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Abstract. We show that the near infrared solar absorp- rotational-vibrational bands of the atmospheric trace gases
tion spectra recorded in the framework of the Total CarbonCO,, CH4, N2O, HF, CO, HO, and HDO. The TCCON
Column Observing Network (TCCON) can be used to de-will focus on the measurement of accurate and precise to-
rive the vertical distribution of tropospheric water vapour. tal column abundances of the greenhouse gases CBy,

The resolution of the TCCON spectra of 0.02chis suffi- and NO (e.g.,Yang et al, 2002 Washenfelder et 312006
cient for retrieving lower and middle/upper tropospheric wa- Wunch et al. 20108. Concerning CQ a precision of 0.1—

ter vapour concentrations with a vertical resolution of about0.2% (Q4-0.8 ppm) is targeted. Achieving such high preci-

3 and 8km, respectively. We document the good quality ofsion is essential for using the column-averaged data in carbon
the remotely-sensed profiles by comparisons with coincidentycle researchdlsen and Randerspf004 however, it is a
in-situ Vaisala RS92 radiosonde measurements. Due to theery challenging task.

high measurement frequency, the TCCON water vapour pro- In this context there have been large efforts to ensure that
file data offer novel opportunities for estimating the water the TCCON experiments produce spectra of very high qual-
vapour variability at different timescales and altitudes. ity: (1) At almost all sites very stable FTIR spectrometer
are applied (Bruker IFS 125HR) and the instrumental line
shape (ILS) is characterised routinelase et al. 1999.

(2) A DC-correction is applied on the interferogram, which
avoids artificial baseline offsets caused by intensity fluctua-

During the last years large investments have been undefons while scanning{eppel-Aleks et al.2007. (3) Detec-
taken to set up the Total Carbon Column Observing NetworkiOr nonlinearities — which cause baseline offsets — are cor-
(TCCON, www.tccon.caltech.edulunch et al, 20103 as ~ rected fbrams et al. 1994. (4) The sampling accuracy

a quasi-automated monitoring network. A TCCON exper- IS OPtimised in order to avoid ghostslésserschmidt et al.
iment consists of a high precision solar tracker and a high?019. (5) A very high quality solar tracking system has been
quality ground-based Fourier Transform Infrared (FTIR) developed@isietal, 2010. It guarantees a very high qual-
spectrometer (e.gGeibel et al, 2010. A big shipping con- 'Y of the measurements, also for low solar elevation angles.
tainer is typically used as housing of the equipment whose TCCON will provide solar absorption spectra of highest
overall material costs are about 500 kEUR. In the meanwhileduality, at several globally distributed sites, and for many
there are about 15 globally-distributed FTIR experiments op-Yéars, which makes it very attractive for many fields of at-
erating in the framework of the TCCON. The experiments Mospheric research. Water vapour is a key parameter con-
record direct solar spectra in the near-infrared spectral regio§€rning climate variability and climate feedbackadall et

(4000-9000 cm?). In this spectral region there are distinct @l 2007 Sherwood et al.201Q whereby long-term obser-
vations of middle/upper tropospheric water vapour are par-

ticularly interesting for climate research, since at these alti-

Correspondence tavl. Schneider tudes water vapour acts very effectively as greenhouse gas
BY

(matthias.schneider@kit.edu) (Spencer and Braswell997). TCCON'’s demanding quality
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requirements and its long-term strategy are very promising 'F
for studying the atmospheric water vapour distribution and
its interaction with climate change, but it is important to doc-
ument the quality and characteristics of the water vapour
data that can be produced by the TCCON. In addition pre- ¢
cise TCCON water vapour retrievals are important for ensur-
ing a high quality of the TCCON's prime target gases (CO
CHg4, and NO). Since the highly variable water vapour
absorption signatures often interfere with signatures of the
other TCCON absorbers a precise estimation of the actuatig. 1. The TCCON experiment at the lza Atmospheric Research
atmospheric HO distribution for each individual spectra is Centre. The solar tracker (left photograph) is situated at the top
needed in order to avoid significant interference errors. of the experimental housing. It collects the direct solar beam and
Ground-based solar absorption spectra measured in theeflects it into the housing of the FTIR spectrometer (right photo-
middle infrared in the framework of the Network for the 9raph) \{vhere it is coupled into the spectrometer (circular light spot
Detection of Atmospheric Composition Change (NDACC, O" the right part of the photograph).
Kurylo and Zander200Q www.acd.ucar.edu/irwgallow

the remote sensing of tropospheric water vapour pro- . : . . .
files (Schneider et al.2006 Schneider and Has€009 der to increase the signal to noise ratio. Together with the

. . AC-signal, the DC-signal of the interferogram is recorded.
Schneider et al.20103. More recently, Schneider et . . . "
al. (20109 show that the water vapour profiles retrieved This allows correcting for inhomogeneous sky conditions,

. . like cirrus cloud coverKeppel-Aleks et al.2007). No ob-
from near infrared _5|gnatures (4500-4700¢inare alsq servations can be performed for a sky covered with optically
of very good quality.  However, the so far applied

spectra have been highly-resolved (spectral resolution mthl.(l:_lg ClEUd.S' ion f VS infrared sol b
0.0025-00075 cnTt), whereas the resolution of the TCCON © basic equ.at:i)n gr aréa ys,lnlg near infrared solar ab-
spectra s limited to @2 cniL. In this paper we use TCCON sorption spectra is Lambert Beer's faw:

spectra measured at the fisaObservatory (Tenerife Island, Obs

Spain, 2818 N, 1629 W at 2370 ma.s.l.) and show that the /(%) = fsun(%)€xp(— /TOA ox (A, s(T, p))x(s)ds) @)
TCCON spectral resolution is still sufficient to derive tropo- ] ] ]

spheric water vapour profiles. Since a lower resolution specHeré! (1) is the measured intensity at wavelengtfsunthe
trum is measured within 1—2 min the TCCON can provide solar mtensﬂy,ax(k,ls) is the absorption cross section and
free tropospheric water vapour data with an unprecedented (8) thé concentration of an absorberat locations. The
high measurement frequency. In Setwe briefly describe integration is performed along the path of the direct sunlight
the measurement principle of the TCCON and the general{Tom the top of the atmosphere (TOA) to the observer). The
ities of evaluating high resolution solar absorption spectraC’0SS Sectiom, depends on temperature and pressure. The
and the setup of the water vapour profile retrieval. Sec-Measurement(d) is simulated by a precise line-by-line ra-
tions 3-5 characterise and validate the profiles and Sect. diative transfer model, which includes a ray tracing module
demonstrates the unique measurement frequency of the T@&-9-,Hase and lépfner 1999 in order to determine how the

CON water vapour profiles. The paper ends with a summar)ﬁ‘)'ar light passes through the different atmospheric layers.
(Sect.7). By means of the discretisation we can describe the vertical

distribution of the absorber in form of a vecto¢z) (amount
of the absorbex at levelz). If we also describe the simu-
2 A TCCON experiment and the principles of lated spectrumf (1), in form of a vectory containing the ra-
ground-based infrared remote sensing dian_ces in the different spectral bins, we can define a forward
relation, F, that connects the solar absorption spectryin (

Figure 1 shows the two main components of a TCCON ex- {0 the vertical distribution of the absorbet)(to parameters
periment: a precise solar tracker (left photograph) that capdescribing the atmospheric staf@{nod. and to parameters
tures the direct solar light beam and a high resolution FTIRAescribing the measurement systepf):

spectrometer (right photograph). For TCCON the FTIR
spectrometer measures in the 4000-9000tnegion with

a resolution of 0.02cm' (i.e., maximum optical path dif- F is a vector valued function which simulates the at-
ference, OPD, of 45cm). This corresponds to a resolutiormospheric radiative transfer and the characteristics of the
power 1/Ax at 5000 cnt! of approx. 2.5¢< 10°. Record- measurement system (spectral resolution, instrumental line
ing of one spectrum requires between 30 seconds and a feshape, etc.). The retrieval consists in adjusting the amount
minutes, depending on the quality needed: one scan can baf the absorber so that simulated and measured spectrum
performed in 3 s, but often several scans are co-added in olagree. This is a non-linear problem (see BHyj.and the

y=F(x, patmos Pexp) (2
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code PROFFITKase et al.2004, which comprises all the

5 60': V‘*Y' ;'60 retrieval options that are required for ground-based water
8 § 20 _'TY ! v [ 10 vapour profile analyses (for a review please refestbnei-
508 ] [ der and Hase2009.
8 § 20 20 For the near infrared water vapour retrieval we fit the

. spectral microwindows as depicted in F&. In addition

E 0 - 0 to the water vapour lines these spectral windows contain

L — 1 T T T r — 1 r T r T 7
4966 4972 4ST6 4610 4012 4622 4698 4700 weak absorption signatures of GON,O, and CH. Al
these absorbers are jointly fitted. For our spectral line-by-

line simulations we apply the HITRAN 200&R6thman et

wavenumber [cm'1]

Fig. 2. The used spectral microwindows withh8 signatures. The L . .
shown measurement was taken on the 31st of March 2010, ata solgr’ 2009 spectroscopic line parameters which we adjusted

elevation of 434°, and for a total water vapour column amount 10F & Speed-dependent Voigt line shape mo&ehpeider et
of 47mm. Black line: measured spectrum; Red line: simulated@l- 2011). As temperature profile we apply the National Cen-
spectrum; Blue line: residuals (difference between measuremeni€rs for Environmental Prediction (NCEP) 12:00 UT reanal-
and simulation). ysis temperatures.

solution is obtained by iterative calculations. For each it-3 Water vapour profile error analyses

eration the derivatives8y/dx determine the changes in the

spectral fluxesy for changes in the vertical distribution of Our assumed uncertainty sources are given in Tablela-

the absorbek. These derivatives are sampled in a Jacobianjor efforts have been undertaken for constraining the instru-

matrix K: mental uncertainties of a TCCON experimefibfams et al.
1994 Hase et al.1999 Keppel-Aleks et al.2007 Messer-
dy =Kox (3)  schmidt et al. 201Q Gisi et al, 2010. As remaining in-

strumental uncertainties we assume a measurement noise and
baseline offset of 0.1% (noise-to-signal and offset-to-signal,
respectively), a modulation efficiency of 5% per 100 cm op-

InvertingK of Eq.3would allow an iterative calculation of
the sought variables, but the problem is under-determined,

i.e., the columns oK are not linearly independent and there tical path difference (OPD), a phase error ddDrad, and a
are many different solutions that are in acceptable agreement . ¢ sight (LOS) uncertair’ny of 1 ’

with the measurement. We cannot derive a unique solution In addition there are uncertainties in the applied 12:00 UT

but we can estimate the most probable solution for the Ve cEP reanalysis temperature profiles and the spectroscopic

measurement. This opt|mal esﬂmaﬂop (OE) gpproach COMfine parameters. We assume uncorrelated temperature uncer-
bines the measurement information with a priori knowledge

. . L tainty of 2K for the lower troposphere (below 5km) as well
and provides the most probable solution by minimising the
: o as 2K for the upper troposphere (above 5km). These un-
following cost function:

certainties might be caused by errors in the NCEP data or
[y— F)I'S Yy — F)l+[x —xal"SaYx —xa]  (4) by diurnal cycles (the applied NCEP data is for 12:00 UT,
whereas IzAa’'s FTIR measurements are performed between
WhereS; is the noise covariance, andS; are the a-priori 10 and 18:00 UT). As uncertainties in the line strengih (
known mean distribution and the covariance of the distribu-and pressure broadening parametgi)we assume 1% and
tion of the absorber, respectively. The a priori water vapourfor the strength of the speed-dependeritgl(o, Wagner and
information is deduced from daily Vaisala RS92 radioson-Birk, 2009 Schneider et al.2011) we assume 5%. Please
des, which have been launched since 2005 just about 15 kmote that uncertainties in the spectroscopic parameters — al-
southeast of the If&@m Observatory. For more details about though being systematic — can produce random errors, since
OE approaches please refer to the textbook of C. D. Rodgerthe effect of the errors depends on the sensitivity of the re-
(Rodgers2000. mote sensing system which, for example, differs for dry and
The optimal estimation of atmospheric water vapourwet atmospheric conditions.
amounts from ground-based FTIR spectra is far from being The error estimation method is the same as described in
a typical atmospheric inversion problem and, due to its largeSchneider et a[20109, which should be consulted for more
vertical gradient and variability, standard retrieval methodsdetails. In Figs3 and4 we depict the estimated random and
are not appropriate. Only very recently the ground-based insystematic errors for the retrieved profiles. We perform the
frared remote sensing of water vapour profiles has becomestimations for very high resolution spectra (spectral resolu-
feasible. Among others, it requires the inversion to be per-tion of 0.004 cnt ! typically used in NDACC) and for spec-
formed on a logarithmic scal&s¢hneider et al.200§ and  tra with TCCON resolution (@2 cnT!). Uncertainties in
the application of a speed dependent Voigt line shape modehe ILS, the applied temperatures, and the spectroscopic pa-
(Schneider et 812011, and references therein). We use the rameters are the leading error sources. In addition to the
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Table 1. Assumed experimental and temperature random uncer- RES: 0.004cm’" (NDACC) - RES: 0.02cm" (TCCON)
tainty. 1 \ -\\
i 1|
source uncertainty = 10 10_“\
measurement noise D% =] 1
baseline offset a% . :‘ — speclroscopy
modulation eff. 5 % (per 100 cm OPD) © 5 > 5_‘;/ ] —us
phase error ©1rad 1 { \Z et
Line of sight (LOS) 1 : : S sza
LT temperature 2K o =
UT temperature 2K 0 5 0 5
line strength S +1% error [%] error [%]
pres. broad. coefy,r +1%
SDV strengthI'y/Tg  +5% Fig. 3. Estimated HO random profile errors for the profile re-

trievals of spectra with typical NDACC and TCCON spectral res-
olution (0004 and M2 cnT 1, respectively). Blue: spectroscopic
Table 2. Estimated random errors of the retrieveg@column ~ Parameters; Black: measurement noise; Red: ILS; Cyan: tempera-
abundances for different spectral resolution0d@ cnt! (typical  ture profile; Green: baseline offset; Magenta: line of sight.

for NDACC) and 002 cni? (typical for TCCON).

RES: 0.004cm™ (NDACC) RES: 0.02cm™ (TCCON)
source Res: 004cntl  Res: 002cnil v 15 ' ‘
spectroscopy 01% <0.01%
measurement noise .8 % Q09 % — 104 10
ILS 0.04% Q03 % E
temperature (T-fit) M5 % Q08 % 8
temperature (no T-fit) a6% Q14 % £
baseline offset Q4% Q14 % ° % °7 —
LOS (@80 SZA) 0.17% Q17 % JR SEL it & ———-1,
smoothing B7 % 068 % ] e,

TRy Ty Ty T T
error [%] error [%]

optimal estimation of an absorber profile PROFFIT can es-

timate temperature profiles. We get the additional temperal_:ig' 4. Same as Fig3 bqt for systema'.[ic profile errors. Solid.line:
ture information by fitting two spectral microwindows with 'in€ strength &) uncertainty; Dashed line: pressure broadening co-
CO, lines (at 47204735 crif) simultaneously with the wa- efficient (/ajr) un_certalnty; Dotted line: speed-dependence strength
ter vapour lines shown in Figg. The simultaneous tem- (F2/To) uncertainty.

perature fit significantly reduces the temperature error (com-

pare solid and dotted cyan lines of FR). The temperature 5 eyiremely variable atmospheric trace gas. Often there are
retrieval is mandatory when analysing very high resolutiongparp filaments of increased water vapour amounts followed
spectra and when aiming on middle/upper tropospheric Wapy |ayers with reduced amounts. The FTIR remote sensing
ter vapour concentrations (see achneider et 81200). system is not equally sensitive at all atmospheric altitude lev-
The systematic profile errors are dominated by uncer-gjs and consequently the highly varying vertical water vapour

tainties in the parameters that describe the line shapeyisyriputions cause significant random errors in the retrieved
Uncertainties in the air broadening parameteg) are column abundances: the smoothing errors.

mainly responsible for lower/middle tropospheric errors,  Tnhe smoothing error is larger for the lower resolution TC-
whereas an uncertainty in the strength of the speedton spectra than for the very high resolution NDACC spec-
dependencel/T'o) mainly affects the middle/upper tropo- 3. On the other hand we observe that the retrievals applying
sphere $chneider et a2011). very high resolution NDACC spectra have a slightly larger
_Table 2 collects the estimated random error for the re- ooy sensitivity in the middle/upper troposphere than the re-
trleveq RO total column abund_ances._ When using the as-yjeyals applying TCCON spectra (see Figsand4). This
sumptions of Tablé and performing a simultaneous temper- is qye to the fact the retrievals based on the very high reso-
ature retrieval only baseline offsets and LOS uncertaintieqion spectra are more sensitive to the actual water vapour

produce errors that are larger thard @. We also list the  gigiripution but at the same time they are also more sensitive
so-called smoothing error, which is due to the limited verti- {5 ihe uncertainty source.

cal resolution of a remote sensing system. Water vapour is

Atmos. Meas. Tech., 3, 1785495 2010 www.atmos-meas-tech.net/3/1785/2010/
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RES: 0.004cm™ (NDACC) RES: 0.02cm™ (TCCON) RES: 0.1cm™ RES: 0.5cm™
15-: 15 15-:
£ 11 10 10
° ] ] ]
S J 4
= 5 \ 5-: 5-:
0 . — T 0 - — T 0 T T T 0 T T T

50 50 ' 1(IJO ' 0 50 0 50
In[H,0] avks [%] In[H,0] avks [%] In[H,0] avks [%] In[H,0] avks [%]
Fig. 5. Averaging kernels for IfH,0] for different spectral resolution. From the left to the righto® cn !, 0.02 cnt ! (resolution of
TCCON spectra), @ cn 2, and 05 cmi—L. Grey lines: kernels for all atmospheric model grid levels; Black, red, and green lines: kernels for
the 3, 5, and 8 km grid level (representative for the lower, middle, and upper troposphere), respectively; Thick black line: Sensitivity (sum

along the row of the averaging kernel matrix). Indicated is also the altitude where the sensitivity falls below 75%.

It is important to note that ground-based FTIR measure-detected by the remote sensing system. Measuring a high
ments need clear sky conditions. No measurements can besolution NDACC spectra takes about 8 min.

performed when there is a optically thick cloud cover. This |f e reduce the spectral resolution t®2 cnt — which

introduces a Signiﬁcant Clear Sky dry biaS in the FTIR datais the reso'ution Of TCCON Spectra — the m|dd|e and up_

(Schneider et 8120109, which has to be considered when per tropospheric averaging kernels become broader, but on

interpreting the data. the other hand the measurement time reduces to 2 min. With
TCCON spectra lower tropospheric water vapour concentra-

) ) ) tions can still be well distinguished from middle/upper tro-

4 Vertical resolution versus spectral resolution pospheric concentrations and we can measure a profile each

2 min. However, then the range with a sensitivity of at least

Atmospheric profiles remotely-sensed by ground-based in-75% is limited to altitudes below TDkm.

frared spectrometry offer — compared to in-situ measure- i 1
For a spectral resolution of.Dcm™+ the measurement

ments — a limited vertical resolution. The vertical structures . e
that are detectable are documented by the averaging kerneldMe butalso the sensitivity range get further reduced, but we

Figure 5 depicts typical sets of averaging kernels for Waterst'ill can.distinguish wgtgrvapourvariations that occur above
vapour profile retrievals when applying the near infrared mi- 5 km altitude from variation close to the surface. If we reduce

crowindows of Fig2. the spectral resolution ta®cm~! a measurement takes just

In order to assess the effect of spectral resolution on thé"few seconds, but then the system is not well able to separate

vertical resolution of the remote sensing system we meavater vapour variations that occur at different altitudes and it

sured spectra with different spectral resolutiordQa cn, is only satisfactorily sensitive below an altitude o8 &m.
0.02cnt1, 0.1¢cnt, and 05 cmi™t) during 20 min on a sta- The averaging kernels depend on the actual atmospheric
ble day and for typical conditions (stable typical and wa- Water vapour content (level of saturation of the applied water
ter vapour content, solar elevation angles abodt 8fpical ~ vapour lines). However, we use lines that are typically un-
aerosol loading, etc.). saturated. Even for observations performed at sea level the
The averaging kernels for 3, 5, and 8km (representativeaveraging kernels are similar to the kernels depicted ingrig.
for the lower, middle and upper troposphere) are highlightedAS an approximation one can consider the different observer
by red, blue and green colors, respectively. The sum alongltitudes by vertically shifting the kernels (see also Fig. 1 of
the rows of the averaging kernel matrix documents the senSchneider and Has2009.
sitivity of the remote sensing system. It is depicted as thick Ground-based solar absorption spectra contain informa-
black line. For a very high spectral resolution (typical for tion about the vertical distribution of the absorber mainly due
NDACC measurements) we can detect 3km thick layers into the pressure broadening effect (lines are the broader the
the lower troposphere, 6 km layers in the middle tropospherehigher the pressure at the absorbers location). The broaden-
and 10km layers in the upper troposphere (the layer thicking coefficients are typically.04-Q08 cnitatm L. In the
ness is defined as the full width at half maximum of the stratosphere, e.g., at 25km, the pressure is ab@O256@tm
kernels). Then the sensitivity is almost optimal (close to and the frequency of the absorptions that take place in the
unity) throughout the whole troposphere, which means thattratosphere are very well defined. In order to detect the
the FTIR system is well able to detect the atmospheric vari-pressure broadening effect in the stratosphere very highly-
ability between the surface and an altitude of aboud ki, resolved spectra — like those measured within the NDACC
where still 75% of the real atmospheric variability can be (typical resolution of 004 cnT!) — are mandatory. In the

www.atmos-meas-tech.net/3/1785/2010/ Atmos. Meas. Tech., 3, 17852010
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25.] 5.1 Absorption signatures and vertical distribution

-5 /‘. - of H,O

5 2% Npace TCLON - . At Tenerife Island radiosondes (Vaisala RS92) are launched

g resolution resolution twice per day (11:15 and 23:15UT). The launch site is

S 15 ] just about 15 km southeast of the Observatory on the coast-
—— ——r " line. The radiosonde measurements offer a good opportu-
0004 001 o 08 nity for documenting the FTIR’s O profiling capability

spectral resolution [em'] (e.g.Schneider et 81.20103. Figure7 shows some exam-

ples for the agreement between radiosonde and FTIR pro-
iles measured in coincidence. The small black squares show
the RS92 profiles after correction of temperature effects and
radiation bias{0mel et al, 2007). These in-situ profiles of-
troposphere the pressure is more than an order of magnitudier a very high vertical resolution. In contrast, the remote
higher (e.g., it is still about.@ atm at 12 km). For a retrieval sensing technique only allows resolving rather rough vertical
of tropospheric profiles a spectral resolution o®Dcnt ! structures (see averaging kernels of FBg.For an adequate
(or even 01 cmi™1, see Fig5) is obviously sufficient. Nat- comparison we have to degrade the RS92 profiles to the ver-
urally, a very high spectral resolution is also advantageousical resolution of the FTIR profiles (e.gSchneider et al.
when estimating tropospheric profiles. The higher the spec20103. The blue stars in FigZ depict the RS92 profiles with
tral resolution the larger the amount of information about thethe vertical resolution adjusted to the the FTIR profiles and
absorbers vertical tropospheric distribution. For this reasorthe red circles depict the optimally estimated FTIR profiles.
the smoothing error is the smaller the higher the resolutionThe profiles are shown as relative difference to the climato-
of the applied spectra (see Taldle logic profile that is applied as the a priori. Any difference
The degree of freedom of the measurement (dof value) igo the 0% line is produced by the FTIR measurement. For
a measure of the amount of information that is introduced bythe coincidences shown in Fig, FTIR and smoothed RS92
the measurement. Figuéeshows how the dof value depends profiles detect very similar differences to the a priori profile,
on the spectral resolution. It is aboubZor high resolution ~ which documents the good quality of the FTIR data.
spectra, B for TCCON spectra, and about 2 ford@m ! In addition Fig.7 depicts the profiles produced by an re-
spectral resolution, which seems to be the limit for identify- trieval setup that only allows for a scaling of the a priori pro-
ing two independent atmospheric layers. For a poorer spedfile (thick green dashed line). This retrieval approach postu-
tral resolution the dof value is below 2 and the profiling ca- lates that the absorption signatures contain information about
pability of the system is limited. The TCCON resolution is the total column abundances of the absorber but not of its
a good compromise enabling both, good vertical resolutionvertical distribution. Naturally, if the actual atmosphere con-
and high measurement frequency. tains vertical water vapour structures which are similar to the
Please note that the near infrared spectra allow a retrievedh priori situation (slope of the actual profile is similar to the
of H,0 profiles but not of HDO profiles. Above 3000ch  slope of the a priori profile) the scaled profile and the op-
the signatures of the latter are rather weak. HDSDHbro-  timally estimated profile are similar. This is the case on the
files, which are very useful for investigating the atmosphericdays 090124 and 100609. However, if the actual profile slope
water cycle (e.g.Worden et al. 2007 Frankenberg et gl.  is significantly different from the a priori profile slope (days
2009 Schneider et al20100, can only be remotely-sensed 090125 and 100611) the scaled profile and the optimally es-
from ground applying NDACC's mid-infrared spectra but not timated profile differ significantly.
TCCON's near infrared spectra. Figure8 shows the residuals between measured and simu-
lated spectra for the four exemplary measurements presented
in Fig. 7. Here we take the 4608-461225 cn1 ! spectral
window as example. If the actual verticab@ structures
significantly differ from the climatologic mean situation (day
090125 and 100611) the spectral residuals produced by the
scaling retrievals are much larger than the residuals produced
y the profile optimal estimation retrieval. On day 090125
e scaling approach produces a spectral residual of 0.53%
Eexpressed as the root-mean-squares value: rms). We observe
hat the synthetic spectra does not well simulate the measured
absorption signature. To the contrary the rms value corre-
sponding to the profile optimal estimation approach is only
0.21%. For this approach the simulated and the measured

Fig. 6. Degree of freedom of the measurement (dof value) versu
spectral resolution.

5 Empirical validation

In this Section we empirically prove TCCON'’s water vapour
profiling capability, whereby we take lIda’s TCCON mea-
surements as an example. First, we document that the me
sured water vapour absorption signatures contain significant
information about the vertical distribution of tropospheric
water vapour. And second, we compare the retrieved wate
vapour profiles to all in-situ Vaisala RS92 radiosonde profiles
measured in coincidence.

Atmos. Meas. Tech., 3, 178%#95 2010 www.atmos-meas-tech.net/3/1785/2010/
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100611
10 4 }3-.
i _-’.- = RS92
>¢‘5 'l"‘ (Vémel et al. 2007)
! hyett FTIR Scaling
e} ....}’ —~O—FTIR OE
o —K-RS92
1% (smoothed with
" ;\1 avks)

altitude [km]

— r — T . .
-100 0 100 200 100 0 100 200 100 0 100 200 -100 0 100 200
difference to climatologic mean [%]

Fig. 7. Examples for coincident Vaisala RS92 and FTIRGHmeasurements (scaling and OE approach). Presented as percentage difference
to a subtropical climatologic profile. Black squares: RS92 data corrected bydmel et al.(2007) method; Green dashed line: FTIR
scaling approach; Red circles: FTIR OE approach; Blue stars: RS92 smoothed with FTIR averaging kernels.
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Fig. 8. Measured spectra and residuals of the 460861225 cn ! spectral window corresponding to the four examples of FigTop
panels: measured spectra; Middle panels: residuals for scaling approach; Bottom panel: residuals for OE approach. The root-mean-square
(rms) values of the residuals are given in each panel.

) . . Figure9 expands the findings of Figg.and8 to the more
otal column abundances  concentration at 3km concentration at 8km ~ .
" than 3000 IzAa near-infrared spectra that have been mea-
sured since June 2008 (when we started recording AC and
. DC signals in the near-infrared). The Figure shows a com-
parison of the HO data retrieved by the scaling and the op-
timal estimation approach versus the ratio of the respective
spectral residuals. The vertical distribution of water vapour

-FTIR ./ FTIR_ [%]

-100

Sca

mean and std: 1009 mean and std:

mean and std:

103 1.19% +- 2.31% 26.61% +/- 35.65% -10.22% +/- 40.92% is highly-variable and we observe that a situation like on day

FTIR

10 15 20 25 30 10 15 20 25 30 10 15 20 25 30 091025 or 100611 is rather frequent: for about 50% of all
ratio of rms of residuals (s, / rms,,.) measurements the scaling retrieval produces residuals that
are at least by 20% larger than the residuals produced by the
Fig. 9. Difference between D total column amounts and lower optimal estimation approach. The increased residuals of the
and middle/upper tropospheric concentrations obtained by the FTIRy¢caing retrievals document that the TCCON spectra contain
scaling (Sca) and profile optimal estimation (OE) approach versusigificant information about the vertical distribution of tro-
the rms value of the respective residuals. pospheric water vapour. FiguBsdocuments that the high
variability of the vertical distribution of water vapour is well
spectra are in very good agreement. The increased spectr§fiected in the water vapour absorption signatures and that
residuals produced by the scaling retrieval documents thaﬁhe FTIR system is W,e” able to distinguish lower from mid-
the spectra contain a lot of information about the vertical dis—dle/ upper tropospheric water vapour amounts.
tribution of the absorber.
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Fig. 10. Correlation between column amounts and volume mixing ratios obtained from coincident Vaisala RS92 angGTiie&sure-
ments (Upper panels for scaling and bottom panels for OE approach). From left to right: total column abundances, volume mixing ratios at
3km and 8 km. Blue solid lines: diagonals; Red dotted lines: linear regression lines.

5.2 Correlation between coincident FTIR and RS92
measurements

detected by the RS92 and the FTIR are hardly comparable.
For more extensive FTIR-RS92 inter-comparison stud-
ies at different sites and applying different spectral sig-

Between June 2008 and August 2010, there are 21 verjatures please refer t&chneider et al.(20103 and
close coincidences between the Vaisala RS92 and FTIR nearchneider et al20109.
infrared measurements (including the four situations shown
in Fig. 7) As close coincidence we Qefine the_situation that6 Time scale analysis
the radiosonde measures at 3 km within 10 min of the FTIR
near-infrared measurement (which takes about 2 min). FigSpectra with a resolution of @2 cnt2 are measured in less
ure 10 shows correlations between the water vapour datgnan 2 min. TCCON can provide a uniquely dense set of so-
measured by the RS92 and the FTIR system: the upper panyy absorption spectra. Applying the optimal estimation ap-
els for the scaling retrieval and the bottom panels for the Proproach we can use the TCCON measurements for investigat-
file optimal estimation retrieval. The left panels depict to- jng variations in the tropospheric water vapour distribution
tal column abundances, the central panels concentrations gk different timescales ranging from a few minutes up to sev-
3km and the right panels concentrations at 8km (wherebygrg| days. Figura1shows an example of a diurnal evolution
RS92 data have been smoothed with the FTIR kernels obpf |ower and upper tropospheric,B® concentration as ob-
tained from the profile optimal estimation retrieval). tained from TCCON measurements atilaa Shown is the
Naturally the data produced by the scaling approach ddifference to the climatologic meaﬁ—;(f—”, wherebyzx repre-
not well correlate with the RS92 profile. On the other hand, sents the retrieved water vapour concentrationsxgritie a
the optimal estimation approach produces middle/upper tropriori climatologic mean). On this day we measured about
pospheric HO concentrations which very nicely agree with 90 near infrared spectra between 12:30 and 16:30UT. The
the RS92 concentrations (see bottom right panel: correlatiomlack and red error bars on the right side of the plot indicate
coefficientp of 0.976 at 8 km). In the lower troposphere (see the total random errors as estimated in S8ct.
bottom middle panel) the correlation is weakeiof 0.946 at Concerning the lower troposphere at 3km we ob-
3km), since both experiments detect very likely a different serve rather large short-term variability between 12:30 and
lower tropospheric airmass: the RS92 is launched from thel4:30 UT. This variability is much larger than the estimated
coastline, 15 km southeast of the observatory. When reachrandom error (compare the black error bar with the short
ing the altitude of the FTIR instrument (2370 m a.s.l.) it is timescale scatter of the black squares before 14:30 UT). This
floating in the free troposphere at a significant distance fromvariability is due to increased turbulence during the morn-
any landmass. In contrast the water vapour amounts detectadg hours when the landmass heats faster than the overly-
by the FTIR instrument will certainly be affected by the land- ing airmass, thereby producing an instable atmospheric lay-
mass (turbulent processes, latent heat transfer, etc.). Therering. The vertical instabilities efficiently increase the wa-
fore, lower tropospheric and total columnp® abundances ter vapour amounts and adiabatically cool the lower/middle
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Fig. 12. Water vapour variability for the different timescales as in-
Fig. 11. Evolution of lower (black squares) and middle/upper (red dicated in the legend. The dotted grey line indicates the estimated
dots) water vapour concentrations between 12:30 and 16:30 UT orotal random error (see right panel of Fg).
the 19 May 2010. The error bars indicate total random errors as
estimated for the respective altitudes (see right panel of3ig.
It is strongly recommendable that the different techniques
measure at exactly the same time and at the same place. De-

troposphere. As a consequence between 13:30 and 14:00 Ufcting a slightly different airmass can introduce significant
the lower/middle troposphere abovefizegets saturated and Uncertainties in the inter-comparison study.

the water partly condensates to cloud droplets. The situation TNe Situationis a bitless critical in the middle/upper tropo-

is different at the end of the day. Then the landmass cool$Phere, where a variability of larger than 6% is only observed
faster than the overlying airmass thereby causing high verfor t|mescale_s larger than 1 h. It seems that the m|ddle/t_Jpper
tical stability. After 15:30 UT the low short-term variability {OPosphere is more stable and changes are smoother in time
can fully be explained by the estimated random error. as well as in space.

In the upper troposphere the diumal evolution is rather It should be noted that the lower tropospheric water vapour

. structure can also be observed at very high temporal res-
smooth. There the water vapour concentrations are rather, .. . ; .

. -Olution using ground-based atmospheric emission measure-
constant during the whole day. The observed short-term vari-

ability can fully be explained by the random error (compare ments in the infrared and microwave regidniith et al,
y y P y P 1999 Guldner and Sankuch 2001). However, to our
scatter of red dots with red error bar).

knowledge and concerning middle/upper tropospheric water

We find that such increased lower tropospheric short-apour only TCCON can provide a temporally dense data set
term variability is a typical situation. Figur2 plots pro-  jith good quality.

files of the tropospheric water vapour variability on differ-

ent timescales as obtained from TCCON measurements. The

study bases on measurements taken dtdzm 57 different 7 Conclusions

days between June 2008 and August 2010. On 15 of these _ ) )

days we measured continuously near-infrared spectra for af CCON is a rather new and expensive network of high qual-
least 2h allowing 50-100 individual profile retrievals for Ity ground-based FTIR systems. There has beenalot of effort
each of these days. We define the variability as thestan- ~ for guaranteeing an ultimate quality of the measured spec-
dard deviation of the difference to the a priori value. We ob- 2. TCCON's high quality standards as well as its long-term
serve that most variability occurs on timescales that are largeftrategy are very attractive for many fields of atmospheric
than 1 day. However, even on very short timescales lower trof€Search, in particular for climate change research. Under-
pospheric variabilities cannot be neglected. Within 15 minStanding the atmospheric water vapour distribution is very
only, lower tropospheric water vapour already varies by 6%,important for understanding Earth’s climate. We s:how that
which is clearly larger than the estimated measurement unth® TCCON measurements can be used to monitor tropo-
certainty (dotted grey line). The significant variability on spheric water vapour profiles with a vertical resolution of 3
rather short timescales justifies the strict coincidence crite2nd 8 km in the lower and middle/upper troposphere, respec-
rion applied for the comparison shown in Figand10. The tively. As long as one does not aim for an ultimate sensitivity
short timescale variability also points to small-scale struc-IN the upper troposphere it is not necessary to record addi-
tures in the horizontal water vapour fields of the lower tropo- tiona! spectra with higher resolution. The TCCON resolution
sphere. The significant small-scale and short timescale varitS Sufficient and can provide data at a very h'gh measurement
ability converts the inter-comparison of lower tropospheric frequency (one measurement every 1—2min).

water vapour measurement techniques into a difficult task.
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The density of the TCCON $0O profile data will allow an
analysis of tropospheric water vapour variability for differ-

M. Schneider et al.:

Remote sensing of water vapour profiles within the TCCON

ground-based FTIR measurements, J. Quant. Spectrosc. Ra., 87,
25-52, 2004.

ent altitudes and on different timescales ranging from severaKeppel-Aleks, G., Toon, G. C., Wennberg, P. O., and Deutscher,

hours to a few minutes. This is important for assessing the
validity and limits of water vapour profile inter-comparison
studies. Furthermore, it might allow novel studies of short

vection, or lateral mixing processes.
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