extensive theoretical characterisation of the This transformation is very useful for defining a correct

MUSICA ground-based FTIR remote-sensing data set. a priori covariance matrix and thus for setting up the correct
In this paper we give a brief overview of MUSICAs constraints for the atmospheric water vapour isotopologue re-

NDACC (Network for the Detection of Atmospheric Com- trievals. For this purpose, we define a matix, describing

position Change)/FT|R and MetOp (Meteoro|ogica| Oper- the covariances that are common te(Hand HDO, i.e. the

ational satellite programme)/IASI products and the appliedcovariances for the {humidity} proxy state. Similarly, we de-

retrieval strategies (Sec®). In Sect.3 we use the formal- fine a matrixS, for the {sD} proxy state covariances. These

ism as presented for the NDACC/FTIR data seSajineider  two covariances describe the dominating characteristics of

et al.(2012 for characterising MUSICA's MetOp/IASI prod-  the atmospheric water vapour isotopologue variations.

ucts. Then, the IASI and the FTIR products are compared in However, our remote-sensing retrievals work in the

Sect.4. This is done for three rather different locations: for {In[H 20], IN[HDQ]} state, and to set up an adequate optimal
a subtropical, a midlatitudinal, and a polar site. SBaton- estimation constraint we need to define the a priori covari-

cludes the study. ances for the {In[HO], In[HDO]} state. These covariances
(represented b$,) can be easily calculated from the covari-
ances for the {humidity§ D} proxy state (represented by ma-

2 Remote sensing of water isotopologues trix S;) by means of the transformation matfx
In the real atmosphered® and HDO vary mostly in parallel:

compared to the large variability of tropospherig@®{and
HDO concentrations, the ratio between the HDO an®H
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2.3 The MUSICA MetOp/IASI retrievals

Sa=PigpT IASI is one instrument aboard the MetOp satellites, which
I _1p Sa 0 I I are operated by EUMETSAT (European Organisation for
= ( I 1% ) ( 0 S, > ( 1y 1 ) the Exploitation of Meteorological Satellites). Since it flies

2 ! 2 2

in a sun-synchronous polar orbit and since IASI measures
in a broad scan across the flight path, IASI samples the
atmosphere almost everywhere twice a day (morning and
evening overpass). IASI is an infrared Michelson interfer-
For more details please refer to Sect. 3.$ofineideretal. ometer and covers the spectral range from 645 to 2762cm
(2012, where the {humiditysD} proxy state is introduced.  (3.62 to 15.5um). More instrument details can be found at
Clerbaux et al(2009 and August et al.(2012. MetOp-A
2.2 The MUSICA NDACC/FTIR retrievals was launched in October 2006, MetOp-B in September 2012.
Here, we only consider spectra measured by the IASI instru-
The NDACC fttp://www.acd.ucar.edu/irwg/Kurylo and ment aboard MetOp-A.
Zander 2000 FTIR spectrometers measure solar absorption For the retrievals, we use a single broad spectral window
spectra in the mid-infrared region (750-4300¢in The  ranging from 1190 to 1400 cnt. We fit the B0, H,180,
very high spectral resolution (typically 0.0036-0.005¢n  and H1’O spectral signatures together as a single species
allows for observing the pressure-broadening effectin the aband the HB®O as another species. Furthermore, there are
sorption signatures. As a consequence, the absorption spectspectroscopic features of GHand NO, as well as weak
contain some information on the vertical distribution of the spectroscopic features of HNOCO,, and Q. All these
absorbing trace gases. For example, in the casesdb@r trace gases are simultaneously fitted during the retrieval pro-
independent layers between the surface and about 35 km atess whereby we use the HITRAN 2008 spectroscopic pa-
titude Barret et al,2002 Garcia et a].2012 and in the case rametersRothman et a).2009 with 2009 updates). We also
of H,O three layers between the surface and the upper tropdfit the surface temperature and the atmospheric temperature,
sphere §chneider et 812012 can be resolved. whereby the a priori temperatures are the EUMETSAT level
For the MUSICA water vapour isotopologue retrieval, 2 temperatures. We put no constraint on the surface tempera-
we work with 11 spectral microwindows between 2650 andture, but a very strong constraint on the atmospheric temper-
3020 cnt? (see Fig. 2 of Schneider et 312012 as well as  ature (we only allow for typical variations of 0.25 K, except
four spectral auxiliary microwindows containing @lines  for the lowermost atmospheric grid point, where we allow for
(in order to optimally estimate the temperature from the mea-variations of 1 K). We only work with pixels that are declared
sured spectraéSchneider and Has2008. We use HITRAN  cloud-free within the EUMETSAT level 2 product. The de-
2008 (High-Resolution Transmission Molecular Absorption tails of the MUSICA IASI HO andéD retrieval setup are
Database) spectroscopic paramet@&stliman et a).2009 described inSchneider and HagR0113, whereby for this
with 2009 updates), while for the water vapour isotopologueswork we made refinements in two areas.
we use parameters that have been adjusted for the speed-We now implement emissivity data into the nadir module
dependent Voigt line shap&c¢hneider et al2011h. of the code (please recall that8thneider and Has2011a
We fit simultaneously the spectral signatures of %0, only sea surface pixels are considered and the emissivity is
HD60, H,180, H,170, O3, N2O, CHs, HCI, and GHg. For  set equal to 1.0): sea surface emissivities are calculated ac-
the constraint of the water vapour isotopologue state we coneording toMasuda et al(1988 for three different wavenum-

:< SaH+2Sa SaH—1Sa ) 3)

SaH—3Sa San+ %Sal

struct a priori covariances for humidity agb (Saq andSy), bers enveloping the spectral retrieval range and for small
respectively; see E@®). For humidity, we assume a lvari- wind speeds. This is valid for most of the cloud-free sea sur-
ability of 1.0 (on log scale) and a correlation length of 2.5 km face IASI pixels, since the dependence of the emissivities on
throughout the troposphere. FéD, we assume adl vari- the wind speed is weak for small wind speeds and the prob-
ability of 80 %. and the same correlation length as for hu- ability of cloud coverage is enhanced at high wind speeds.
midity. Emissivities at land are taken from the Global Infrared Land
For more details about the MUSICA FTIR,B andéD Surface Emissivity Database provided by the University of
retrievals, please s&xhneider et a(2012. Wisconsin in Madisontttp://cimss.ssec.wisc.edu/iremias

Currently the MUSICA NDACC/FTIR water vapour iso- monthly means.
topologue data are available for 10 globally distributed sites In Schneider and Hag@0113, we construct a priori co-
(Schneider et al.2012. In this study we work with three variances for humidity andD (Syy and S); see Eq.3) as-
of them that are representative of rather different locations:suming an a priori variability of tropospheric,® andsD
Izafa at Tenerife Island, Spain (subtropics); Karlsruhe, Gerof 100 and 8 %, respectively, with a correlation length that
many (midlatitudes); and Kiruna, northern Sweden (polar re-increases linearly from 2.5km in the lower troposphere to
gion). 10km in the stratosphere (20 km). For this work we apply a
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slightly looser constraint and assume an a priofOH/ari- Table 1.Mean and standard deviation of degree of freedom of signal
ability (8D variability) of 75% (6 %) for the lower tropo- (DOFs) for the two product types and the three locations.
sphere, 150 % (12 %) for the middle and upper troposphere,

and 30 % (5 %) for the stratosphere. These values agree rea- Location  Producttype 1  Product type 2
sonably with the simulations made by the model LMDz lzafa 415+ 0.10 074+ 0.10
(Laboratoire de Météorologie Dynamique zoom; see Fig. 2 Karlsruhe  378+0.30 0744+ 0.20
of Lacour et al,2012. As correlation length we assume 2 km Kiruna 3314022 0574+ 0.18

in the lower troposphere and increase it linearly to 4 km at
10km altitude and to 8 km in the stratosphere (at 20 km alti-

tude). 3.1 Characterisation of product type 1: optimally

estimated HO profiles
3 Characterisation of MUSICA's MetOp/IASI product
3.1.1 Sensitivity and vertical resolution

Throughout this paper all figures (except for one figure in
Sect4.3) are subdivided into three parts: to the left for Izafia, The averaging kernel matrix\(), representative of the {hu-
representing the subtropics; in the middle for Karlsruhe, rep-midity, D} proxy state, is obtained by a transformation of
resenting midlatitudes; and to the right Kiruna, representingthe {In[H20], IN[HDO]} kernel A (see Eq. 10 of S12):
polar latitudes.

Figure 1 shows typical kernels for the {InO]} and A’ = PAP, (4)
the {InN[HDO]} states obtained from the IASI retrievals. o ]
As mentioned above, there are three groups of graphs: leffhereby the rows oA are plotted in Figl andP is the trans-
group for Izafa, central group for Karlsruhe, and right formation matrix as defined in Ecgx o
group for Kiruna. Each group consists of four graphs: the The rows of kerneR" are depicted in Fig2; i.e. this fig-
top left and bottom right graphs show how atmosphericUré shows the humidity anéD proxy kernels. As in Figl
In[H,0] variations affect the retrieved {InjO]} state and there are thre_e groups of graphs, representative of the three
how atmospheric In[HDO] variations affect the retrieved different locations. The upper left graph of each group doc-
{In[HDOJ} state, respectively. Furthermore, there are large uments the sensitivity and vertical resolution of the IASI hu-
cross-dependencies (top right and bottom left graphs) thafidity product (or the HO product, since bO and HDO
have to be considered. They show how atmospheric INHDOa'Y largely in parallel). The bottom right graph of each
variations affect the retrieved {InjpO]} state and how atmo-  9roup reveals the sensitivity and the vertlca! resolution 'of
spheric In[HO] variations affect the retrieved {In[HDOJ} the IASI §D product. We observe that there is a clear dif-
state. Due to these cross-dependencies and due to the f&reénce between the sensitivity with respect to humidity and
that HO and HDO vary largely in parallel, a straightforward D, meaning that théD product is sensitive to a different
interpretation of Figl is difficult. altitude range than the humidity product. Furthermore, the

Much better insight is provided by transferring the reFri_eved«Sl_:) i; sign.ificgntlly affe_cted by real atmospheric hu.-
{In[H 0], IN[HDOJ} state to the {humiditysD} proxy state. midity variations; i.e. it is not independent on atmospheric
This proxy state concept enables us to characterise thBumidity (see large values in the bottom left graphs of each
complex MUSICA MetOp/IASI water vapour isotopologue 9roup). o _
remote-sensing data by means of the well-known Rodgers Producttype 1 offers a humidity product with about 4 de-
formalism Rodgers2000). This is done with great similarity ~ 9rées of freedom for signal (DOFs; see Tablelt is well
to the characterisation of the MUSICA NDACC/FTIR prod- suited for investigating the vertical distribution of humidity.
uct as presented Bchneider et a{2012), to which we refer However, it is less suited for isotopologue studies, since the
throughout this section as S12. Very receymmier etal. 6D product has a different sens_iti_vity and is significantly af-
(2014 used the S12 formalism for assessing uncertainties irfécted by the atmospheric humidity state.
the IASI water isotopologue product as provided by the Uni-
versité libre de Bruxelles.

In the following we will characterise the two types of the
IASI water vapour isotopologue products.

3.1.2 Propagation of uncertainties

The propagation of uncertainties to the humidity atidl
states can be calculated as (see Eq. 13 of S12)

S, =PGK e, KTGTPT, ®)
wherebyG is the gain matrixK , the error Jacobian matrix

for parameterp, ande, the parameter uncertainty. We cal-
culate the error Jacobias, as follows: we calculate two

Atmos. Meas. Tech., 7, 2712732 2014 www.atmos-meas-tech.net/7/2719/2014/
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Figure 1. Example of IASI row kernels in the {In[bO], IN[HDO]}-basis (kernel matrixA). There are three groups of graphs: left group

for Izafia, central group for Karlsruhe, and right group for Kiruna. The upper panels display how the retriey&?] lis[Biffected by actual
In[HQ] variations (left panel of each group) and by actual In[HDO] variations (right panel of each group). The lower panels display the
same for the retrieved In[HDO].
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Figure 2. Same as Figl but for the kernels in the {humidityiD} proxy state basis (kernel matri&’, Eq.4). In agreement wittSchneider
et al.(2012 the cross-correlations are multiplied by the factors 12.5 (lower left panel in each subgraph) and 0.08 (upper right panel).

simulated spectra using a different parameteFhen we cal- For emissivity we assume an uncertainty value of 5%
culate the difference of the simulated spectra and divide it by(land emissivities are taken from measurements and ocean
the difference applied in parameter emissivities from the model dflasuda et a).1988. In agree-

The assumed uncertaintieg are listed in Table2. As ment with August et al.(2012, we assume a temperature
measurement noise we assume 5 %o (noise-to-signal ratioyncertainty of 2 K for surface temperature and the tempera-
which is in agreement with an IASI radiometric noise value ture in the lowermost tropopause (0—2 km) and of 1 K above,
of 2 x 10~2uW/(cn? srenm ). This noise value is a rather whereby we suppose that the uncertainties at ground level
conservative estimation if compared to the noise level ofand at different atmospheric layers are uncorrelated.

4% 10~3 uw/(cn? srenl) as established b@lerbaux et al. For complex terrain, IASI's ground pixel might cover an
(2009 Fig. 2) for the 1190-1400 cnd region. As furtherin-  area with varying ground altitude. This is considered in our
strumental error we assume a small uncertainty in the obsererror assessment by assuming an uncertainty in ground alti-
vation geometry (0.Cluncertainty in the swath angle). tude of 20 m. In addition, the IASI pixels can be affected by

For the line intensity parameters of the water vapour iso-unidentified clouds. This might be low optically thick clouds
topologues (HO and HDO) as well as of the major interfer- that only partly cover the IASI pixel (we assume a 5 % cover-
ing absorbers CiHand NO, we assume an uncertainty of age) or elevated but optically thin clouds that cover the whole
2%. In addition, we consider an uncertainty of the pressuredASI pixel (we assume a cloud with 98 % transmittance).
broadening parameters obB and HDO of 1%. These as- Figure3 shows how these uncertainties propagate into the
sumptions are in good agreement with the uncertainty valueproduct type 1 humidity profiles. Depicted are the square
given in the HITRAN line lists (e.gRothman et a).2009. root values of the diagonal of the error covariance matrix

S The calculations are performed for the three different

www.atmos-meas-tech.net/7/2719/2014/ Atmos. Meas. Tech., 7, 221/B2 2014
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Figure 3. Error estimation for water vapour (product type 1) at all measurement sites. The assumed uncertainty sources are detailed in
Table2. Minor error sources are depicted as grey lines.

Table 2. Uncertainty sources and expected magnitudes used for er- In the lower troposphere we predict larger errors for the

ror estimation of the IASI retrieval. subtropical ocean scene around Izafia than for the continen-
tal scenes around Karlsruhe and Kiruna. This is due to the

Uncertainty source Expected magnitude  re|atively lower thermal contrast encountered over the ocean
Noise 5 %o as compared to the continent. The surface and boundary
Swath angle 0.01 rad layer temperatures for the subtropical ocean around lzafa
Line intensity HO 2% are about 290 and 291K, respectively; i.e. there is no ther-
Line intensity HDO 2% mal contrast between surface and atmosphere. At the conti-
Line intensity Chy 2% nental sites there is significant thermal contrast: at Karlsruhe
Line intensity O 2% the temperatures are 290 and 276 K for the surface and the
Pressure-broadening® 1% boundary layer temperature, respectively, and at Kiruna it is
Pressure-broadening HDO 1%

279 and 270K, respectively.

Emissivity 5% . . . .
Surface temperature oK _ The mo;t important systematlc uncertainty source as listed
Atmospheric temperature2km) 2K in Table3 is the spectroscpplc pa}rameters: For our assump-
Atmospheric temperature (2-5km) 1K tions of a 2% uncertainty in the line intensity and a 1% un-
Atmospheric temperature (5-10km) 1K certainty in the line pressure broadening parameters, we esti-
Atmospheric temperature-(10km) 1K mate a systematic error in the product type Jd0Horofile of
Ground altitude 20 m 2 %.
Cloud at 1 km (optically thick) 5% cloud coverage
Thin cloud at 10km Transmittance 98 % 3.2 Characterisation of product type 2: consistent HO

and §D data

sites individually (from the left to the right: for pixels mea- As_oqtlined in _SECt_' 4.2 0f 512, we have to perform an a pos-
teriori processing in order to ensure that the product can be

sured over the subtropical ocean around lIzafia, for land pix qf . | h Thi
els measured around Karlsruhe, and Kiruna). For each site ysed tor water vapour isotopologue research. This a poste-

single and representative typical situation is chosen. All of10"1 processing takes care that the humidity @ prod-

this situations are measurements during morning overpass é becorﬂe jensm;/e to ve}ryhsmlla'\r aét:j’\t/u?e ranges, and it
in springtime and have an identical satellite zenith angle of © uces the dependency of the retried lalues on atmo-
about 25.3. spheric humidity variations. The a posteriori processing is re-

Above the lower troposphere (above 2-3 km altitude), thealised by a simple matrix multiplication (see Eq. 20 of S12):
propagation of the uncertainties is very similar at the differ-
ent sites. Atmospheric temperature, thin elevated clouds, and. — PICPG —xa) +x ©)
measurement noise (in the upper troposphere) are the dom- &
inating uncertainty sources. Atmospheric temperature and Here# is the retrieved {In[4O], InN[HDO]} state, x5 the
measurement n.oise are mainly random uncertailjty SOurce$, priori state, andt* the a posteriori corrected {InjO],
and we can estimate the random error for the middle/uppef,[HDO]} state. The matrixP is the transformation matrix

tropospheric humidity type 1 product to be about 10 %. Theo £q. (2) andC the correction operator (for the definition of
thin elevated clouds occur randomly but also introduce a sysc please refer to Eq. 14 of S12).

tematic bias.

Atmos. Meas. Tech., 7, 2712732 2014 www.atmos-meas-tech.net/7/2719/2014/
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3.2.1 Sensitivity and vertical resolution The systematic errors due to the assumed spectroscopic
line parameter uncertainties are about 1-2% feOHand

The a posteriori corrected kernel for the {humidi8D}  15-20%. forsD. Further systematic errors might occur in

proxy state is (Eqg. 15 of S12) the case of frequently not identified thin elevated clouds.

A" = CPAP™L. (7) 3.3 Summary of the product characterisation

The rows ofA” are depicted in Figd. The correction has  The IASI water vapour isotopologue products are rather
the desired effects. First, it reduces the cross-dependency @omplex and we can offer two different product types.
humidity onéD (compare bottom left graphs of each group The same classification has been used for the MUSICA
in Figs.2 and4), thereby minimising the dependency of the NDACC/FTIR data set as presented 8thneider et al.
8D product on atmospheric humidity. Second, it assures that2012). Type 1 is a water vapour profile product given by the
the humidity (or HO) product and théD product represent  direct retrieval outpug. It is characterised by a good vertical
very similar altitude regions (compare upper left and bottomresolution (the respective kernels are depicted in the top left
right kernels of each group in Figgand4). This isimportant  graph in Fig2). Type 2 is a product for water vapour isotopo-
since the added value 6D has to be investigated together |ogue research and is calculated from the retrieval output by
with H20 in the form of BO-versussD plots, meaning that  the a posteriori processing as described in By.Ror type 2
both products have to be used and have to be representativee water vapour profile has reduced vertical resolution, but it
of the same altitude regions. is representative of the same altitudes as the retrigDgthe

This product type 2 is well suited for atmospheric water kernels are presented in the top left and bottom right graph
isotopologue research. It has a sensitivity that is limited toin Fig. 4). Furthermore, for type 2 the retrievé values
the middle troposphere (between 2-8 km altitude) and offersare less dependent on atmospheric humidity if compared to
typically about 0.7 degrees DOFs (see right column of Ta-retrieved type 3D values.
ble1).

3.2.2 Propagation of uncertainties 4 Intercomparison of MUSICA's NDACC/FTIR

and MetOp/IASI products
The propagation of the uncertainties can be calculated by

(Eg. 19 of S12) In this section we compare the MUSICA MetOp/IASI
, T T ~T o ~T and the MUSICA NDACC/FTIR water vapour isotopologue
Se = CPGK ep€,K,GTPTC". (8)  remote-sensing products. We do this for product type 1 —

] o ] the vertically resolved b profiles — and product type 2 —
Figure5 shows how the uncertainties propagate into theihe consistent WO andsD data. In order to facilitate this

type 2 products of KO (upper panels) angD (bottom pan-  ¢omparison exercise, both the ground-based FTIR and space-
els). The typical random error ford® is 3-10% and is dom-  paseq |AS] retrievals use the same a priori profiles feDH
inated by the atmospheric temperature uncertainties and by,qsp.

not well identified thin elevated clouds. The® errors are
a bit larger for lzafia than for the other two locations. This4.1 Coincidence criteria
is due to the fact that over the subtropical ocean there is a
better sensitivity with respect 8D than for the midlatitudi-  We define that IASI measurements are coincident with FTIR
nal or polar land scenes. Reducing thgdsensitivity to the  measurements if the time lag is less than 2 h. The spatial cri-
low §D sensitivity also reduces the sensitivity with respect terion is fulfilled if the location of the I1ASI ground pixel
to uncertainties (at Karlsruhe and Kiruna more than at Izafiajs within a box of approximately 110k 110 km bound-
compare the groups of kernels in F&4). ing the location of the corresponding FTIR instrument to the
The sD error is clearly dominated by the dependency onsouth. The shift to the south is performed since the FTIR
atmospheric humidity. One and the same atmosphidic measurements are pointing southward towards the Sun.
value is observed by IASI with an uncertainty of more than We tried to qualitatively assess the validity of these coin-
40 %owhen observations are made for different atmosphericidence criteria. For this purpose we use the variation as seen
humidity scenarios (dry versus humid conditions). If therein the FTIR data for estimating the temporal inhomogeneity,
are independent #0 measurements available, we can sim- and the variations as seen in the IASI data for estimating the
ulate this error by means of the averaging kernel (bottomspatial inhomogeneity. The scatter ¢1standard deviation)
left graphs of each group in Fig) and eventually correct in the FTIR data observed during the 2 h around local noon
it. Please note that this error is even larger if we do not applyare due to FTIR random errors and temporal variations in
the a posteriori correction. Furthermore, measurement noisthe atmosphere. We can use it as an upper limit of the tem-
and thin elevated clouds are important and can sum up to @oral inhomogeneity. Similarly we use the scatter between
random error of 15—-25 %o. the IASI data corresponding to all morning overpass pixels
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Figure 4. Same as Fig but for the a posteriori corrected {humidiyD} proxy state (kernel matriA” according to Eq7).
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Figure 5. Error estimation for humidity and the isotopologue at all measurement sites. The estimated and used magnitudes can be found in
Table2. Minor error sources are depicted as grey lines and are included in the total error.

Table 3. Estimated potential temporal and spatial mismatch. 4.2 Comparing two remote-sensing products

Ho0 [%] 8D [%] The averaging kernels and thus the altitude resolution and
sensitivity for the FTIR and IASI products are different. For
product type 1 (vertically resolvedJ® profiles) the IASI re-
trieval yields DOFs of about 4 and best altitude resolutions
in the middle troposphere. The FTIR products for the Izafia,
) o o Karlsruhe, and Kiruna sites have DOFs of about 2.5-3 and
that fall in our validation box as an upper limit of the spa- show best vertical resolution close to the surface and rea-
tial inhomogeneity (the scatter is due to IASI random errorsgynaple sensitivity up to the middle/upper troposphere. For
and inhqmogeneity in the atmo_spheric fields). These i”ho'product type 2 (consistent4® andsD data) the situation
mogeneity values are resumed in TaBlend are calculated g yjice versa. There, the FTIR products offer better sensitiv-

from all available FTIR and IASI data (not only the coinci- ity (DOFs of 1.5-1.7) than the IASI product (DOFs of about
dence data). They document how a temporal and/or spatie@j)_

mismatch between the FTIR and the IASI observations can
affect our comparison study.

Temporal 1 7.5
Spatial 193 175
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These differences limit the comparability of the IASI and 15 15 izafia
FTIR remote-sensing products. We can estimate the effect of \ Karlsruhe
the different averaging kernels on the comparability: 1 1 Kiruna

10 104"
So= (Al —ARSAAI - AR, )R- T |
= / S
whereS; is the atmospheric covariance matrix afydand %3’ § 1
Ar the averaging kernels for the IASI and FTIR products, £ 5+ S 54 ! (
. . e . [} g [ i B
respectively. As a metric for the comparability of the two in- ] H \
struments, we work with the square root values of the diago- ] . 1
nal elements o0& and calculate the ratio with respect to the 0 +——1T——+—1"—1" 0
square root of the diagonal elements of atmospheric covari-  ° 20 40 60 80 100 0 20 40 60 80 100

ance matrixS,. The obtained value,/diag(S;)/,/diag(Sa), sqri(diag(S,)) / sqrt(diag(S) [%]  sqrt(diag(S,)) / sart(diag(S,)) [%]

is informative on the portion of the atmospheric variability o

that cannot be compared; i.e. it appears as scatter betwednigU'e 6. Level of comparability between FTIR and IASI remote-
the FTIR and 1ASI products although both instruments andSensing data sets at the three different locations. Left pan&) H

. . .. profile product (product type 1), witls; calculations according
retrievals work perfectly and detect the same air mass. If it |s|to0 Eq. ©). Right panel: consistent humidity an® data (product

100 %, we cannot compare the products (the kernels are Ve%pe 2), with solid lines representirg calculations according to

different); ifitis very low, the kernels of both instruments are gq_(9) and dashed lines representig" calculations according to
quite similar. Eqg. (10).

4.3 H,0 profiles (product type 1)

The good agreement observed here is consistent with pre-
vious studies that compared IASI8 profile products to
meteorological radiosonde dat®dugatchev et gl.2009
Schneider and Has2011a August et al.2012).

The left graph of Fig.6 depicts the comparability values
VdiagSe)//diag(Sy) for product type 1;i.eS is calculated
according to Eq.9) when using the type 1 kernels for IASI
and FTIR. Examples of IASI type 1 kernels are shown in
Fig. 2 (for typical FTIR type 2 kernels please see Fig. 3bin 4 4 consistent HO and 8D (product type 2)

Schneider et 812012). We find that the IASI and FTIR prod-

ucts are well comparable between 2.5 and 8 km, for the subThe solid lines in the right panel of Fig.depict the compa-

tropical ocean scene around Izafia, and between 0.5 and 5 kipgbility values,/diag(S)/./diag(S) for product type 2; i.e.
for the continental scenes at Karlsruhe and Kiruna. For thesg, is calculated according to Eq@)(when using the type 2
altitudes we estimatg/diagSc)//diag(Sa) < 40%. Acom-  kernels for IASI and FTIR. Examples for IASI type 1 kernels
parison for altitudes above 13km makes little sense, sincyre shown in Fig4 (for typical FTIR type 2 kernels please
there both IASI and FTIR sensitivities are rather low and bOthsee F|g 3¢ infSchneider et a|2012) For Izafia these val-
sensors report mainly the a priori assumptions. ues are smaller than 50 % above 4 km altitude, whereby the
For the coincidences between IASI and FTIR, direct cor-respective IASI kernels show maximum sensitivity around
relations of water vapour are plotted in Figfor all three  4-5km altitude (see bottom right panel of F#), recom-
FTIR measurement sites and three different altitudes. The a|mending a product Comparison around 5 km. For Karlsruhe
titudes are selected according to the comparability estimaand Kiruna, the comparability values (solid line in Féybe-
tions as presented in Fi§. The a priori values are depicted come smaller than 50 % already above 2 km altitude. In addi-
as red stars, and the numbers of coincidensgsafd corre-  tjon, in the Karlsruhe and Kiruna kernels of Figwe observe
lation coefficients §?) are given in each graph. At Izafia and that there are I1ASI sensitivity maxima around 1-3 km; thus,
Kiruna we compare IASI data measured between 2007 ang these two locations a comparison around 2.5 km would be
2012 and at Karlsruhe between 2010 and 2012 (the Karlsruhgost interesting.
FTIR instrument started its operation in 2010) There are sev- For product type 2 the differences between the IASI and
eral thousand numbers of coincidences, except for Kirung=T|R kernels are larger than for product type 1, whereby the
where the number is smaller due to the lack of FTIR mea-FT|R data offer significantly more DOFs than the IASI data.
surements during polar winter. Under these circumstances we can convolve the FTIR data

We find a very good agreement between the two data setsyith the IASI averaging kernels, which modifies Ej.
Both instruments see very consistent deviations from the a

priori values. This is especially true for the middle and upperSS™ = (A| — A|/Ap)Sa(A| — AIAR) . (10)
troposphere. At lower altitudes the correlations tend to be

slightly weaker. In addition, we find no significant systematic  The dotted lines in the right panel of Figshow the com-
difference between both instruments. The common a prioriparability values\/diag(sgm)/\/diag(sa), i.e. with &M cal-
values (red stars) fit well into the correlated data points. culated according to Eq10) and withA; andAf being the
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Figure 8. Correlation between the IASI and smoothed FBIRdata. Colours denote the individual IASI DOFs, the black star marks the a
priori, and the black line shows the 1-to-1 diagonal.

type 2 kernels of IASI and FTIR, respectively. The smooth- Furthermore, we observe no significant systematic difference
ing of the FTIR data with the IASI kernels improves the com- between both data sets (the common a priori values fit well to
parability. Now we get values of about 15 % for the altitudes the correlated data points; see black stars). We observe a scat-
that are interesting at Karlsruhe and Kiruna (altitudes arounder between the FTIR and IASI data of less than 15-25 %.. A
2.5km) and of about 10 % for 5 km altitude at Izafa. part of this scatter is expected to be due to the differences be-
tween the IASI and FTIR averaging kernels (values obtained
from the calculations according to Eq.Q) are given in the

plot as “scatter estimated”). However, most of this scatter is
Figure 8 shows the correlations of the IASI and FTIR due to errors in the IASI and FTIR data as well as due to a
type 28D products for the three different sites and for the mismatch in the air mass as detected by the IASI and FTIR
aforementioned interesting altitudes. Here we work with theobservations. Assuming negligible errors in the FTIR data as
FTIR product that has been smoothed with the IASI ker-well as no mismatch in the air mass as detected by the FTIR
nels. We find a reasonable agreement and correlation coefnd IASI, we can use this scatter as a conservative estimate
ficients R? of about 0.75-0.90. The graphs demonstrate tha©of the IASI 5D random error. Indeed, the observed scatter of
IASI and FTIR see very similar atmosphe#b variations. ~ 15-25%o is in very good agreement with our estimations as

4.4.1 6D correlations

Atmos. Meas. Tech., 7, 2712732 2014 www.atmos-meas-tech.net/7/2719/2014/



A. Wiegele et al.: The MUSICA MetOp/IASI H >0 and éD products 2729

Izafa (~4.9 km) 50- Karlsruhe (~2.4 km) . Kiruna (~2.4 km)

o] - sy
-100 -100]
-100 E ‘_'1_"‘-7#' ¥ '-:" o, e -
R ] R ] L W - LI
el - or O R
22 300 -200+ I 2004 Ee” l’ F o
= s [
3 _400] B upper 10%| -250{ % * 2501
lower 10% . -
-5001 W otherdata | 001 & -3001
-600 ‘ ‘ : : , 350 ‘ ‘ ‘ ‘ , -350
-50- -50-
0,
100 -100 .. -100]
] P -
#*"" =" -150/{ -150 | e o o
_ -200 eyl £F el kg >
Z 3001 : 200 -200] g »
2 _400] 250 250| JECEE )
-500 -300 300{ W
-600 ‘ ‘ ‘ ‘ . 350 , -350
o] -50- -50- -
-100 -100 -
-100] - ]
-200] 1501 -150- W_ 0
3 Ll g
2 3001 -200] -200] L 3
S 400] * -250 -250] =
500] -300] -300] e
e
-600 ‘ ‘ ‘ ‘ , 350 ‘ ‘ ‘ ‘ , -350 ‘ ‘ ‘ ‘
0 1000 2000 3000 4000 5000 O 2000 4000 6000 8000 10000 O 2000 4000 6000 8000

vmr H,0 [ppmv] vmr H,0 [ppmv] vmr H,0 [ppmv]

Figure 9. HoO-versussD plots for coincident FTIR and IASI measurements for the three locations. Plotted are (from the top to the bottom)
the FTIR data, the IASI data, and FTIR data smoothed with the IASI averaging kernels. The colour code displays the upper 10 % and lower
10 % of D values as identified in the FTIR data. The yellow stars mark the a priori values that are similar for FTIR and IASI.

depicted in the bottom panels of Fig. Please note that the 4.4.2 The added value 08D

error due to cross-dependence on humidity is an issue of the

averaging kernels and its remaining effect on the comparaFor comparing the added value &b we have to compare

bility is accounted for in Eq.10). 3D-versus-HO plots. Figured shows such plots for Izafa,

There are several studies that have shown similar correKarlsruhe, and Kiruna. The upper row shows the data as mea-

lation plots betweedD measurements obtained by two dif- sured by the FTIR, the middle row the data as measured by

ferent instruments (e.gchneider and Has20113 Boesch ~ |ASI, and the bottom row the FTIR data being smoothed by

et al, 2013 or betweersD measurements and model simu- the coincident IASI averaging kernels.

lations (e.gSchneider et al201Q Lacour et al.2012). Such We use the FTIR data of the coincident cases (upper row

correlations can document that the investigated instrument i§f graphs) to define strong deviations from the typitiat

able to observe atmosphesb signals. The lower and mid-  Versus-HO curve (i.e. unusual isotopologue observations).

dle troposphere is mainly moistened by mixing with a hu- The deviations demonstrate th&D observations comple-

mid air mass and it is dried by mixing with a dry air mass ment KO observations. For instance, for an observe®H

or by condensation. Both processes mean dBatlecreases concentration we obserd® values not only 0f-100 %o but

with decreasing humidity, resulting in a strong correlation also 0f—300 %o. The lowsD (strong HDO depletion) values

between HO andsD. If we observe a decrease or an increaseare likely caused by a prevailing Rayleigh process (the water

of H,0, a decrease or an increasestf is very likely. The ~ mass has mainly been dried by condensation and subsequent

sD data add scientific value toJ® measurements if we can rainout). The high$D values (weak HDO depletion) suggest

measure the part of th® variations that does not follow the Mixing of humid and dry air masses or that the evaporation

typical correlation betweesD and In[H-O]. In this context ~ source is a rather cold ocean. Further scientific interpretation

please see also Sect. 5%fhneider et a(2014. of theéD-versus-HO curves is the subject of future research

In the following subsection we will examine whether the that will utilise the methods presented here.

value added by the IASID measurements to the IASLIB® In order to identify these deviations, we fit thie data with

measurements is in agreement with the value added by tha second-order polynomial of [H2O]. The red symbols de-

FTIR sD measurement to the FTIRJ® measurement. note the 10 % of all the data that are the most enhancéd in
with respect to the fitted regression curve. The green symbols
represent the 10 % of all the data that are the most depleted
in §D with respect to the fitted regression curve.
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The graphs in the second row also show red and green Good agreement is also found for the®landsD product
symbols, which identify the IASI observations that are madetype 2 data. We can prove that IASI detects almost the same
in coincidence with the FTIR observations marked with red middle or lower tropospherigD variations as the FTIR. Fur-
and green in the upper row of graphs. We find that unusuathermore, the scatter we observe between the two data sets
IASI 8D observations strongly coincide with unusual FTIR excellently confirms our error estimations.
3D observations. This statement is valid for all three mea- In order to demonstrate that the IASI and the FBIR
surement sites. observations provide consistent scientifically useful informa-

The graphs in the bottom row show the same as the uppetion we compareéD-versus-HO plots. The IASI and FTIR
row but for FTIR data smoothed with the IASI kernels. Ac- §D-versus-HO plots of Fig.9 show that the IASBD data
cording to the estimations presented in Fdgsuch smooth-  add information to the IASI BHO measurements and that this
ing improves the comparability to the IASI data. Indeed, added information is in agreement with the information that
these smoothed FTIFD-versus-HO plots agree even better the FTIRSD data add to the FTIR $0 measurements. This
with the respective IASI plots (second row of graphs) thankind of comparison proves that the water vapour isotopo-
the unsmoothed FTIR curves (upper row). logue data produced within MUSICA from MetOp/IASI and

NDACC/FTIR observations contain consistent scientifically

) relevant information. In this context we think that it is im-
5 Conclusions portant to remark that plotting remote-sensing data on the
ESD—HZO space, like in Fig9, only makes sense if both the
retrievedsD and HO are representative of the same water
mass (i.e. only if HO andsD have more or less the same ker-
nels). This is far from being trivial for remote-sensing data
and the paper shows how it can be achieved (a posteriori cor-
F]ection method).

"Our study demonstrates the validity of the MUSICA
MetOp/IASI water vapour isotopologue data for three rather
different geophysical locations: the subtropics, the midlat-
itudes, and the polar regions. Therefore we conclude that
these results provide clear theoretical and empirical proof of
1ASI's capability for a global observation of lower/middle

We perform a theoretical and empirical quality assessmen
study of the MUSICA MetOp/IASI water vapour isotopo-
logue data. We identify two types of products. Type 1 prod-
ucts are vertically resolved tropospherig®profiles. Type
2 products are consistent middle troposphery©HandsD
data and can be used for water vapour isotopologue researc

Our theoretical assessments reveal that the IASODH
profiles (product type 1) can resolve tropospheric vertical
structures of about 4 km; i.e. the full-width half-maximum
(FWHM) of the averaging kernels is typically 4 km. The ran-
dom error of these profile data is generally smaller than 10 %
Only in the lower troposphere can it be a bit larger, in par- : . o
ticular for observational scenes with weak thermal ContrasttropospherlcWatervapour ls_o_topolog_ues on a daily imescale

: and at a quality that is sufficiently high for water cycle re-

(small difference between the surface temperature and thgearch purposes
temperature in the lowermost atmospheric layers). The sys- '
tematic errors due to the assumed uncertainties in the spec-
troscopic parameters are estimated to be 2 %.

In the middle troposphere IASI can also consistently de-AcknowledgementsThis study has been conducted in the frame-
tect HbO andsD data (product type 2). In order to achieve work of the project MUSICA, which is funded by the European Re-

a consistent product for #0 andsD we need an a posteri- search Council under the European Community’s Seventh Frame-
ori processing. Without this processing there is a high I,iskwork Programme (FP7/2007-2013)/ERC grant agreement number

of misinterpreting the remote-sensing data due to its high256961' . .
We would like to thank Peter Volger for technical support at IRF

complexity. Without the a posteriori processing thgdHand -

3D products represent different water mass andstherod- E. Seplilveda enjoyed a pre-doctoral fellowship thanks to the
uct has a significant cross-dependency on humidity. Even despanish Ministry of Education.

spite the a posteriori correction method there remains a cross- we acknowledge the support by the Deutsche Forschungsge-
dependency on humidity, which can cadgeerrors as large  meinschaft and the Open Access Publishing Fund of the Karlsruhe
as 40 %o. Beyond this cross-dependency we estigiatean- Institute of Technology.

dom errors of about 15-25 %o.. For the® type 2 product
we estimate a random error of 3—10 %.

For our empirical quality study, we use the MUSICA
NDACC/FTIR data that correspond to observations that are
made in coincidence with IASI overpasses at three different
sites. We find that the $#0 profiles (product type 1) as ob- The service charges for this open access publication
served by FTIR and IASI are in good agreement. This con-have been covered by a Research Centre of the
firms previous studies of IASI 3O profile products. Helmholtz Association.
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