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Abstract. Quantitative knowledge of water vapor radiative processéise atmosphere throughout the tstrial and solar

infrared spectrum is still incomplete even though this is crucial input to the radiation codes forming the core of beth remot
sensing methods and climate simulatioBsside laboratory spectroscomyroundbased remote sensirdigld studies in

terms ofso-called radiative closurexperimentsare a powerful approacbgecause this ithe only way to quantify water
absorption under cold atmospheric conditidfas:. this purpose, we have set up at Mt. Zugspitze (47.42 °N, 10.98 °E, 2964

m a.s.l) a longterm radiative closure experiment designed to cover the infrared spectrum between 400 to 7€02&m

25um). As a benefit for such experiments, #itenospheric states @ugspitze frequentlgomprisevery low integrated

water vapor (IWV; minnum = 0.1 mm, median = 2.3 mm) and very low aerosol optical depth (AOD = 6000232 at

7800 cn at airmass 1). All instruments for radiance measurements and atmospheric state measurements are describe
along with their measurement uncertainties. Baseall parameter uncertainties and the corresponding radiance Jacobians,

a systematic residual radiance uncertainty budget has been set up to characterize the sensitivity of the radiativerclosure ov
the whole infrared spectral range. The dominant unadstacontribution in the spectral windows used for-if#frared

(FIR) continuum quantification is from IWV uncertainties, whileprofile uncertainties dominate in the mimdfrared

(MIR). Uncertainty contributions to nearfrared (NIR) radiance residuase dominated by water vapor line parameters in

the vicinity of the strong water vapor bands. The window regions in betwesabthieds are dominated by solar FTIR
calibration uncertainties at low NIR wavenumbasile uncertainties due to AOD become awreasing and dominant
contribution towards higher NIR wavenumbers. Exceptions are methane or nitrous oxide bands in the NIR, where the

associated line parameter uncertainties dominate the overall uncertainty.

As a first demonstration of the Zugspitze clas experiment, a water vapoontinuum quantification in theIR spectral
region (4001580 cm'’) has been performedhe resulting FIRforeign continuum coefficients are consistent with the
MT_CKD 2.5.2continuummodeland also agree with the most recamhospheric closure study carried out in Antarctica.

Results from the first determination of the NIR water vapor continuum in a field experiment are detailed in a companion
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paper (Part Ill) while a novel NIR calibration scheme for the underlying FTIR m&asuts of incoming solar radiance is

presented in another companion paper (Part II)

1 Introduction

Water vapor causes about 60 % of the telluric greenhouse effect and about 72 % of the atmospheric absorption of incoming
solar radiation for clear skies @il and Trenberth, 1997). Furthermore, water vapor feedback approximately doubles the
response of surface temperature to the imposition of an external forcing, e.g. anthropogermi€&ins (Held and

Soden, 2000). Finally, water vapor is a target sgefue spectrometric remote sensing methods based on the differential
optical absorption principle, and, due to its high variability, it is also a potential interfering species for remoteo$atfising

other atmospheric trace gases (Frankenberg et aB; BMsmann and Borsdorff, 2007; Sussmann et al., 2011). All in all,

it is important to put efforts toward a quantitative understanding of all details of water vapor absorption throughout the

whole terrestrial and solar infrared spectrum.

Numerical approdtes dedicated to weather forecast, climate prediction, and remote sensing data analysis are based upor
radiative transfer codes calculating the absorption and/or emission of radiation by atmospheric trace gases, aerosols, an
clouds as a function of wavelgth. Modeling the radiative impact of the gagse molecular compounds has to include
radiative processesuch & pure rotational absorption/emission in the far infrared (FIR) and vibredi@tion
absorption/emission in the midfrared (MIR) andthe near infrared (NIR). According to quantumechanical selection

rules, both processes lead to atmospheric iygpel absorption/emission spectra with thousands of individual spectral lines.

The most accurate (but tirmnsuming) way of simulating these promes is a fully resolved linby-line approach, e.g.

via the widely used Lin®y-Line Radiative Transfer Model LBLRTM (Clough et al., 2005; Mlawer et al., 2012). The
LBLRTM is then used as validation reference for the faster RRTM which avoidsciimgumindine-by-line calculations

by a correlateg approach (Mlawer et al., 1997) and is used within many climate models (i.e. general circulation models).

However, there are still uncertainties which potentiadtyoduce biasesito the applications (climatg@mulations, weather
forecast, remote sensing). One class of uncertainties is related to the spectroscopic line parameters (e.g. line strength ar
pressure broadened haliidth). For examplethe current spectroscopic foundation of LBLRTM is the line patans

database aer_v_3.2 which is built from HITRAN 2008 (Rothman et al., 2009) with notable exceptios@,f@Q] CH,,

and Q (for details seénttp://rtweb.aer.com/line_param_whats_new.htrAinother source of uncertainty is the-called

continuum absorption, especially due to water vapor. It is a spectrally less structured contribution dominating in window
regions (e.g. Shine et al., 2012) which comprises two components, the self corf@tilouted to HO-H,O interactions)
and the foreign continuum (attributed toQHair interactions). Although stila definite continuum theory doesot exist, it
seems that a consensus has been reached on the existencepoksitadephysical processesontributing, namely i)

monomer contributions resulting from perturbations of the line shape due to (self and foreign)epaitions during
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molecular collisions and ii) dimer contributions, i.e. absorption due to stable and/or metastable Evwderse for

existence of water dimers in the atmosphere has been reported by Pfeilsticker et al. (2003) and Ptashnik (2008). However
the relative importance of the monomer and dimer contributions as a function of temperature and wavenumber (especially
for window versus irband regions) are far from being understood. For recent reviews see Shine et al. (2012), Mlawer et al.
(2012), and references therein. The most widely used water vapor continuum model at this time (MT_CKD 2.5.2) is based
on the monomer hypothkis, while contributions from water dimers shall be implemented in future versions (Mlawer et al.,
2012). MT_CKD is a semiepirical model combining line shape componeahd a weak interaction componeht both

terms empirical parameters are set in a wagchieve agreement with laboratory and field measurements. Constraining
measurements have hitherto been restricted to measurements within the microwave, the FIR, the MIR and, recently, alsc
the NIR, see Mlawer et al. (2012) for details and referendss.rieans that considerable fractions of the 20000 cnit

range of MT_CKD are semiempirical extrapolations in between the constraining measurements, i.e. continueterparam
reported there am@oreuncertain.

The potential impact of line parameter @mtinuum model uncertainties has been investigated in a series of gapers.
exampleone study investigated the impact of improved NIR water vapor line parameters in simulations with the ECHAM4
general circulation model (Lohmann and Bennartz, 2002y Tound thathe global annual mean atmospheric absorption

of solar radiation in ECHAMA4 is increased under all skies between 3.2 and 3.7 aNchbetween 5.0 and 5.7 W?rander

clear skies for the different data sets. While the dynamics barely change, the hydrological cycle is slightly weaker, the
cloud cover has decreased by 0.4 % and the precipitation by 0.06 to 0.08 with the new data sef FIR continuum

study slowed that modifications to the previously derived strength of the water vapor continuum iii 706 té' region

within the Community Earth System Model (CESM) had a statistically significant impact on both the radiation and
dynamics with changes in thentical structure of temperature, humidity, and cloud amount, all of which impacted the
diabatic heating profile (Turner et al., 2012Baynter and Ramaswan(012 showed that the water vapor continuum

could result in between 1.1 Whand 3.2 W rif addtional clearsky absorption of solar radiation globalkccording to
Paynterand Ramaswam{2014) this sizable range is due to fairly large measurement uncertainties in the shortwave near
infrared windowregions(Ptashnik et al., 2004, 2011, 2012, 20Raynter et al., 2007, 2009; Baranov and Lafferty, 2011,
2012;Mondelain et al., 2013 After inclusion of a modifiecharameterization for the shortwave water vapor continuum
(BPSMTCKD 2.0) to the Geophysical Fluid Dynamics Laboratory (GFDL) global mdeaynter and Ramaswamy (2014)

found e surface energy budget adjedpredominantly through decrease in both surface latent and sensible heat. This
leads to a decrease in tropical convection asdbsequent % reduction in tropical rainfallThis resul is consistent with

the finding of DeAngelis et al. (2015) that the treatment of shortwave absorption by water vapor in climate models has a
major influence on the response of the hydrological cycle to climate chiigdly, a recent NIR continuum study
investigated the impact of switching frottne CKD continuum model frequently used in climate models to a continuum

mod el where absorption is enhanced at wavelengths grea
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found that for CKD and CAVIR respectively, and relative to the-oontinuum case, the solar component of the water
vapor feedback is enhanced by about 4 and 9 %, the change islgledownward surface irradiance is 7 and 18 % more

negative, and the globatean precipitation respea decreases by 1 and 4 % (Radel et al., 2015).

Due to the critical relevance of line parameter and continuum model uncertainties for climate simulations a series of quality
measurment experiments has been performed. Such field closure studies commlsspbttralresolution radiance
measurements and radiative transfer simulations of the measured spectra driven by coincident atmospheric state
measurements of integrated water vapor (IWV) and other relevant parameters. As part of the U.S. Atmosph@it Radia
Measurement (ARM) program (Ackermann and Stokes, 2003) a seragdiative closur@xperiments has been setup (e.g.
Turner et al., 2004; 2012b) which was complemented by the IAEDWAR (Earth COoling by WAter vapor Radiation)
project (e.g. Bhawaet al., 2008; Bianchini et al., 2011). Various experiments have addressed the quality of (water vapor)
line parameters in the FIR (Esposito et al., 2007; Delamere et al., 2010; Masiello et al., 2012), the water vapor continuum i
the FIR (Tobin et al.,999; Serio et al., 2008; Delamere et al., 2010; Liuzzi et al., 2014), and the water vapor continuum in
the MIR (Turner et al., 2004; Rowe et al., 2006; Rowe and Walden, 2009). A crucial requiremeidtive closure
experiments in the FIR and MIR is to select a site guaggngtea wide range of IWV levels including the occurrence of

very low IWV levels.Dry atmospheric state@WV < 1 mm) are highly beneficialto attain information on absorption
coefficients in othewise saturated spectral regions (e.g. the pure rational water band of water Faptiigsereasons

there have been dedicated campaigerformed in dry regions on the globe, e.g. at the Sheba ice station (Tobin et al.,
1999) or th(RHUBC | andRHUBC Il campaigs carried out in Alaska and the Atacama desemespectivelyTurner and

Mlawer, 2010).

Coming to the NIR we note that for this spectral region to our knowledge no atmogjatuiigiitve closureexperiments

have been reported in the literaturéhathe exception ofhe studes by Sierk et al. (2004and Mlawer et al. (2014)A

hindrance for quantitative field studies may have been the fact that absorption in the NIR due to aerosols can become
comparable to the magnitude of the water vapor comtimabsorption of interest (Ptashnik et al., 2015). The possibility to
accurately separate these two components depends on aeroqokloagrosol optical depth, AORnd therefore on field

site characteristicas will be outlinedvhen introducing theew Zugspitze fiel experimenbelow. On the other side, there

have been many laboratory studies in the NIR range. Laboratory experiments using FTIR spectrometry and large cells have
shown that the selfand foreigncontinuum within the windows was found be significantly stronger than given by
MT_CKD (Baranov and Lafferty, 2011; Ptashnik et al., 204012, 2013 Another issue ithatlaboratory neasurements
performed by different techniquésve yielded to inconsistent results. For exampke nagnitué of the self continuum in

NIR windowsderived fromlaboratory FTIRspectromely is higher by about one order or magnitude comparagédolts

obtained by cavity ringlown spectroscopy (CRDS; Mondelain et al., 2013; 20&Bich furthermoraliffer significantly to

laboratory results obtained by calorimetric interferometry (Bicknell et al., 2006). Finaliyavaback oflaboratory

measurements is that thaye typicallyperformed at least at room temperature or even heated, in order to detect the weak
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contiruum absorption in the limited optical path length of the cells. Therefore, for climate and remote sensing applications
an extrapolation of continuum coefficients to the lower atmospheric temperatures is reduaiednay lead to significant

inaccuracieslue to the uncertainty of the self continuum temperature depenfegc&hine et al., 2012).

Our review of previous activities tadvancethe quantitative knowledge of water vapor absorption indicates a need for
furtherradiative closuretudies in order to i) validate/complement the previous studies in the FIR and MIR and ii) establish
a NIR closure experiment in the field in order to provide an independent assessment of the existing but differing laboratory

results with respect to theinutual agreement and the agreement versus MT_CKD under atmospheric conditions.

The goal of this paper is therefore to report on a new water vagiative closur@xperiment set up on the summit of Mt.
Zugspitze (47.42 °N, 10.98 °E, 2964 m a.s.l.) couethe FIR, MIR and NIR spectral range. This experiment is not a
campaign but designed as a lelegm (multiannual) study with the benefit to attain improved data statistics compared to
campaigns. Furthermore, the Zugspitze is a unique site as it ismote (accesdisle by cable car) but offers at the same
time extraordinarily dry conditions and low aerosol loads. As outlined before, these are crucial prerequisites for closure
studies and on dry winter daybe Zugspitze regularlgffers conditions corparable to the driest sites and sites with the
highest atmospheric transparency on the globe. The heritage of the Zugspitze site and team is linkedbasgdsadar

FTIR remote sensing with some focus on water vapor (e.g. Sussmann et al., 2009;avingetiral., 2011; Vogelmann et

al., 2015).The Zugspitze solar FTIR is part tfie Networkfor the Detection of Atmospheric Composition Change
(NDACC; www.ndacc.ory which also comprises a working group on water vagmnding techniques (e.g. Kampfer,
2013). This paper describes an extension of hgspitzeinstrumentationincluding the NDACC solar FTIR system
(Sussmann and Schafer, 1997) adapted for NIR radiance measurements and complemented by additional ifostruments

FIR and MIR radiance measurements and IWV sounding as well as further measurements of the atmospheric state.

Our publication on the Zugspitzadiative closurexperiment comprises a set of 3 companion papers thereafter designated
as Part I, Il, andll, respectively. This paper (Part I) illustrates the basic idea and setup within Sect. 2. Seetiaitsthe

radiance measurements in the FIR, MIR, and NIR, followed by Sedésdribingthe state measements, Sect. 5 the
radiative transfer calculatins, and Sec. 6 giving a detailed uncertainty analysis. Finally, Sslsws an example closure

study in the FIR, and the results are compared to MT_CKD and other field measurements. Part Il is on a novel calibration
scheme for solar FTIR radiance measuerts, and Part Il gives the application of this to a NIR closure study, with the

results on the NIR water vapor continuum compared to MT_CKD and laboratory measurements.

2 ldea and setup of the closure experiment

At the summit of Mt. Zugspitze (47.42N; 10.98 °E, 2964 m a.s.l.) we have set up spectral radiance measurements
covering the FIR, the MIR, and the NIR along with atmospheric state measuremestsmportantly IWV(Fig. 1 and

Tab. 1). The idea of the closure experiment is to compare measudiadce spectra with simulations of the spectra driven

5
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by coincident state measurements. Minimization of measured minus simulated spectral radiance (thereafter referred to a
Aspectr al residual s0) |l eads to i mptheoradadce sinaulatons (Figa2ph dhe ab
basic principle behind this approach has been presented before (e.g. Tobin et al.,, 1999; Turner and Mlawer, 2010).

However, there are 4 aspects which are special to our Zugspitze setup:

i) Very dry atmosphericonditions are a preequisite for closure studies of this kind due to the otherwise saturated spectral
regions (see e.g. Fig. 1 in Tobin et al., 1999)atbieve this goal previous campaigns were performed at remote locations
like the Sheba ice statio@bin et al., 1999) or at the Atacama desert wiiafé levels down to 0.2 mm were achieved
(Turner and Mlawer, 2010). On the other hand, at the Zugspitze we frequently encounter comparably dry atmospheric
conditions (min IWV = 0.1 mm, see Fig. 3 and Tah.ldut the Zugspitze is at the same time an-¢asccess site, which

can be reached within 20 min by cable car from our institute’s building at GasRastemkirchenNote that the minimum

IWV levels at Zugspitze (0.1 mm) are approximately a factoiOdbdver than at typical lowland mildtitude sites.

i) Unlike previous campaigtype studies, oufield experiment is designed as a letegm study (time scale ~10 yeai's)

this is beneficial for attaining improved measurement statistics.

iii) The Zugspize radiative closure experimentiisto our knowledge for the first time extended to include the NIR
spectral range, while previous studies had focused on the &R bbin et al., 1999) and FIR(g.Delamere et al., 2010),

respectively.

iv) A benefit of the Zugspitze highltitude mountain site is that AOD is typically very low, i.e. about a factor of 10 lower
than at typical lowland mitatitude sites. This is important because otherwise in the NIR the AOD would become
significantly higher thn the water vapor contiom optical depth and this would be a hindrance for accurate continuum
guantification in the NIR (Ptashnik et al., 2015). The AOD levels encountered in the Zugspitze closure data set used in this
study (i.e. dry clear sky days withthe time span Dec 201Beb 2014, see Sect. 7.1 for data selection details) are in the
range 0.00080.00075 at 2500 cthand in the range 0.0020032 at 7800 cthat airmass 1.

3 Spectral radiance measurements
3.1 FIR and MIR radiance measurements

Downwelling thermal emission is measured in the FIR and MIR spectral range from 400 to 3602583 um) via an
Extendedrange Atmospheric Emitted Radiance InterferometéR-AERI). This instrument was designed by the
University of Wisconsin Space Scienead Engineering Centre and is manufactured by ABB Bomem Inc. (Quebec,
Canada). Details of the instrument design and performance have been given by Knuteson et al. (2004AERIOdb).
ER-AERI instrumentshave been operated, e.g. at the SHEBA Ice $tdflmbin et al., 1999), in the Atacama Desert

(Turner and Mlaver, 2010), or at Eureka (Mariani et al., 2012). Briefly, the instrument inside the Zugspitze container is
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based on a 0-6ni*-resolution [maximum optical path difference (QRD of 1 cm] FTIR pectrometer. The interferometer

front window is linked to the frorénd which is mounted outside the container in thealed throughwall configuration

It comprises the scene mirrorcaitwo calibrationblackbodies (BB)which are operated ambient tenperature and at 310

K, respectively (Fig. 2). The fromnd hatch used to protect the scene mirror against precipitation has been modified from
its original flatroof shape to a pitchewof shape in order to avoid snow accumulations. Scan duration ®r on
interferogram is 2 sec and the total repeat cycle is 10 min, with 4 min integration for the atmospheric observations, and 2

times 2 min for the blackbody measurements.

Radiometric calibration of thER-AERI is performed via the approach by Revercombl.e(1#88). The related FIR and

MIR radiometric uncertainty specifications are given in Tab. 1 and more details will be presented in Sect. 6.1. Brefly, ther

is a knownradiometric bias in th&R-AERI radiance measurements which was corrected via the chettoposed by
Delamere et al. (2010). This method relies on the assumption that a ffagtfon t he i nstrument 6s fi el
by instrument parts. The value fas constrained by a fit to measured radiance in the 827 to 83&%pectral window. We

obtainf = 0.0049 which is then used for performing the bias correction according to Delamere et al. (2010).

An estimate of radiance measurement noise oEfRRAERI is obtained as an output from the calibration procedsee
Sect. 61). The spectral radiance noisan be reduced using a filter based on principal component analysis as outlined in
Antonelli et al. (2004) and Turner et al. (2006). Based on 8000 Zugspitze spectra, this analysis indicated that the use of th

first 239 prirtipal components is optimal. This resulted in a ~50% noise reduction.

3.2 NIR radiance measurements

Solar absorption spectra in the NIR spectral range from 25086800 cnt (4.0-1.28 um) were implemented via the
Zugspitze higkresolution solar FTIR systebased on a Bruker IFS 125 HR interferometer wittoptical path difference

up to418 cm (Sussmann and Schéafer, 1997). This instrument is operational since 1995 for spectrometric MIR trace gas
measurements within the NDACC network. All details of the MR radiometric measurements are given in Part Il.
Briefly, the NIR operations are utilizing an InSb detector along with a KBr beamsplitter (InGasépténal),
interferograms are recorded with a QRPof 45cm and averaged over 4 to 8 scans for onetspa (79 150 seconds
integration time). Radiometric calibration is achieved by a novel approach utilizing a combination of the Langley
calibration method and a hot blackbody calibration source (< 2000 K) used for interpolating the calibration curve betwee
the individual spectral Langley calibration points (see Part Il for detailed information). Related NIR radiometric

uncertainties are given in Tab. 1 and will be further discussed in Sect. 6.1.
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4 State measurements
4.1 Integrated water vapor and water vgor profiles

For the closure experiments basedsAERI radiance measurements in the FIR and MIR, IWV is directly retrieved from
ER-AERI spectra. This allows for an idegpatiotemporamatching between the radiance measurements in the terrestrial
infrared and thecorrespondingWV state measurements. IWV is retrieved by minimizZitifAERI vs. LBLRTM spectral
residuals in IWVsensitive windows. For this purpose we implemented an approadarsto the method proposed by
Serio et al. (2008). Details oféHWV retrieval and the procedure for selection of suitable spectral windows are outlined in
Appendix A. Numbers for the uncertainty of tBR-AERI-based IWV retrieval are given in Tab. 1. The underlying

uncertainty analysis is given in Appendix A, andtSédlerives the related radiance uncertainty.

For the NIR closure measurements (Part Ill), IWV was retrieved directly from the solar FTIR spectral radiance
measurements (see Sect. 3.2) using a MIR retrieval scheme which exploits several spectralimdioves in the 2610

3050 cm1l range (Schneider et al. 2012; 2016). Again, this allows for ansgatibtemporainatching of the solar infrared
radiance measurements and the correlative IWV state measure8peusicaions ofthe uncertainty of the IWVaetrieval

from the solar FTIR are given in Tab. 1 and in Sect. 6.3, where also the related radiance uncertainty is presented.

Profile shape information on water vapor was taken from-fiouesdaily National Center for Environmental Prediction
(NCEP) resimlation data. The reason for not using water vapor profiles from the LHATPRO microwave radiometer
(Radiometer Physics, Germany; Rose et al., 2005) available on site is that a compari$amPRO water vapor profiles

with coincident NCEP resimulation prtes for the FIR continuum data set resulted in relatively large discrepancies, i.e. a
meanprecision 2-0) of 27.6 % and a mean bias of 20.4 %. We therefore use NCEP profiles throughout the closure study.
However, a comparison with LHATPRO profiles is used in order to detect and d&oardpheric statda which NCEP

fails to realistically covespatiotempaal variability of water vapor (see Sect. 7.1). An estimate of the NCEP profile shape

uncertainty based on a comparison with radiosonde profiles is given in Tab. 1 and derived in Sect. 6.3.

4.2 Temperature profiles

Temperature profiles for the radiativatisfer calculations were based on foaresdaily pressurdemperaturénumidity

profiles from NCEP interpolated to the time of the radiance measurement. Since the lowest atmospheric layer above the
Zugspitze summit is certainly influenced by the mountairface, deviations between the true temperature profile and
NCEP are expected. In order to account for this effect, the NCEP profile was corrected for the lowermost 500 m above the
Zugspitze summit. The correction is retrieved using the spectral radiseeved by th&R-AERI in the centrapart of

the 15um band of CQ (i.e. 625i 715 cm'). Because of the strong absorptitine measured radiance in this spectral
region strongly correlates to the temperature of the environment close to the instMfeemse the retrieval scheme

developed by Esposito et al. (2007) for this kind of boundary layer temperature inversion, which has been successfully
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utilized by a series of studies (Serio et al., 2008; Masiello et al., 2012; Liuzzi et al., 2014). A simitaacaphas been
used by Rowe et al. (2006) and Rowe and Walden (2@08kstimate of the profile uncertainty based on a comparison

with radiosonde profiles is given in Tab. 1 and derived in Sect. 6.3.

4.3 Columns of @, CO,, CH,4, and N,O

Total columns obzone are obtained from nearby BreMimbson soundings at the nearby Hohenpeissenberg observatory

of the German Weather Service (Kdhler, 1995) with an accuracy of ~1 % (Staehelin et al., 2003). The horizontal distance
between Hohenpeissenberg (47.80 °NQ21°E, 985.5 m a.s.l.) and the Zugspitze is ~40 We used the ozone profile

given by the midlatitude winter standard atmosphere, which was scaled to the measured total column corrected by a factol
of 0.982. This correction is used to account for thitudie difference to the Zugspitze site and was deduced by calculating

the fraction of the total ozone column betw®85.5 m a.s.land 2964m a.s.l.according to the MLW standard atmosphere.

Columnaveraged mixing ratios of carbon dioxide, methane, ratndus oxide (XC@, XCH,, XN,O) were inferred from

solar FTIR measurement§race gas column measurements can be obtained withuthepitze solar FTIR which ialso

used for the NIR radiance measuremeintsthe closure experimenfsee Fig. 1). However,of practical reasons
(beamsplitter change from KBr to Cakecessary for switch between MIR and NIR trace gas measurements, but not
possible via remote controlhe NIR FTIR instrument operated at the nearby Garmisch site (47.48 °N, 11.06 °E, 743 m
a.s.l.) within the Total Carbon Column Observing Network (TCCON; www.tccon.caltech.edu) has been used for routine
trace gas measuremenidis is a suitable option, bause he horizontal distance between Garmisch and Zugspitze is only
~8 km. The site altitude difference has been taken into account fpai@HNO because of thstratospherislope of the

mixing ratio profiles of these species. This has been performeihg the multannual mean ratio of column averaged
mixing ratios retrieved from the Zugspitze and Garmisch NDACC solar FTIR measurements of 1.8 % (the underlying
datasets are displayed in Fig. 1 of Sussmann et al., 2012). Uncertainties given im€edtdken from the TCCON wiki

(https://tcconwiki.caltech.edu/Network_Policy/Data_Use_Policy/Data_Description#Sources_of Uncgrtainty

4.4 Aerosol optical depth

Aerosol optical depth (AODjs constrained usingun photometer measurements of the SSARIAstrument set up at
Schneefernerhaus (2675 m a.s.l., 680 m horizontal distance to the Zugspitze solar FTIR). Our AOD aetti¢kal

derivation of the correspondinmcertainties given in Tab. &reoutlined in detail in Part Il

5 Radiative transfer calculations

Synthetic radiance spectra in the Zugspitze closure experiment were generated using the LBLRTM radiative transfer model

(Clough et al., 2005). The atmospheric state necessary as an input to the model was set according to the measuremen
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listed in Sect. 4Parameters not constrained by measurements were set to the values given by the midlatitude winter

standard atmosphere. For spectral line parameters, the aer_v3.2 line list provided alongside the LBLRTM model was used.

The calculations were carried out far3%level atmosphere from observer height (2964 m a.s.l.) to 120 km altitude. The
altitude grid was chosen in order to keep the error from discretization of the atmosphere in the calculations negligible
compared to the remainder of the residual errorgbtid2.8 % of total uncertainty for water vapor continuum retrieval
windows). Synthetic radiance spectra were convoluted with atygpecinstrumental line shape accounting for the QRD

relevant for theER-AERI (see Knuteson et al., 2004b) and solar F{H& Sect. 3.2) measurements, respectively.

6 Uncertainty analysis of radiance residuals

A meaningful interpretation of the spectral residuals derived in the closure experiment relies on a comprehensive residual
uncertainty budget. For this purpose, sysatic and i statistical error estimates were set up for all significant individual
uncertainty contributionsRadiance uncertainties wetleen calculated from input parameter uncertainties by multiplying

them with the corresponding radiance derivativeghe case of input profiles, state error covariance matrices were used.
The radiance derivatives were calculated with the LBLRTM using the finite difference method, exceptTiqrafiée

radiance derivative matrix, which is calculated using the LBMRBALUIlt-in analytic Jacobian capability.

6.1 Uncertainty from spectral radiance measurements

A first group of contributions to the uncertainty is associated with the AERI spectral radiance measurements. An estimate
of the AERI measurement noise (Fi8p) is automatically generated by tB&®R-AERI software within the radiometric
calibration procedure according to the method established by Revercomb et al. (1988). This noise estimate was reduced b
50 % to account for the effect of the PCA filter appliedthe spectra (see Sect. #he residuals, i.e. the radiance
component identified as noise by the PCA fil ttew/(fs well
cm?) 8 = 0%skch’) forhe Closure data set presented iotS@.1) Further radiance uncertainty of tieR-

AERI measurements ensues from radiometric calibration errors. The calibration uncertainty estimate was set according to
Knuteson et al. (2004b), who demonstrate this contribution to be less than 0.6% Und@rtainty) of the ambient
blackbody radiance. According to the same authors, the repeatability (precision) is 0.fi3 Thgresulting absoluter-

AERI radiance uncertainty is shown in FBa via the purple line, whichdivided by the grey ambientdatkbody Planck

curvei reflects the cited 0.6% relative calibration uncertainty.

Uncertainty contributions associated with the NIR radiance measurements are the solar FTIR measurement noise and th
radiometric calibration uncertainty. The calibration emainty includes sources of uncertainty connected with the temporal

stability of the calibration which are due to vareéeati or
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buildup on the detector causing additional absorption. Véevsh Fig. 9 the overall 20 calibration uncertainty (purple)

which is between 0:&.7 % of measured radiance. For a plot of individual contributions we refer to Part Il (Fig. 6 therein).

6.2 Uncertainty from radiative transfer calculations

The second grquof contributions to the residual uncertainty is associated with the synthetic spectra calculation and the
corresponding input for spectroscopic line parameters and atmospheric state. A further uncertainty contribution associatec
with the LBLRTM ensues &m discretization of the atmosphere used for the calculation. As outlined in Sect. 5, the
layering was adjusted in order to keep the discretization error negligible compared to the remainder of the uncertainty

budget.

Line parameter uncertainties for watepor and further trace gases were set accomiogmbination of two uncertainty
estimates: A firsuncertainty specification is provided the error codesf the aer_v3.2 line list provided alongside the
LBLRTM radiative transfer model. The uncertaimtffeach parameter was assumed to correspond to the mean of the error
range specified by the error code valB8@ce the error codes may not provide realistic uncertainty specifications for all
spectral lines, an additional line parameter uncertainty estimate was obtained by taking the difference between the line
parameters in the HITRAN 2008 database compargtie¢dHITRAN 2012 database which was modified for FIR water

lines according to the results of Delamere et al. (2010). To provide a conservative estienabeertainty due to line

parameter errors was set to the maximum value provided by these two akemmethods foeachspectral point.

6.3 Uncertainty from atmospheric state measurements

The uncertainties in IWV in case of FIR and MIR closure experiments badeR-AfR| spectra are derived in Appendix
A. For the FIR closure data set (detailed in Sggta mean IWV precision of 4.3 %-(8 is achieved, while the mean IWV
bias is4.4% The resulting IWV related radiance uncertainty is shown ingglue).

In the case of the NIR closure using solar FTIR spectra, the uncertainty of the IWV réprecaion: 0.8 %, bias: 1.1 %)
is provided in Schneider et al. (2012). The IWAlated radiance uncertainty in the NIR is shown in igplue).

In addition to the total water vapor column, erroneous input for the shape of the water vap fpoafillCEP leads to

errors in the synthetic radiano®.conservative estimate foinis was inferred from a comparison thie NCEP profiles with
radiosondemeasurements. We used radiosonde data from a campaign performed close to the Zugspitze sitéldeitween
Nov 2002 (for details see Sussmann and CaPeyret, 2002, 2003; Sussmann et al., 200%e campaign data set
comprises a number of 181 pairs of radiosondes launched witioartime separation, and each radiosonde pair has been
combined to a best estimaiéthe state of the atmosphere according to the formalism by Tobin et al. (2006). Subsequently,
both NCEP profiles and sondmsed Tobirbestestimate profiles were normalized by IVAvialogous to the analysis in the

closureexperiment described in Se@ and then profile differences were computEde red line in Fig4 shows the mean
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difference profile. The profile shape bias of 1.7 % given in Tab. 1 is just a simpletpaixyas beenbtainedas follows:

for each pair of sonde and NCEP profiles, fiedénce vector was calculatelach component of thaveragebias vector

was then deduceds themean of the absolute values thie corresponding components tbe differencevectors The
statistical profile shapeuncertaintywas setup via an error covaance matrix constructed frotie difference profiles
between NCEP and sont)ased Tobirbestestimate profiles. This error covariance was used for the further statistical
analysisof radiance uncertainty. Just to illustrate some properties of this cos@yithe black error bars Figure4 show

the 2-0 statisticaluncertanties of the difference profile (corresponding to the diagonal of the covariance). By calculating
the mean of these error bars we can derive a simple scalar proxy for the statisfilealipcertainty of 9.4 % (Tab. 1An
estimate of the corresponding radiance uncertainty that includes the influence -ebyer correlations can be obtained

by multiplying the full error covariance matrix with the derivative matrix of radianck mispect to water vapor profile
shape in the atmospheric layers (see Fig. 5) and its invéise.leads to the residual uncertainty shown in &igink).

The representation in Fig. 5 corresponds to the radiance change associated with a 1% chatggevapor density in a
given altitude layer and subsequent rescaling of the profile to the IWV obtained as outlined in Sect. A.1. Due to the
rescaling to a prescribed IWV, the liicrease of water vapor density in a given layer is associated with askedneall

other layers. Therefore, a 1perturbation in the lowermost layer (2.98 km a.s.l.) corresponds to lowering the center of
gravity of the water vapor profile and leads to a positive change in radiance, while for higher layers, the oppgesite is
Due to the decrease of water vapor density with altitude (see Fig. 4b), the radiance effectpérauiBation decreases

rapidly with altitude.

The temperature profiles used in the closure study are a composipgaifles retrieved from the&eR-AERI spectra for the
altitude range between the Zugspitze up-3® km a.s.l, while at higher altitude th& profiles were set according to the
NCEP reanalysigs described isect. 4. The uncertainty estimate for these composite prefdesconstructefrom the
same radiosonde campaign data as for the water vapor profile analysis outlined above. To generate an estimate of thi
uncertainty, synthetic radiance spectra were calculated using all radiatenvied besestimateT profiles from the
campaign The gstematic part of the uncertainty was estimated by addingEBAERI calibration bias (0.66 %, sé@ab.

1) and the estimated bias due to line parameter uncertajséiesSect. 6.2p the synthetic radiance spectra. Thibe near
surface temperatunerofile retrieval described in Sect. 4 was applied to the modified radiaRresdly, thedifferences
between oucompositeT profiles andthe radiosondéased beststimateprofiles from the campaign were calculated (red
line in Fig.6). Note, that thesign of the bias below 3.5 km a.s.l. (see [eigis arbitrary in the sense that it depends on
whether the calibration bias is added or subtracted. andomuncertainty of the composifE profile was estimated by
adding randonerror according to thstatstical ER-AERI calibration uncertainty0.13 %, Tab. 1)and ER-AERI noise
(yellow line in Fig.8) to the synthetic radiance spectra. Finally, the 13seisface temperature profile retrieval described in
Sect. 4 was applied to the modified radiandéss gproach implicates that both the uncertainty due to the retrieval itself

as well as additional uncertainty due to inaccurate radiance input are taken into accountTiqrdfile uncertainty
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estimate. An error covariance matrigstimate washen calculatd from the difference of the radiosonde profiles to these
compositeT profiles. Radiance uncertainties were then calculated by multiplication with the corresponding radiance

derivative matrix depicted in Fig. The resultingverallradiance uncertaintiareshown in Figs. 4 and 5 (green).

Column uncertainties of further trace gases (see Tab. 2) are given by the TCCON specifications in the caseHof CO
and NO and the combined Brew&obson measurement uncertainty fog. @he resulting radiancencertainties are

depicted in Figs. 4 and 5 (red and cyan).

An additional contribution ensues in the NIR from the AOD uncertainty, whiet®i8015 at 2500 cthand <0.0025 at
7800 cnit at airmass 1 adetailed in Part I1l. The resulting radiance uncettais shown Fig.9 (grey).

6.4 Total uncertainty budget

Figure 8 shows an estimate of the residual uncertainty in the FIR and MIR closure experiment using AERI spectra; the
same is shown in Fig9 for the solar FTIR radiative closure experiment in the NIRe individual uncertainty

contributions presented in Sect. 8613 were added in quadrature to obtain the total residual uncertainty

Figure 8d shows that the dominant contribution to the total uncertainty in the FIR isl¥dmuncertainty water vapor
profile shape uncertainty and partly water vapor line parametaise windows used for continuum retrievalhile T-
profile uncertainties dominate in the MiRee Fig. 8). Exceptions from this overall tendency do exist and are shown in
Fig. 8b as an exaple for the FIR where a dominant roleToprofile uncertairies can be seen within saturated regions, e.g.
around 42@&m’. However, such saturated regions are not included in the spectrabwimctows used for continuum

guantification (Fig8c).

Uncetainty contributions to NIR radiance shown in Fig.are dominated by varying contributions depending on
wavelengthThe overall uncertainty idominated byvater vapor line parameter uncertainéasl water vapor profile shape
uncertaintyin the vicinity of the strong water vapor bands. The window regions in between are dominated by solar FTIR
calibration uncertainties at low NIR wavenumbers but uncertainties dé®©D becomean increasingand dominant
contributiontowards higler NIR wavenumbersExceptions are methane or nitrous oxide bands in the NIR, where the

associate line parameter uncertainties dominate the overall uncertainty.

7 Example closure study: assessment of FIR continuum

An example for a current research question that can lress#dl with the closure setup presented in this publication is the
magnitude of the water vapor continuum in the FIR spectral range. The Zugspitze closure experiment enables continuum
quantification in the region 400580 cm based on a comparison of AERdiance spectra and LBLRTM results (see Fig.

10a).
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7.1 Spectra selection

The example analysis is based on measurements carried out in the DécRA12014 period. Several selection criteria

were applied to thER-AERI measurements in order avoid ia the quantification of the water vapor continuum. Glear

sky spectra were selected based on a radiance threshold in the MIR atmospheric window where significant thermal
emission occurs only under cloudy conditions. Namely, the mean radiance in the @ dn window was required to

be less than the synthetic radiance in this window pluERAERI calibration uncertainty presented in Sect. 6.1.

Due to the reduced number of suitable windows for continuum retrieval under moist atmospheric conditions, we selected
only spectra with IWV < 5 mmAs outlined above, cleaky conditions are a prerequisite for the closure measurements. If,
despite cleasky conditions, the LHATPRO measurements indicate a high LWP, this indicates thahasagcumulatd

on the instrument and may bias the measentsnTherefore, we only selected spectra with L\WPLOO g/nf. NCEP
reanalysis data is used to constrain wagror profile shape in the closure experiment. Despite the low uncertainties of the
NCEP water vapor profiles demonstrated in Sect. 6.3, significant deviations from the real profile shape are expected in rare
cases. This is due to the limited (6 hourlypei resolution of the NCEP data and its inability to reproduce svalé

spatial variability of water vapor concentrations. In order to identify these cases, we excluded measurements from further
analysis if the mean difference of NCEP vs. LHATPRO watapov profiles exceeded thelluncertainty of the
LHATPRO measurements presented in Sect. 6.3. These criteria lead to a continuum retrieval data set of 211 spectra

selected from 2787 spectra measured in Dec 2(Hsh 2014.

7.2 Window selection

Spectral esiduals, i.e. the difference between synthetic and measured spectra were calculated from the set of selectec
spectra. FigurdOb shows the mean residuals for our data set and their uncertainty accortlingegiimate provided in
Sect.6.

Accurate constints on the water vapor continuum can only be derived from a number of spectral windows, whereas
throughout the remainder of the spectrum the continuum does either not contribute significantly to the measured radiance
or the residual uncertainty is tooghi In order to select suitable windows, an estimate of the continuum uncertainty
achievable in the closure experiment was determined by multiplying the residual uncertainty estimate (see Sect. 6) with the
continuum Jacobian. The continuum Jacobian, he. derivative of continuum magnitude with respect to measured
downwelling radiance, was calculated via the finite difference method using the MT_CKD 2.5.2 model as a priori. We
selected windows for further analysis for which the continuum uncertaintysss than 100% above the minimum

uncertainty in 10 cfrwide bins. The selected windows are highlighted in red in1fiy.
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7.3 Continuum quantification procedure

Continuum quantification is achieved via an iterative minimization of spectral residualsselé¢isted windows. Spectral
residuals in the windows are interpreted to be due to inaccurate foreign continuum since the radiance contribution by the
self continuum is assumed to be negligible given the spectral range and the dry atmospheric condaiorzsljideed
continuum coeffitents are calculateid 10 cm®™-wide bins to reduce influence of measurement noise and ILS uncertainty

on the results.

The individual analysis steps comprise a determination of the spectral residuals in the selected witidmsezjuent
adjustment of the continuum according to these results and the continuum Jacobian. Synthetic radiance is then recalculate
using the adjusted continuum input. This process is repeated iteratively until the mean spectral residuals inrall bins a

below 10% of the residual uncertainty estimate.

7.4 Results

Figure 11 shows the mean foreign continuum coefficients determined from the Zugspitze diatd @etm’-wide bins.
Table 3contains our results in tabulated form. The results are fully densiwith the MT_CKD 2.5.2 model given the
continuum uncertainty estimate according to Sect. 6. As visible in1Bjgour results are also fully consistent with the

findings of Liuzzi et al. (2014) that were obtained in a comparable atmospheric cleslyreatried out in Antarctica.

8 Summary and conclusions

After a review of the state of the art in quantifying water vapor radiative processes we have detailed the instrumental setup
of the new Zugspitze lontgrm radiative closure field experiment designto cover theerrestrial and solar infrared
between 400 to 7800 ¢m(1.2825 pm). As a benefit for such experiments, the Zugspitze mountain site frequently
encounters atmospheric states with very low IWV (minimum = 0.1 mm, median = 2.3 mm) and very low) 0% (

0.0032 at 7800 cthat airmass )L We also provided an uadainty estimate for all measurements and retrieval procedures.

Given the instrumental uncertainties we assessed the sensitivity of the field experiment with respect to the information
attainable, e.g. on the water vapor continuum. This was performegttingsup a systematic residual radiance uncertainty
budget for the radiative closure over whole spectral range of the experirherdoiminantuncertaintycontribution in the

FIR is fromIWV uncertainty water vapor profile shape uncertainty and partlyewsapor line parametens the windows

used for continuum retrievalvhile T-profile uncertainties dominate in the MIR. Exceptions from this overall tendency do
exist e.g.for the FIR where a dominant role ®fprofile uncertairiesis foundwithin satuated regions. However, such
saturated regions are not included in the spectral mvgndows used for continuum quantification. Uncertainty
contributions to NIR radianceesiduals arelominated by varying contributions depending on waveleritiiie. overall

uncertainty islominated bywater vapor line parameter uncertaintiesvater vapor profile shape uncertaimtythe vicinity
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of the strong water vapor bands. The window regions in between are dominated by solar FTIR calibration uncertainties at
low NIR wavenumbers, but uncertainties dué\toD becomean increasingnd dominant contributiotowards higler NIR
wavenumbersExceptions are methane or nitrous oxide bands in the NIR, where the associated line parameter uncertainties
dominate the overall unceitay.

Finally, we showed a water vapoontinuum quantification in th€IR spectralregion (400/ 580 cm') and detailed all
procedures involved, like spectral mienandow and data quality selectiofhe FTIR foreign continuum coefficients
determined fronthe Zugspitze data set are consisteoth with the MT_CKD 2.5.2 mode&nd the recenatmospheric
closure study carried out in Antarctibg Liuzzi et al. (2014)

Two companion papers Part Il (Reichert et al., this issue) and Part Il (Reichert andr8ysbimassue) will show details
on the development of a radiometric calibration of the Zugspitze solar FITR system for NIR radiance measurements and its

application to derive first information on the NIR water vapor continuum under atmospheric conditions

Future work aims at extending our studies from water vapor radiative closure to also include a quantification of the
radiative properties of cirrus clouds. Because of the regionally varying radiative properties of cirrus it is important to

perform suctstudies at various field sites around the globe.

Appendix A: Retrieval of IWV from ER-AERI spectra
A.1 Retrieval method

We utilize an approachimilar to the method proposed by Serio et al. (2008), i.e. IWV is retrieved via a derivative
approach using onieration to minimizeER-AERI vs. LBLRTM spectral residuals in IWgensitive windows. As first

guess IWV, data from a LHATPRO microwave radiometer are used. LHATPRO (Radiometer Physics, Germany; Rose et
al., 2005), designed for ultlaw humidity sites WV < 4.0 mm), is a microwave radiometer located gigleside to the
ER-AERI. It measuresky brightness temperatures@thannelswithin the strong 183.31GHz water vapor line with a

repeat cycle of 1 s for IWV and 60 s for profiles (Radiometer Physics, 2013). The Radiometer Physics software
(Radiometer Physics, 2014) allows for statistical retrieval of wapor profiles which is based on a neuronal network
approach (Jung et al., 1998) utilizing MMOD radiative calculations (Simmer, 1994) performed for a radiosonde training
data set. However, the IWV results obtained with the LHATPRO show a significant bias comparelid retrieval

from solar FTIR spectrgSussmann et al., 20Q9Which has been extensively validated against other instruments (see
Sussmann et al., 2009; Vogelmann et al., 20The solar FTIRbased IWV retrieval is not suitable as an input to the FIR
closure study is because few coincidentamgements of AERI and solar FTIR are available. We therefore chose to

implement the IWV retrieval procedure outlineelow
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The procedure for selection of suitable spectral windows for IWV retrieval from thiz @00 cmt* spectral range has been

implemented as follows:

i) The uncertainty of the IWV fit for single spectral points is calculated for the remaining windows. IWV relative
uncertainty is given as the residual Iu@kWYtainey ¢ekel @
downwelling spectral radiandewith respect to IWV. The overall uncertainty comprises two classes of errors, namely type

i errors which are uncorrelatdoetweenwavenumbes, and typeii errors correlatecbetweenwavenumbes. ER-AERI
measurement noide treded asa type-i error contribution (the underlying assumption being that line parameter errors for
different lines are independen@ther uncertainty contributiorsuch asER-AERI calibration, T profile errorsand water

vapor profile errorsqee Sect. 8.for details) are correlated for different spectral cleds(type ii). Line parameter errors

may feature some correlation between wavenumbers due to systematic bias in the measurements used to constrain the
parameters. To account for this, 50 % of thdiance uncertainty associated with line parameter errors for any spectral

point was treated as correlated between wavenumbers (type ii), while the remaining 50 % were treated as uncorrelatec
(type ).
i) Spectral points (channels) are ordered from lawe$ighest typdi uncertainty.

iii) Ensembles with stepwise increased number of channels are constructed including channels with incredising type
uncertainty, and the overall uncertainty (type i + ii) is calculated for each ensemble. Figure Al lsisowgetall
uncertainty depending on the number of included chanfAglpe-i contributions to the cumulative uncertainty are reduced

by a factor 1/sqrt{) whenn channels are included in the fit (causing the decrease of uncertainty on the left hand side of Fig.
Al). For typeii contributions,no uncertainty reduction is achieved by including more channels in the fit, and the overall
uncertainty increases towarcethight hand side of Fig. Al. This is because more and more channels with increasiing type

uncertainty are included.

iv) The optimum number of spectral channels for the fit is deduced from the minimum of overall{tjip&ncertainty
(Fig. Al). The esulting optimum numbers of channels for the different spectra of our closure dataset are shown in Fig. A2;

the mean value 4.1 channels, with a minimum dfand a maximum ofO channels.

v) The IWV fit according to steps #)iv) is repeated for eacleration step of the continuuquantification procedurésee

Sect. 7.3). This iterative approach serves to avoid interference between the continuum quantification and the WV fit.
Performingthe IWV fit including only windows with negligible continuum cadbution (i.e. excluding all windows with
continuum uncertainty < 100 %) leads to a mean bias in the IWV results of 0.005 mm. This nelgjkgibtelicates that

the iterative approach is able to avoid significant interference between IWYV fit and wateceapnuum determination.

The results of the IWV fit for all spectra included in the FIR closure data set are shown in Fig. A3. The mean correction
relative to the LHATPRO first guess IWV wa8.098 mm, with a standard deviation of 8®@mm. This corresponds to a
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mean IWV correction of 4.1%which is slightly beyond the mean fit uncertainty of 3.1%, i.e. the IWV fit leads to a

significant improvement of the IWV input compared to using the LHATPRO data.

A.2 Uncertainty estimate

An estimateof the statistical and systematic uncertainty of the IWV retrieval can be obtained based on the uncertainty of
the ER-AERI-LBLRTM spectral residuals presented in Sect. 6 and&ig.

The statistical residual uncertainty is calculated as the quadratiofstre AERI measurement noise and the statistical
uncertainties related to calibratioh profiles, and water vapor profiles. The IWV fit uncertainty for single spectral points

can be calculated s t he statistical r d/s® ldWdweveHitmedW\f fit i@sulhis yot ddrived i d e d
from single spectral points but from an ensemble of points selected according to the criterion presented in Fig. Al.
Therefore, the statistical IWV uncertainty for each spectrum results as thewerghted mean fothe singlepoint-
contributions for all channels included in the ensemble. The mean statistical IWV uncertainty we achieve for the FIR
closure data set (Sect. 7)1 % (2-0).

The systematic IWV uncertainty can be derived in an analogous way. Systematic error contributions due to line parameters,
ER-AERI calibration, T profiles, water vapor profiles, and columns of further species are summed up quadratically to
calculate the sysmatic residual uncertainty. Using the same further analysis as outlined above for the statistical

contribution,we obtaina mean systematic IWV uncertainty2 % for the FIR closure data set.
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Tables

Table 1.Instruments and geophysical parameters measured Agspitze radiative closure experiment. Uncertainties are given(for 2

confidence.
geophys. Parameter instrument repeat cycle uncertainty/specification
FIR & MIR spectral radiance ER-AERI 10 min Iresolution 0.5 c
(4007 3000 crrY) calibration bias .66 % of ambient BB
radiance
calibration precision <0.13 % of ambiel
BB radiance
NIR spectral radiance solar FTIR 757 150 s resolution 0.011 cfh
(25001 7800 cri) calibration accuracy 0-6.7 % of measurec
radiance
IWV (ER-AERI) retrieval from 10 min bias2.5%
ER-AERI -,
spectra precision1.9%
IWV (solar FTIR) retrieval from 757 150 s bias 1.1 %
olar FTIR -,
Zpe(:tra precision 0.8 %
water vapor profile shape NCEP 6h bias 1.7 %
precision 9.4 %
temperature profile ER-AERI & 10 min accuracy 4 K
NCEP
O3 column BrewerDobson  ~30 min accuracy <1 %
XCO, TCCON 100s bias <0.07 %
precision <0.25 %
XCH, TCCON 100s bias <1.04 %
precision <0.3 %
XN,O TCCON 100 s bias <1.85 %
precision <0.5 %
NIR AOD SSARA 1ls accuracy at airmass 1

<0.0015 (@ 2500 ci
<0.0025 (@ 7800 ci

Tresolution defined as 1 / maximum optical path difference (QRD
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Table 2. Climatological statistics of cleaky IWV levels above the Zugspitze derived fridimulti-annual solar FTIR measurements
shown in Fig. 3. Numbers are given in units of (mm).

N mean stdv min median max

7388 3.0 2.2 0.1 2.3 12.0

Table3. Mean foreign continuum coefficients derived from the Zugspitze closure measurements and ag2agiateckrtainties.

wavenumber [ci] ¢t [em?(cm* molec)]

407.12 2. 0PR& 2L 4A 10
411.51 1. 80%%2. 18 10
434.69 1.39%31L07A 10
447.89 9. 71P®% 31LMBE6A 10
466.09 8. 40% 110 4A 10
478.18 6. 3% 11L03A 10
488.02 5.59% 8L06A 10
495.61 4. 75K 71.048A 10
512.96 4. 022& 910 3FA 10
525.18 3.17% 11L05%A 10
534.65 2. 9% 51LmB5A 10
542.95 2. 4228 5L005A 10
556.13 2.15% 4107 0FA 10
562.64 1. 90% 41.0668A 10
573.53 1.87PR 410 %A 10
585.36 1.22%%51038A 10
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Figure 1. Instrumental setup of the Zugspitze radiatii@sure experiment covering the FIR, MIR, and NIR spectral range (FTIR: Bruker
IFS 125 HR higkresolution solar Fouriefransform Infrared Spectrometer; AERI: extendadge Atmospheric Emitted Radiance
Interferometer; MW: LHATPRO lowhumidity microwave rdiometer; SSARA: sun photometer; Brevi2obson: ozone

spectrophotometer).
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Figure 2. Logical scheme of the Zugspitze radiative closure experiment. Simulated radiance spectra are based on atmospheric state
measurements performed coincidently to the rembameasurements. The closure idea is to minimize spectral residuals between
simulated and measured radiance spectra by iteratively adjusting/improving the water vapor absorption parameterskisediRhe

and NIR spectral radiance simulations.
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Figure 3. Climatology of integrated water vapor above the Zugspitze. Data are fromamnital (1996 2013) Zugspitze solar FTIR

measurements (clear sky,-28 min integration; see Sussmann et al., 2009 for details). See Tablesthted statistics.
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Figure 4. a) Uncertainty analysis of NCEP water vapor profile shape. Red is the mean difference between NCEP profiles normalized
with respect to IWV and an ensemble of bestimate profiles derived from pairs of radiosondemched with a -h separation (also

normalized for IWV). Black error bars indicatei2lifferencesb) Mean water vapor profile used in the uncertainty analysis.
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of the continuum retrieval data set. Color coding indicates the contributions from different altitude layers.
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Figure 7. Derivative of surface downwelling radiance with respect toTigofile computed for the mean atmospheric state of the

continuum retrieval data set. Color coding indicates the contributions from different altitude layers.
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Figure 8. Residualuncertainty (20, relative to ambient BB radiance) of the FIR and MIR closure experiment for a single AERI thermal
emission spectrum and for the mean atmospheric state of the closure data set (IWV = 1.6 mm, for more details see)Sgtion 7.1
Individual error contributions (colors) to the total residual uncertainty (black). For reference, a calculated radiance spectrfon (grey)
the mean atmospheric state is shown along with the ambient BB Planck curaed ([£)Zoom of a) for the FIR partd{ Sameas b)

and c)but restricted to the spectral windows used for continuum quantification.
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Figure 9. Residual uncertainty (8, relative to measured solar radiance) of the NIR closure experiment for a single solar FTIR spectrum
and for the mean atmosphestate of the closure data set (IWV = 2.3 mm, for more details see Part lll). The total residual uncertainty
(black) results from contributions by water vapor line parameter uncertainties (red), IWV uncertainty (blue), temperfitire pro
uncertainty (gren), further trace gas column and line parameter uncertainties (cyan), AOD uncertainty (grey), solar FTIR calibration
uncertainty (purple) and solar FTIR measurement noise (orange). Representation corresponds to the mean atmosphleeastizte of t
vapa continuum quantification data set and the spectral windows used for continuum retrieval.
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Figure 10. (a) Comparison of a measured AERI spectrum (black) recorded on 13 Dec 2013, 8:28 UTC and the corresponding synthetic
LBLRTM spectrum (red). (b) Mean spectral residu@ignthetic minus measured radiancesjived from the continuum retrieval data
set (blzk) and residual uncertainty (grey). Spectral windows used for continuum retrieval are highlighted in red.
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Figure 11. Mean foreign continuum coefficients derived from the Zugspitze closure measurements (red) in comparison to the MT_CKD

2.5.2 modelblack) and the results of Liuzzi et al. (2014) (blue).
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Figure Al. Relative uncertainty of the IWV fit depending on the number of spectral pRjpts.sused in the fit for the spectra included
in the FIR continuum data set. Channels are ordered by increasingtypeitainty. The number of channels used for the fit is adjusted

in order to yield minimum overall uncertainty.
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Figure A2. Number of specal channels included in the IWV fit for the spectra of the FIR continuum data.ggteswas chosen

according to the minimum uncertainty criterion shown in Fig. Al.

5 Figure A3.Ad j u st me motthe fiedt Ju¥ss valudVV  arpro derived in the IWV fi for the spectra included in the FIR continuum
data set.
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