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ABSTRACT

Two methods for the measurementtlod column watevapor inthe atmosphere are compared
with respect to theiusefulness foimaging spectrometezampaigns. First, isitu measure-
ments of 26 radiosonde launchee integratedavith height to obtairthe watervapor column.
Second,simultaneous grounglradiance measuremenising a surphotometer are inverted to
column water vapoamounts. Arexact calibration of theolarradiometer is performed to in-
crease the measuremeicuracy.Theresults obtained bthe radiometric method differ from
the insitu measurements withitme relative accuracy of thealloon-borne humiditysensors.
The largest differences are attributeddtesty, highly humid atmosphericonditions. We con-
clude that sun photometry is a viable substitute to in situ water vapor measui@ntieatvali-
dation of atmospheric correction methods and in flight sensor calibration.
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1 INTRODUCTION

Scientific investigations on imaging spectrometer data requires external information on the opti-
cal properties of th@atmosphere. These properties strongly depenith@@amount ofaerosols

and atmospheric water vapor. In situ measuremerniiseofertical profile of temperaturerela-

tive humidy and concentration of selectedce gases (e.gozone) may be performaasing
balloon-born radiosondes (Figure 1). However, this data is not always availableichaggg
spectrometer experimentsor atmospheric correction and inter-calibratipurposes it ioften
sufficient to know the massolumn of theabsorbers and scatteref$ie correspondingpptical
depthscan be determined by measuring the extinction ofstilar radiation atelevantwave-
lengths. The main goal othis paper is to chedhke reliability of suchradiometricprocedures
compared to in situ measurements.

The tracking Reagasolarradiometer("Sun Photometer"; see Figure 2) meas-
ures the direct irradiance of the sun in 10 spectral bands located at specifiedvesmatiehgths
(382, 410, 501, 611, 669, 721, 780, 872, 940, and 1033 nm). The bandwathttuislO nm.
The first part of this paper deals with the calibration ofsthiar radiometer at Mountemmon,
Arizona, USA (2791 ma.s.l.), and at theSwiss high alpine researchtations at Jungfraujoch
(3580 ma.s.l.) and Weissfluhjoch (2430 m@&.s.l.). Inthe second one weompare the water
vapor columns derived from the 940 nm channel with the integrated water vapor daisties



Figure 1 Radiosondgor air pressure, teperature, Figure 2 Regan solarradiometeiwith 10 spectral
humidity, wind, and ozone sounding. bands betwee82 and1033nmduring ahigh alti-
tude calibration campaign.

from radio soundings. The field experiments were performeleiNalle Mesolcina(Southern
Switzerland) and in the Po Valley (Italy).

2 CALIBRATION OF THE SOLAR RADIOMETER

The calibration of the relativeounts ofthe solarradiometemwas performed usinghe Langley
plot method [see e.g. Schmid, 1995 or Forgan, 19844. directsolarirradianceduring a sun
rise period at stable atmospheric conditions can be written as

E(A) = EO(/\)e_T"*m(e), (1)

whereE(A) is the solairradiance measured by thadiometerE (A) is the extraterrestrial irra-
diance,r,”is the vertical optical thickness of the atmospherenafl) is the relativeairmass at

the solar zenith anglg In the approximation (1) the radiation scattered into the field of view of

the instrument is neglected compared to the disgtiition. The relative aimass isoften ap-
proximated bym(6) = 1/cosh. A more sophisticatedxpression fom(6) is given by Kasten

and Young (1989) who take into account the refraction of the radiation path in the atmosphere.

The output signaV/(A) is assumed to be proportional ttee solar irradiance
E(A). Inserting this correlation in Eq.(1) and takitng logarithm yields the linear function (the
wavelength dependency is omitted in the notation)

In(V) = In(V,) - 7, m(6). )

As 'V andm are known for a zenith angle range giventliy measuremeiime period, the data
can be extrapolated to the expected extraterrestrial sfgaa = 0. This method iknown as
the Langley plot calibration. Thelope ofthe straightine is the vertical opticathicknessr, .
The calibration constai is strictly valid for the calibratioday. Forany otherdateV, has to
be corrected according to the actual sun-earth distance.

The linear correlationf2) is accurateonly for those channels whicire not lo-
cated inabsorption bands, iparticular outside th&21 andthe 940 nmwater vaporbands.
Within these bands the Langley plot approhels to benodified according to resultsbtained



with radiative transfer codes such #adODTRAN [Kneisys et al., 1995] (fordetails see
Schlapfer, 1998)The angular opticathicknesst, m(6) is split into the aerosdahickness
T,.,M(6) and the watevapor thickness,, (), the latterbeing approximated by theower
law

T, =k(MPW)*, with 7 =g (=" @) 3)

The actually observed parametisrthe total transmittance as a function of the optical thick-
nesst”. PW is the amount of precipitable water in dmandb are parameters obtained by fit-
ting the right term inEq.(3) to MODTRAN simulations of the transmittance at then pho-
tometer level.

Figure 3 shows the calibration constants determined by RSL at Jungfraujoch and
Weissfluhjoch (1996 and 1998)gether with those measuredMbunt Lemmon(AZ, USA,
1995), provided bythe instrumentmanufacturer.The humidity at Mount Lemmon and at
Weissfluhjoch was veryow, whereasghe measurements atingfraujoch were perturbed by
advected clouds and moisture. The results suggest that there is a degradatisergdre sen-
sitive at lower wavelengths. This effect may be also caused by processing incaccdagies.
ever, the remaining channels have quigpoad stability.The use ofthe modified Langley plot
increases the calibration constafitn the 940 nm channély 5 to 15% and decreastte rela-
tive RMS by about 1%. The RMS deviation of all calibration measurements are depi€tge in
ure 4.
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Figure 3 Calibration constantietermined aMount Figure 4 RMSdeviation of 6 calibtration runs be-
Lemmon (1995), at Jungfraujoch (199@nhd Weiss- tween fall 1995 and winter 1998 for tls&andard and
fluhjoch (1998); derivedybthe modified Largley plot  the modified Langley plot.

method.

3 WATER VAPOR MEASUREMENT USING THE 940 NM ABSORPTION
BAND

The precipitable watd?Wis calculated on the basis of the continuum interpolation, followed by
inverting the modified Langley equation (3). First, the total transmittaggeat 940 nm due to
aerosol scattering and water vapor absorptiocalsulated directlyfrom the calibrateddata.
Then, the absorbtance due to aerosols is obtained by interpotagngaluedrom the adjacent
channels to 940im. Inverting Eq.(3) byintroducing thecorrespondingransmittance values
yields
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The constants b anddce cruciafor the inversion function(4). They therefore have to be de-

rived carefully from the transmittance values simulatgd MODTRAN. The valuedor aver-
age midlatitude summer conditions are k=-0.58'@and b=0.63, respectively.

PW =

4 WATER VAPOR PROFILES ON THE BASIS OF RADIO SOUNDINGS

A mobile radio sounding equipment was used to measunettieal profile of theatmosphere.

The sondes are capable of measuring air pressure, temperature, relative humidiglagihd

and direction, as well as the partial pressure of ozone up to about 15 km a.s.l.. For our purpose
the top altitude was set to 6 km. Figure 5 shows the resultsypfcal ascent.The relative hu-

midity was converted to water vapor density and integrated up to & kimAbove thatlevel,

the amount of water turned out to be negligible.
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Figure 5 Typical temperature and water vapor density profile on a clear summer morning.

5 THE FIELD EXPERIMENTS

In two field experiments of the air quality proje¢OTALP (Vertical OzoneTransport in the
Alps [Furger et al., 1996]) radio soundings were performed at 1 to 2 hours intervals from dawn
to dusk. The dense availability of sounditgfaoffers the opportunity to compare atmospheric
water vapor profiles with radiometbasedprecipitable watefor a wholedaytimecycle. On 6
days the solar radiometer was operating simultaneously with the soundings.

The experiments in summ&B96 weremade on 3lays at Grono which is lo-
cated in thevalle Mesolcina inSouthern Switzerland. Thiglley is surrounded by mountains
of about 3000 m a.s.|. altitude.l&ads to the Ticino region and is connected to the Po Valley.
The measurements in summer 1998 took place in the Po Valley, north of Milan. On the first day
of the intercomparison, two soundings were made at Seregnoomaetely flat areand two
at Barni in the hilly region oLake Lecco. Duringthe second andhe thirdday, the measure-
ments were performed at Verzago which is located on a small elewdietaveen. Further de-
tails about the sites are given in Figure 6.



site altitude date

120 1 [m a.s.l.]
Grono(CH) 320 August,16-18, 96
100 1 Barni (1) 635 June 4, 98
Verzayo (1) 388 June 5-6, 98
80§ ] Sergno (1) 224 June 4, 98
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Figure 6 Location of the experimental sites of the VOTALP field experiments.

4 RESULTS

Twenty-six radiosoundings diie datasetsacquired in1996 and 1998 wereompared to the
continuous surphotometerreadings.The radiometer datevas averaged ovet £ 5 min., t
being the reference time. Because a typical sounding takes 20 to 30 min to reach&600 tm
was set to 15 min after launch. In the top graph of Figute precipitable water measured by
the radiosondes iplotted together witlthe radiometedata, bothtaken atGrono. The bottom
graphshowsthe opticalthicknesst, of the channels 1381nm) and 3501nm). The optical
thickness is a measure of ttwgal aerosol contentlust, and cloudcover. Forclearsky condi-
tions it remains below 1.0. there are heavglust, fog or cirruslouds withinthe optical path
to thesun, the opticalthicknessmay exceed values df.5 to 2.0. Moreover,the wavelength
dependence af;” is an indicator of the particle size distribution of the aerosols.

The data ofGrono show aignificant diurnal variation of the precipitable water
PW in theatmosphere. Ithe early morning beforsunrise and shortlgfterwards,PW de-
creases to values betwegkr2 and1.8 cm.This is particularly evident othe second and the
third day. Later, the value increases agaif3.tb- 3.5 cm. We suppodbatthis diurnal varia-
tion is due to the transport of dayr from the mountaingluring nighttime and to the advection
of moist air by the valleyind duringthe day. The analysis of these phenomena and of the
aerosol data is beyond the scope of this paper and will be treated separately.

From the data in Figure 7 it is evident that the precipitable water calculated on the
basis of the radiometer measurements is a rather smooth function of time. Contlezsabyi-
cal thicknessshowssubstantial fluctuations duringe day due tdigh level clouds anddust.
We conclude that the continuum interpolation method is statgegh tdilter out aerosodis-
turbances for the water vapor retrieval procedure.

The difference between radsmnde andadiometer data is aboQt05 cm when
the air is clearfAugust 17) andabout0.1 cmunder more disturbedonditions. Thisamount
corresponds to eelative difference betweend&hd8%. The agreement is muckorse in the
early morning than during daytime. This effect can be explained biadhéhat the relative hu-
midity is close tosaturation. From a set of comparisdetween the humiditgignals of the
sonde beforéaunch and the reference instrumengadund level, weconclude that ahigh
relative humidity the hygrometer readings of the radindeare notvery reliablethe error be-
ing up t010-15%. Undemnormal conditions (about 40 &0%) the error is about 5%elative
humidity.
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Figure 7 Top: Precipitable water measured by radio sondes (asteriskbythe solarradiometer(solid line) at
Grono. August 16 - 18, 1996. Bottom: Optical thickness of the radiometer channels 1 (381 nm) and 3 (501 nm).

Taking this inaccuracy intaccountthe agreement between the radiometer and
the radiosondedata isvery good orthe first andthe second day. Converseltha data match
less on the third day due to a deterioratiothef weather conditions leading to precipitations at
the end of the day.

The agreement in the Po Vallexperiment inl998 wassimilar (Figure 8). At
Seregno two sondes were launchBde atmospherevas substantially disturbed bihe Milan
dust leading to a worse matchdas#dta compared to tierono resultsThe Barni comparison is
not representative because it is based on only one ascent duedadyasunset behind the
mountains. Thalata of Verzago odune 5agree well because of the clearness ofddye On
the last day, there was an increasing dust cover which is responsible for worse results.

In general, the precipitable water measured bysthrephotometer on cleatays
is about0.05 cm lower thanthe value derivedrom the radiosonde. Fohigher optical thick-
nesses thisleviation increases 0.1 cm. Two reasonsare supposed to be responsible for
these systematic differences: As mentioa&dve,the readings ofthe radiosondestend to
overestimate the water vapor at hrghative humidity(i.e. greater80%). This effect can cause
errors close to saturation, which may easily occur under hedusly conditions or ithe cool
morning hours. The radiometry, dime otherhand, isaffected by upcomingpw level clouds,
since the instrumertoes notmeasure the humidity signal of the radiation along thelifik
path due to absorption and scattering in the clouds. However, this effectétemantfor high
altitude cirrus clouds, since in that case more 88 ofthe watervapor islocatedbelow the
cloud level.
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Figure 8 Top: precipitable water measured by radio sondes (asteriskbythe solarradiometer(solid line) at
Seregno, Barni and Verzago. June 4 - 6, 1998. Bottom: optical thickness @dittreeterchannels 1 (381 nm)
and 3 (501 nm).

5 CONCLUSIONS

The intercomparison betwesolar radiometer and radisondemeasurementshows a good
agreement. The residual differences between radiometric and in-situ measurements yield an es-
timate of the relative accuracy which is below the 5% limit for ci&grconditions Precipitable

water and aerosadptical thicknesscan beprocessed in aeliable mannerfrom radiometric
groundmeasurements as provided $yyn photometryThe radiometer signal of wateapor

could be clearly discerned from the aerosol signal.

Radiometricground truth measurement®r column water vapoare reliable
within the accuracy of true in situ measurements. We conclude that the lauaclosbndes is
not absolutely necessary for field measurement campaigns if radiometric ground instruments are
available. The balloosoundings, howevegre stilluseful for conditions whereertical tem-
perature and humidity profiles are indispensable. This is partictiterlgasdor the datgproc-
essing (e.gthe atmospheric correction) of hyperspectral images taken mountaineouser-
rain, since the properties of the optical path fittnground tothe sensor depends strongly on
the terrain elevation of the observed pixel.

The short-term variations of the water vapor and of the optical thickness could be
guantified as an importasupport ofimaging spectroscopydatacalibration. In twoairborne
imaging spectroscopy experiments in Central Switzerland in summer 1996 anthé& 28gital
Airborne Imaging Spectrometer (DAI8)as validated againggroundtruth measurements. Ra-
diometer and radiosounding data were used for atmospheric corrections asfaethascom-
parison of image-based and radiometer-based water vapor [Schaemhari@7]. The sun
photometer measurements turned out to be a very useafusource supporting sucimter-
calibration and validation experiments.



REFERENCES

Forgan B.W., 1994: General Method for Calibrating Sun Photometers. JourAppladd Optics, Vol. 33, No.
21, Optical Society of America, New York, pp. 4841 - 4850

Furger M., Dommen JGraberW.K., Prévét A., Poggio L.AndreaniS., Keller J., Portmann W.Bdlrki D.,
Erne R.andRichterR., 1996.Vertical ozone transport ithe Alps (VOTALP): The valleyexperiment
1996.Annual Report 1996Annex V, Paul Scherrer Insitute, Villigen, Switzerland

Kasten F. and Young A.T., 198Revised OpticaAir Mass Tablesand Approximation FormulaApplied Op-
tics, Vol 28, No. 22. Opt. Soc. of Am., 4735-4738.

Kneisys F.X., Abreu L.W., AndersonG.P., Chetwynd J.H., ShettleE.P., Berk A., et al., 1995: The
MODTRAN 2/3 and LOWTRAN Model. Abreu L.W. anéindersonG.P. (ed.), Appendix C prepared by
Ontar Corporation, North Andover, MA, 267 pp.

Schaepmam., SchlapferD., Strobl P.,and Mueller A., 1997. Ground Spectroradiometric Measurements in
Support of theValidation of the Calibration oDIGITAL Airborne Imaging Spectrometer (DAIS 7915)
Data In 3rd Int. Airb. R. S. Conference and Exh., ERIM, Copenhagen (DK), 1:217-223.

Schlapfer D., 1998. Differential Absorption Methodology for Imaging Spectroscopy of Atmosplaigc Va-
por.PhD Thesis, Institute of Geographyniversity of Zurich. In press.

Schmid B., 1995. Sun Photometry, a Téal Monitoring Atmospheric Parametef8hD Thesis, Institute of
Applied PhysicsUniversity of Berne.



