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Abstract. The STARTWAVE (STudies in Atmospheric Ra- pabilites of the database for studying water vapour varia-
diative Transfer and Water Vapour Effects) project aims totions, we investigated a front which crossed Switzerland be-
investigate the role which water vapour plays in the cli- tween 18 November 2004 and 19 November 2004. During
mate system, and in particular its interaction with radi- the frontal passage, the GPS and microwave radiometers at
ation. Within this framework, an ongoing water vapour Bern and Payerne showed an increase in IWV of between 7
database project was set up which comprises integrated wand 9 mm. The GPS IWV measurements were corrected to a
ter vapour (IWV) measurements made over the last ten yearstandard height of 500 m, using an empirically derived expo-
by ground-based microwave radiometers, Global Position-nential relationship between IWV and altitude. A qualitative
ing System (GPS) receivers and sun photometers locatedomparison was made between plots of the IWV distribution
throughout Switzerland at altitudes between 330 and 3584 mmeasured by the GPS and the @r water vapour channel

At Bern (46.98 N, 7.44 E) tropospheric and stratospheric on the Meteosat Second Generation (MSG) satellite. Both
water vapour profiles are obtained on a regular basis and inshowed that the moist air moved in from a northerly direc-
tegrated liquid water, which is important for cloud charac- tion, although the MSG showed an increase in water vapour
terisation, is also measured. Additional stratospheric wateseveral hours before increases in IWV were detected by GPS
vapour profiles are obtained by an airborne microwave ra-or microwave radiometer. This is probably due to the fact that
diometer which observes large parts of the northern hemithe satellite instrument is sensitive to an atmospheric layer at
sphere during yearly flight campaigns. The database allowsround 320 hPa, which makes a contribution of one percent
us to validate the various water vapour measurement techer less to the IWV.

nigues. Comparisons between IWV measured by the Payerne
radiosonde with that measured at Bern by two microwave
radiometers, GPS and sun photometer showed instrument
biases within£0.5mm. The bias in GPS relative to sun

photometer over the 2001 to 2004 period waB.8 mm at  water vapour plays a crucial role in the earth’s radiation bal-
Payerne (46.81N, 6.94 E, 490m), which lies in the Swiss  ance, both directly through the absorption of solar radiation
plains north of the Alps, and +0.6 mm at Davos (48.B]1  and emission of longwave radiation and indirectly through
9.84 E, 1598m), which is located within the Alps in the the formation of clouds. No projection of climate change is
eastern part of Switzerland. At Locarno (46:N8 8.78 E,  complete without considering the effects of future changes in
366 m), which is located on the south side of the Alps, thewater vapour. Because the maximum amount of water vapour
bias is +1.9 mm. The sun photometer at Locarno was foundyhich can be present in the atmosphere increases with in-
to have a bias 0f-2.2mm (13% of the mean annual IWV) creasing temperature (the Clausius-Clapeyron relationship),
relative to the data from the closest radiosonde station at Miatmospheric water vapour is expected to increase in a warmer
lano. This result led to a yearly rotation of the sun pho- climate. This water vapour feedback could approximately
tometer instruments between low and high altitude stationgjoyble the warming expected due to greenhouse gases alone
to improve the calibrations. In order to demonstrate the ca{|PCC, 2001). It is therefore essential to set up networks to
monitor atmospheric water vapour.

Correspondence tal. Morland Stratospheric water vapour contributes to radiation cool-
(june.morland@mw.iap.unibe.ch) ing by infrared emission. It is also the main source of the
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Water vapour measurement stations in Switzerland
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Fig. 1. A map of Switzerland showing the locations of the AGNES GPS stations, the sun photometer (SPM) stations and the Payerne
radiosonde. The altitude in metres is given beneath the station name.

OH radical which is involved in many reactions, including porting practices or sensor types can cause abrupt changes in
stratospheric ozone depletion. Observations have shown thdhe observational record (Ross and Elliott, 2001). Satellites
stratospheric water vapour has increased in recent years (sean provide remotely sensed estimates of water vapour for
for example Oltmans et al., 2000). However, the processes large part of the globe but as monitoring tools, they suf-
leading to this increase are poorly understood and long-ternfier from the fact that individual instruments have a relatively
monitoring is necessary. short lifetime and that instrument changeovers can cause
Clouds constitute a major radiation feedback but at thesteps in the data series (e.g. Picon et al., 2003). Satellite-
same time there are many uncertainties about their role ifborne microwave radiometers can generally only measure
climate and climate change. They have been identified bywater vapour over the sea surface as the land background
the Intergovernmental Panel on Climate Change (IPCC) agmission is too high and too variable.
the single largest uncertainty in the estimates of climate sen- In recent years, ground-based remote sensing networks
sitivity (IPCC, 2001). A comparison of model predicted in- have been developed which are capable of making water
tegrated liquid water (ILW) with measurements obtained byvapour observations. AERONET is a worldwide network of
a network of ground-based microwave radiometers duringlOO sun photometer stations which was set up for aerosol
CLIWA-NET (the Baltic sea experiment cloud liquid water monitoring (Holben et al., 1998) but which can also be used
network) showed that atmospheric models generally overto measure integrated water vapour (IWV) (Halthore et al.,
predict the amount of clouds containing liquid water as well 1997; Bokoye et al., 2003). The Global Positioning System
as the frequency and duration of precipitation events (van(GPS) has recently emerged as a robust, all-weather method
Meijgaard and Crewell, 2005). In an observational study,for measuring water vapour. Water vapour has been moni-
Senegupta et al. (2003) demonstrated that surface radiatiotored by the Swedish GPS network since 1993 (Gradinarsky
is highly sensitive to variations in liquid water path (equiva- et al., 2002), making it one of the longest running GPS net-
lent to ILW). In this context, there is a clear need for regular works.
liquid water measurements. In order to detect instrument problems or improve mea-
Until the recent development of remote sensing tech-surement methods, itis very useful to be able to compare var-
nigues, in-situ measurements by radiosondes were the onlipus water vapour measurement techniques. Many case stud-
means of determining atmospheric water vapour. Howeverjes compare IWV observations using different techniques
the radiosonde network was designed for meteorological apfe.g. Basili et al., 2001; Bokoye et al., 2003) but there
plications rather than climate monitoring and changes in re-are few locations where IWV is routinely monitored using
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several types of instrument. One such site is the Southeriver 3000 m.
Great Plains site in Oklahoma, run by the U.S. Department There were a number of motivations behind the creation
of Energy’s Atmospheric Radiation Monitoring (ARM) pro- of the database. These include: (1) the establishment of an
gram, where routine measurements are made by microwavarchive for the long-term monitoring of water vapour, (2)
radiometer, GPS, radiosonde and lidar (Revercomb et al.the provision of a reference for the validation of model and
2003). satellite data and (3) the improvement of the quality of water
Remote sensing of water vapour and liquid water has beewapour observations through the inter-comparison of differ-
a research topic at the Institute of Applied Physics (IAP) in ent techniques. Sections 2 to 8 give a brief description of
Bern for many years. Instruments have been developed foeach observation technique. A validation of the IWV mea-
operation from the ground, from aircraft and from space.surements at five different sites is presented in Sect. 10 and
The earliest water vapour measurements in the middle atSect. 11 uses an example of a frontal system to demonstrate
mosphere were made from aircraft in the mid 1980s (Petehow the ground-based measurements can provide informa-
et al., 1988) and have since then been continued with theion on horizontal as well as vertical water vapour variations.
AMSOS (Airborne Microwave Stratospheric Observing Sys-
tem) instrument (Peter, 1998; Feist et al., 2003; Vasic, 2005).
Global coverage of the middle atmospheric water vapour dis2 GPS measurements

tribution was obtained in the mid 1990s with the space shut- . .
tle instrument MAS (Millimeter wave Atmospheric Sounder) The Automated GPS Network of Switzerland (AGNES) is a

(Croskey et al., 1992; Aellig et al., 1996). Early measure—networ!( of thirty fixed_ GPS receivers which was ;et up by
ments of integrated water vapour at the IAP were made beEhe Swiss Federal Office of Topography for geodetical appli-

tween 1989 and 1995 by the PAMIR (Passive Microwaveca_‘tions' There_ isan additiqnal receiver at _the Institute (_)f Ap-
and Infrared Radiometer) instrument @ktler, 1992). A sun pl|eq Physics in Bern,_ _makmg a total O.f thl_rty—one recevers.
photometer was acquired in 1992 (Ingold et al., 2000) andT_helr geographic posm(_)ns are shown n Fig. 1. They are dis-
regular measurements by the passive microwave radioméiPuted throughout Switzerland at altitudes between 330 m
ter TROWARA (TROpospheric WAter vapour Radiometer) (Muttenz n the Swiss plglns, ”Ofth of the Alps) and 3584 m
began in 1994 (Peter andakpfer, 1992). The interest in (Jungfrgumch, amountain pass in th? AIps)._ .
water vapour continued with the acquisition of a Global Po- The fixed GPS fecevers measure t|me_d microwave ;lgnals
sitioning System (GPS) receiver in 1998 (Rohrbach, 1999)_sent by a constellation of orbiting satellites. These S|gnaI§
In recent years two state of the art microwave radiometerd'© delayed as they pass through the troposphere. The Zenith

were designed and built at the IAP for atmospheric research-.rOtal Delay (ZTD) due to the atmosphere is calculated on an

These are the ASMUWARA (All Sky MUIti WAvelength hourly basis and is given as the apparent extra path through
RAdiometer) instrument (Martin, 2003; Martin et al., 2003; the atmozphferhe. th IS ?]nch(;e order 052|m a;geDa Igvel ar:jd IS
Matrtin et al., 2006a), which scans over the entire hemispher&ompose 'OI the 3”” yd rzste;nc . ﬁ\?\y( D I)’ ;3\;8 Yy
to make measurements of Integrated Water Vapour (IWV)gaseS' mainly bland G, and the Zenith Wet Delay ( ).
and Integrated Liquid Water (ILW), and the MIAWARA due towatervapour.

(Middle Atmosphere WAter vapour RAdiometer) instrument ,\wp=7TD—7H D(p) 1)
which produces water vapour profiles in the middle atmo-
sphere between 25 and 80 km (Deuber et al., 2004). The ZWD can be determined as shown in Eq. (1) by cal-

In this paper a database is described which brings togethezulating ZHD from surface pressure measurements, p, and
water vapour measurements from a GPS and sun photomesubtracting it from the ZTD. The integrated water vapour
ter network in Switzerland as well as observations made(IWV) can then be calculated from the ZWD using a re-
by the Payerne radiosonde, the water vapour radiometers dationship which is dependent on surface temperature (Be-
Bern and the AMSOS airborne radiometer. The databaseis et al., 1992; Emardson et al., 1998). For the START-
was developed as part of the STARTWAVE (studies in At- WAVE database calculations, pressure and temperature are
mospheric Radiative Transfer and Water Vapour Effects)obtained from the closest stations in the Swiss meteorolog-
contribution to the Swiss National Centre for Competenceical network (ANETZ). Where there is a height difference
in Research (NCCR) Climate project and is available on-between the meteorological station and the GPS station, the
line through a user-friendly interface http://www.iapmw.  ANETZ station pressure is interpolated to the GPS station
unibe.ch/research/projects/STARTWAVHhAternal Institute  height using the hydrostatic relationship. Further details on
of Applied Physics reports and theses cited in this paper ar¢he calculation of IWV from the AGNES ZTD data are given
available athttp://www.iap.unibe.ch/publications/The ob-  in Guerova et al. (2003). It should be noted that the data at
servational area (excluding the yearly flight campaigns) is il-Jungfraujoch require a correction of approximately +1.3 mm
lustrated in Fig. 1 and extends from 4518 47.8 north and  due to the radome which protects the antenna from ice and
6.1° to 10.3 east. A particularly interesting feature of the snow. The correction was calculated from the relationship
observations is that they are made over an altitude range dfetween coincident GPS and sun photometer data (Morland
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Fig. 2. The frequencies of the microwave radiometer channels in relation to water vapour, cloud liquid water and oxygen absorption. The
symbols A, AM, P, and T refer to ASMUWARA, AMSOS, PAMIR and TROWARA channels, respectively.

et al., 2006a). Please note that the units of IWV are Kg/m fore being stored in the database. Continuous sun photometer
which are equivalent to mm of total column height of liquid measurements began at Davos in 1995 (Nyeki et al., 2005),
water. at Jungfraujoch in 1999, at Locarno in 2001 and at Payerne
in 2002. Since the CHARM network also measures global
solar irradiance and infrared (long-wave) irradiance from the
3 Sun photometer/precision filter radiometer measure-  atmosphere, it provides the opportunity for linking IWV ob-
ments servations to changes in atmospheric radiation.

Sun photometers have been operated at five locations in
Switzerland over the last decade (see Fig. 1). These instru-
ments track the sun in order to measure direct solar irradi# PAMIR measurements
ance and are equipped with sixteen or eighteen narrow-band
channels in the 300 to 1024 nm range, including channelslhe Passive and Active Microwave and Infrared Radiometer
centred on the water vapour absorption bands at 719, 817 anPAMIR) was originally designed for measuring the spectral
946 nm. Water vapour transmittance can be calculated frongignatures of snow and ice @¢ler, 1987). It consisted of
the observations in the water vapour bands after first estabfive microwave radiometers with frequencies at 4.9, 10.4, 21,
lishing the aerosol amount from measurements in the otheB5 and 94 GHz as well as a scatterometer (10.4 GHz) and
bands. The water vapour transmittance is converted to intean infrared radiometer. In 1987 it was transferred to the
grated water vapour (IWV) using a method based on radiativefannacker agricultural research station at Mooseedorf near
transfer modelling (see Ingold et al., 2000). For the START-Bern (570 m above sea level, 7248 and 47.00N) where
WAVE project, only IWV calculated from the 946 nm line it was used to characterise land surface emissivitgt@iér,
is saved in the database as this line is considerably strongef993; 1994). From 1979 onwards, atmospheric measure-
than the others and has been shown to yield more accurat@ents were made at a number of locations and these obser-
measurements (Ingold, 2000Atzler et al., 2002). vations were used to characterise zenith opacity at PAMIR
An 18-channel sun photometer has been operated by thiequencies (Nitzler, 1992). The PAMIR channels used to
Institute of Applied Physics at Bern (575m) since 1992, calculate integrated water vapour (IWV) and integrated lig-
while a further four instruments, each equipped with 16 uid water (ILW), together with those of other microwave ra-
channels, are operated by the Swiss Atmospheric Radiatiofiometers contributing to the database, are shown in Fig. 2
Monitoring program (CHARM) of MeteoSwiss. Initiated in in relation to the water vapour and liquid water absorption
1992, the CHARM network includes two stations at low alti- coefficients. The Rosenkranz (1998) and Liebe et al. (1993)
tudes, Payerne (491 m, north of the Alps) and Locarno-Montimicrowave absorption models were used to model the rela-
(366 m, south of the Alps), as well as two stations in the Alps, tionship between brightness temperature and IWV and ILW.
Davos (1590m) and Jungfraujoch (3584 m), which moni- The observations made at the Moosedorf research site
tor UV, visible and infrared radiation (Heimo et al., 2001). between 1989 and 1995 are included in the STARTWAVE
These stations are equipped with a more recent version of thdatabase. PAMIR was not automated and measurements
Bern sun photometer (SPM2000) called the Precision Filtewere made when personnel were available. During this pe-
Radiometer (PFR), which is specifically designed to improveriod 127 separate sky observations were made in conditions
instrument stability. Measurements are made in sunny conwhich ranged from clear sky to completely overcast. They
ditions at time intervals of between 30 s and 2 min (depend+epresent the earliest archived integrated water vapour (IWV)
ing on the station), and are averaged over hourly periods bemeasurements at Bern.
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TROWARA hourly data from 1994 to end 2004
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Fig. 3. Time series of TROWARA hourly integrated water vapour (IWV) measurements (blue points) with a model of the annual cycle (red)
and trend (green). Units are kgfm

5 TROWARA measurements rain events. Another consequence was that the observation
frequency increased from three to thirty measurements per
The TROpospheric WAter vapour Radiometer (TROWARA) minute. Between January 1994 and April 2002, the instru-
was designed to measure Integrated Water Vapour (IWV) andnent operated during 49% of the possible observation days.
Integrated Liquid Water (ILW). It began operating at Bern in While some of the downtime was due to rain, much of it was
1994 and it observes the atmosphere at a fixed elevation ardue to essential repairs being carried out on the vacuum de-
gle of 40 in a south-easterly direction. It has one channelvice which cooled the calibration load. This was replaced by
at 21.3 GHz which is sensitive to the water vapour absorpHJow temperature noise diodes in spring 2004 and since then
tion line and another at 31.5GHz which is more strongly the instrument has been operational during 96% of the possi-
influenced by liquid water (see Fig. 2). Brightness temper-ble observation days.
ature measurements made by both channels yield estimates Over the 1995 to 1998 period, a bias of 2.1 mm in
of IWV and ILW as described in Peter andifipfer (1992). TROWARA relative to radiosonde data was reported (Ingold
This reference also contains a description of the radiomeand Matzler, 2000). After instrument improvements carried
ter in its original setup (1994 to April 2002). The millime- out between 2001 and 2002, a much smaller positive bias of
ter wave propagation model of Liebe (1989) and Liebe et al.0.4 mm was observed for the years 2003 and 2004. The main
(1993) is used to derive IWV and ILW from the microwave instrument changes were the replacement of the 21 GHz am-
observations. Further information is available in Ingold et al. plifier and the improvement of the radiometer model. It is
(1998). common for instruments used in climate monitoring to dis-
In 2002, the radiometer was reviewed in order to improveplay a bias which is due to instrumental rather than climatic
its stability and reliability for climate observations. A more factors. Statistical techniques have been developed to de-
accurate radiometer model was developed in order to imtect and correct these biases by comparing an instrument
prove the instrument calibration (Morland, 2002) and the ra-time series to one or more reference time series. Using as
diometer was moved into an indoor laboratory from wherereference series IWV from the Payerne radiosonde as well
it observes the atmosphere through a microwave transpaias IWV differences between nearby meteorological stations,
ent window. This had the double advantage of increasingTROWARA IWV data were homogenised using the Multi-
temperature stability and also sheltering the instrument fronple Linear Regression (MLR) technique described by Vin-
rain so that measurements can be made during or soon afteent (1998). The homogenised TROWARA IWV data are

www.atmos-chem-phys.net/6/2039/2006/ Atmos. Chem. Phys., 6, 2088-2006
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two independent datasets supports the validity of both sets

of measurements. Clearly there are not yet enough observa-

tions to distinguish any long terms trends from the natural

variability in the data. For this reason, we plan to continue

134 making automatic IWV measurements with the TROWARA
instrument for the foreseeable future.

141

6 ASMUWARA measurements

The All Sky MUIti WAvelength Radiometer (ASMUWARA)

(Martin et al., 2006a) is designed to give information on the
distribution of integrated water vapour (IWV) and integrated
liquid water (ILW) across the sky as well as to produce pro-

114 files of temperature and IWV. ASMUWARA is based at Bern
S and has ten channels: nine microwave channels with frequen-
Integrated Water Vapour in kg/nf 2004-12-02, 08:18:41 UT (a) cies between 18 and 150 GHz (see Fig. 2) and one channel in
N the thermal infrared.
T5e — 0.123 The three channels around the 21 GHz water vapour ab-

sorption line and the 31 GHz channel, which is more sen-
sitive to liquid water, are used to determine IWV and ILW
using the method described in Westwater (1993). The
microwave absorption models for atmospheric gases and
clouds, respectively, are those described in Rosenkranz
(1998) and Liebe et al. (1993). These channels are also used
to obtain water vapour profiles from the ground up to five km
altitude (Martin et al., 2006b).
Temperature profiles in the first 5km above the instru-
0.031 ment (Martin et al., 2006b) are obtained from observations
made by the four channels lying on the lower frequency side
of the pressure broadened oxygen absorption complex near
0.000 60 GHz. The vertical resolution of the profiles decreases
with height and is approximately equal to the height above
Integrated Cloud Liquid Water in ky/nf. ~ 2004-12-02, 08:18:41 UT (b) the ground (lidi et al., 2003). An infrared radiometer (9.6—
11.5um) operates alongside the microwave radiometer and
Fig. 4. ASMUWARA sky scans on 2 December 2004 at 08:18 UT is used, along with the temperature profiles, to deduce cloud
(a)integrated water vapour (IWV) scan afft) integrated liquid wa-  pase height.
ter (ILW) scan. In order to build up an image of the sky, ASMUWARA
completes a hemispherical sky scan every twenty minutes.

now available in the STARTWAVE database (Morland and Qbservatlons are made at azimuth angles between 0 afid 360

Matzler, 2008). Figure 3 shows the resultant IWV time in 30° steps._ At every azimuth angle, the_lnstrument scans
. through zenith angles between 0 and .8%igure 4 shows
series. The annual cycle and trend were modelled accor - amples of the hemispherical IWV and ILW amounts mea-

ing to Vinnikov et al. (2002). The trend estimated from the P b

o . sured on the 2 December 2004 at 08:18 UT. The IWV scan
monthly anomalies is +0.06 mm per year with a standard er-

. ) : in Fig. 4a shows that values in the north and west are about
ror (including the effects of autocorrelation) of 0.15 mm. We 2.5 mm higher than those in the south-east. At the same time

carried out the same analysis for I?ayerne radlos_onde Me3he ILW values in the north are also high while ILW values
surements made over the same period and the estimated trenpE

was +0.06 mm per year with a smaller standard error of 0.05C 0se to zero in the south indicate clear sky.

mm. The standard error in the radiosonde measurements '&s For a short period in September 2003, two radiome-

. rs were operated at Bern in addition to ASMUWARA
smaller because there are no gaps in the dataset. Howevthd TROWARA as part of the MATRAG (Measurement of

the fact that a trend of the same magnitude is calculated fronilpine Tropospheric delay by Radiometers and GPS) project

IMorland, J. and Natzler, C.: Ten years of experience with a (Haefele et al., 2004). Over a three day period, IWV cal-
water vapour radiometer in the context of climate monitoring, IEEE culated by all four radiometers agreed to within 1 mm. AS-
Trans. Geosci. Rem. Sens., to be submitted, 2006. MUWARA tropospheric opacities have also been favourably

0.092

E 0.061

S
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MIAWARA HZO Volume Mixing Ratio @ Bern
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Fig. 5. A one year series of MIAWARA profiles from May 2004 to March 2005. The water vapour mixing ratio is measured in parts per
million volume.
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compared to MIAWARA tropospheric opacities (Deuber et track for the 15-65 km altitude range. Details of the instru-
al., 2005). ment are reported by Vasic et al. (2005). AMSOS has been
flown on yearly flight campaigns since 1994. A typical cam-
paign extends from Switzerland over northern Europe into
the Arctic as well as southwards along the west coast of
. Africa into the tropics and includes most latitudes from the
The Middle Atmosphere WAter vapour RAdiometer (MI- Equator to the North Pole. Figure 6 shows an example of

AWARA) is a ground-based radiometer which retrieves o ; .
) : . the water vapour distribution measured during the campaign
stratospheric water vapour profiles using spectral observa-

tions at 22 GHz. Radiation is measured over a 1 GHz band" September 2002.  The water vapour distributions mea-

centred on the 22.235 GHz water vapour line shown in Fig. 2.sured during summer campaigns were dominated by large-

oo ; . scale transport and showed the effects of the Brewer-Dobson
Because this line is pressure broadened, high resolution spec:

) . Circulation. In wintertime, additional small-scale structures
tral measurements yield water vapour profiles. At Berna eared which resulted mostly from vertical transport in the
(47 N), profiles can be retrieved between 25 and 65 km. pp y P

This approximately corresponds to pressures between 50 arf lar vortex.
3hPa. A detailed description of the instrument and its cali-
bration technique is given in Deuber et al. (2004).

A one year series of MIAWARA measurements made be-

tween May 2004f$nd Malr(clr; 2005 issghov:/jn ingig. r51 ThﬁThe radiosoundings at Payerne consist of temperature and
wqter vapour profiies pea etw'e('an and 50km w ere t ‘ﬁumidity vertical profiles measured by MeteoSwiss with the
oxidation of methane is most efficient. Because photo d'SSOSwiss RadioSonde (SRS400) twice a day since 1990. Al-
ciation by Lyman-alpha radiation is more efficient at higher though the radiosonde cannot be regarded as a reference sys-

altitudes, the water vapour content decreases with altitude in, . i ~nstitutes a valuable long-term dataset for the evalu-
the upper stratosphere and mesosphere. A recent study (Deﬂfio,n of other water vapour measurement techniques.
ber, 2004) demonstrated .the application of MIAWARA data During the calculation of water vapour density, temper-
to the study of the dy”afn'cs of stratospheric water vapour. ature measurements are used to obtain the saturation water
From Jangary to April 2004, MIAWARA was located at vapour pressure. The measurement accuracy of the tem-
Sodankya, Finland (.67 N) where it took part in the LAUT- perature sensor (Cu-Co thermocouple) in the troposphere
LOS/WAVAP campaign. Deuber et al. (2005) presented ang approximatively+0.2 K. Radiation effects on the sensor
extensive validation of MIAWARA measurements made both are corrected according to the method of Ruffieux and Joss

at Bern and Sodankgl MIAWARA profiles obtained at (2003). The humidity sensor is a resistive carbon hygristor

Bern and Sodankil agreed with satellite profiles to within . ey . :
10 and 8%, respectively. Due to the dry polar atmospheremanufactured first by VIZ, then by Sippican since 1999. Itis

, still widely used in the US National Weather Service upper-
at S(_)dank)&, MlAWARA was able to make meagurements air network. References in Larsen et al. (1993) report that
starting from an altitude as low as 20km. This allowed

. . this sensor has an accuracy ranging fr&ad% (for relative
the comparison of MIA.WARA measurement; in the 20 to humidities in the 20% to 90% range) to 7% (for relative hu-
30km altitude range with two balloon-borne instruments —

iditi i 0, 0, 0, 0, i
the NOAA f_rost point hygrometer gnd the FLASH advanced tmhfgléiilgi éﬂei ;2?3{23 ?o/ob;éo(r/oogtnr?] eg gn@s;%;? eO) _/0)’ while
stratospheric hygrometer. The differences between the ra- . -
diometer and the in situ sensors were less than 2%. Thg quahty, accuracy and repr.od.u0|b|||ty Of. the

VIZ/Sippican carbon hygristors are limited by their de-

creasing response at low temperatures in the middle to upper
8 AMSOS measurements troposphere (see Eliott et al., 2002; Wang et al., 2003, and

articles cited therein). Furthermore, the radiosonde carbon
The Airborne Microwave Stratospheric Observing Systemhygristor tends to slightly under-estimate water vapour in
(AMSOS) is designed to measure stratospheric water vapouthe lower troposphere near humidity saturation. As the main
profiles from an aircraft platform. Unlike the ground-based contribution to the IWV comes from the lower troposphere,
microwave instruments, AMSOS observes the centre of ahe average effect on the IWV should be a small negative
strong water vapour spectral line near 183 GHz (see Fig. 2)bias. Nevertheless, for winter cases with a very dry free
This line can only be observed from high altitudes becausdroposphere above low stratus (low IWV values), the bias
the largest part of the troposphere is opaque at this frequencig positive. Comparisons with a chilled mirror hygrometer
range. However, from a flight altitude of 10km or above, allowed a statistical correction of the hygristor humidity
this strong line can be observed with an excellent signal-toprofiles. Resultant IWV are on average a few percent higher
noise ratio, which means that a spectrum can be obtainethan the original values that submitted to the STARTWAVE
every few minutes. From the measured spectra, profiles oflata base (Jeannet, 2004). The STARTWAVE database
stratospheric water vapour can be retrieved along the flightontains integrated water vapour (IWV) calculated from the

7 MIAWARA measurements

9 Radiosoundings
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IWV for the month of January 2003 at Bern
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Fig. 7. A comparison between all available IWV observations for Bern (575 m) and Davos (1598 m) during January 2003. PFR refers to the
Precision Filter Radiometer at Davos and SPM to the sun photometer at Bern.

IWV for the month of July 2003 at Bern
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Fig. 8. A comparison between all available IWV observations for Bern (575 m) and Davos (1598 m) during July 2003. PFR refers to the
Precision Filter Radiometer at Davos and SPM to the sun photometer at Bern.
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radiosonde data for the period from 1994 onwards. In ordeiis a large increase in the IWV measured by the Payerne ra-
to obtain IWV, water vapour density, is calculated from  diosonde which peaks at 23:00 UT on the 26 January 2003
temperature and relative humidity and this is integrated over(marked with an arrow on Fig. 7), whereas the corresponding

height,h: increase in the IWV measured by the GPS at Davos occurs
twelve hours later at 11:00 UT on 27 January 2003.
hlimit Figure 9 summarises the statistics for the comparison of all
WV = / pdh (2) other instruments at Bern and the Payerne radiosonde with
0 TROWARA over the years 2003 and 2004. TROWARA was

chosen as a reference because it has the highest measurement
The integration is performed up to a height equivalent tofrequency (approximately 1900 observations are averaged to
200 mbar (nearly 12 km), where humidity measurements argjive an hourly mean value). The radiosonde measurements
stopped. In order to ease comparison between radiosondgere compared with the average of the TROWARA data
and GPS, the integration is also carried out from the heightsbtained during the two hours after the radiosonde launch
equivalent to five different GPS stations: 575m (Bern), time. The bias in other instruments relative to TROWARA
907 m (Zimmerwald), 1598 m (Davos), 2318 m (Andermatt) is within 0.5 mm. The standard deviation is between 1 and
and 3580 m (Jungfraujoch). ZTD is also calculated from the2 mm. Not surprisingly, the standard deviation is highest for
IWV for these heights as well as from ground level at Pay-the radiosonde which is launched 40 km west southwest of
erne (498 m a.s.l.). The distance of these stations to PayBern. The intercept of the best linear fit between TROWARA
erne ranges from 40 km (Bern and Zimmerwald) to 220 kmand other datasets lies between +0.6 mm (GPS) and +1.4 mm
(Davos, within the Alps) as can be seen in Fig. 1. (radiosonde) and the slope between 0.88 (sun photometer and
radiosonde) and 1.0 (GPS).
The statistics of the comparisons between GPS and PFR,
10 \Validation of Integrated Water Vapour measure- PFR and radiosonde and GPS and radiosonde are shown in
ments the first, second and third set of bars in Fig. 10. The Pay-
erne radiosonde was used in the comparisons with the data
As an example of the capability of the database, Figs. 7 androm Payerne, Davos and Jungfraujoch. The measurements
8 show all the measurements made at Bern and Davos iwere integrated from the heights of Davos and Jungfraujoch,
both January and July 2003. The radiosonde IWV was calcurespectively, for comparison with the ground based measure-
lated by integrating Payerne radiosonde measurements fronments at these stations. Data from the Milano radiosonde
a starting altitude of 575 m for Bern and 1598 m for Davos. (45.43 N, 9.28 E, 103 m altitude) were integrated from the
The data at Bern generally show very good correspon-height of Locarno (366 m) for comparison with the GPS and
dence between the ASMUWARA, TROWARA and GPS PFR measurements at this site.
data. The sun photometer measures less frequently than the The slopes of the comparisons shown in Fig. 10
other instruments due to the requirements of sunny conditie between 0.75 (PFR:radiosonde at Locarno) and 1.12
tions. In July 2003, the Payerne radiosonde occasionally(GPS:radiosonde at Jungfraujoch). The intercepts lie
mostly at 12:00 UTC, has a large negative bias relative to thebetween —1.0mm (GPS:PFR at Payerne) and +1.7mm
instruments at Bern. The mean bias in the radiosonde relativéGPS:radiosonde at Davos).
to TROWARA in July was just-0.5 mm during the 00:00 UT The GPS and PFR are positively biased relative to the ra-
sounding, but-2.2 mm during the 12:00 UT sounding. The diosonde measurements, apart from the case of the PFR at
mean IWV measured by TROWARA in July was 22.7mm Locarno. This implies an overall negative bias in the ra-
and these represent biases-&.2 and—9.7%, respectively. diosonde IWV. However, the negative bias could also be
This is probably due to the effect of solar heating on the ra-caused by climatological differences between the Alpine
diosonde sensors. This has been shown to produce a negatigites and Payerne, in the Swiss plains. The PFR at Payerne
bias in the radiosonde data relative to the GPS data at Paykas a large positive bias of 3.1 mm in comparison to the ra-
erne during the 12 UT sounding (Guerova et al, 2005) anddiosonde, whereas the bias in the GPS is only +0.8 mm. The
during the summer months (Morland andatdler, 2006). large bias in the PFR may be partly due to the fact that it only
The GPS and the PFR measurements at Davos shown iabserves during the daytime and could only be compared
Figs. 7 and 8 agree very well. The Payerne radiosonde, intewith 12:00 UT soundings. Over the same period, biases of
grated from the altitude of Davos, gives similar IWV values —0.1 mm and +1.2 mm were observed between the GPS and
to GPS in January but has a considerable negative bias durinipe radiosonde measurements at 00:00 and 12:00 UT, respec-
most of the days in the very hot month of July 2003, probablytively.
due to differing local atmospheric conditions over the Swiss The bias in the GPS relative to the PFR-8.8 mm at Pay-
plains and the Alps on convective days. The Davos comparerne and +0.6 mm at Davos. It should be noted that the GPS
isons for January allow us to see the time lag between eventand PFR measurements at Jungfraujoch are not independent
in Payerne 6.95E and Davos 9.8%E. For instance, there as the PFR was used to correct a constant bias in the GPS

Atmos. Chem. Phys., 6, 2032656 2006 www.atmos-chem-phys.net/6/2039/2006/



J. Morland et al.: STARTWAVE atmospheric water database 2049

Comparison between other instruments and TROWARA at Bern
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Fig. 9. The bias (light blue) and standard deviation (dark blue) of the comparison between GPS (Bern), radiosonde (Payerne), SPM (Sun
Photometer, Bern), ASMUWARA (Bern) with TROWARA (Bern). Also shown are the intercept (yellow) and slope (brown) of the best fit
linear relationship between each instrument and TROWARA.

caused by the radome at this site (Morland et al., 2006a). Ataire plotted for ASMUWARA. During this period, the AS-
Locarno the GPS has a considerably larger bias of +1.8 mnMUWARA microwave radiometer was located at Payerne for
relative to the PFR. The PFR at Locarno has a negative biaa field campaign, although it is normally based in Bern. Be-
of —2.2mm relative to the Milano radiosonde, whereas thetween 18 November 2004 19:00:00 and 19 November 2004
GPS has a positive bias of 1.0 mm. This suggests that the caB2:00:00, the GPS at Bern (575 m), ASMUWARA (Payerne)
ibration of the Locarno PFR dataset is not yet optimal, dueand TROWARA (Bern) measured an IWV increase of 7 to
to the difficulties in obtaining the required periods of atmo- 9 mm. An increase of 8 mm is observed by the GPS at Saa-
spheric stability at this site. Biases of up to 2 mm betweennen (1369 m) over the same time period. The IWV values at
PFR and either GPS or radiosonde are not unusual (Bokoythis higher altitude station are about 4 mm lower than those at
et al., 2003). However, the biases between PFR and GPS &ern before the passage of the front and about 1.3 mm lower
the other STARTWAVE stations are less than 1 mm which in- afterwards. At Andermatt and Jungfraujoch, smaller IWV
dicates that the Locarno results could be improved. The PFRncreases of 5.5 and 3.5 mm, respectively, are recorded. It
instruments are now being rotated between high altitude andhould be noted that because of the noise in the GPS signal, it
low altitude stations so that improved calibrations at Locarnocannot reliably resolve IWV values less than 0.5 mm, which
can be expected in the future. is a problem at the Jungfraujoch station where low IWV val-

ues are frequently recorded. The STARTWAVE data can pro-

vide information on temporal changes in water vapour with
11 Case study a resolution of one hour or less, as well as providing infor-

mation on the changes in water vapour with height. Since
The STARTWAVE water vapour measurements can yield de-there is a network of GPS receivers distributed throughout
tailed information on water vapour variability. We demon- Switzerland, we might ask whether we can also obtain in-
strate this with the example of a frontal system which crossedormation on the horizontal distribution of water vapour. If
Switzerland between 18 November 2004 and 19 Novem-we were to plot the IWV values measured by the GPS sta-
ber 2004. Figure 11 shows a time series of IWV mea-tions, we would see little more than the fact that there is less
sured by GPS and microwave radiometer. Hourly average$WV over the Alps. In order to study the spatial distribution
are shown for the TROWARA data and 20 min averages
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Locarno, 388 m
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Fig. 10. The bias (light blue), standard deviation (dark blue), intercept (yellow) and slope (brown) of the relationships between WV
measurements made at Locarno, Payerne, Davos and Jungfraujoch. Units areTRggrmomparisons between GPS (dependent) and PFR
(independent), PFR (dependent) and radiosonde (independent) and GPS (dependent) and radiosonde (independent) are shown in the fir
second and third sets of bars, respectively. The radiosonde measurements are integrated from the height of the station used in the compariso

of water vapour, we must first remove the effects of altitude.366 m) as well as the east-west IWV gradient between Pay-
We do this by using an empirical relationship to correct theerne and St. Gallen (47.44, 9.34 E, 707 m). The altitude
IWV measured at a given height IWV (z), to that which  correction is described in more detail in Morland andtkder

would be expected at 0.5 km, IWV(0.5): (2006).
(z—05) Using values ofs and H calculated from the observed
IWV (0.5) = a % IWV (2) * expz_—' (3) IWV differences, we corrected the hourly IWV at all stations
H to a height of 500 m. This is plotted in Fig. 12 at hourly inter-

All heights are in kilometresH is the scale height of the re- Vals from 18 November 2004 18:00:00 to 19 November 2004

|ationship and: is a parameter which is related to the scatter 13:00:00. The altitude corrected IWV increased thrOUghOUt
in the observed relationship between IWV and altitude. Wethe evening of the 18 November 2004 from a mean value
averaged the GPS data acquired during 2004 over 6 hourl@f 10.0mm at 18:00:00 to a mean value of 12.3mm at 19
intervals (to reduce the effect of spatial variations) and fittedNovember 2004 00:00:00. The mean IWV is 14.6 mm at 19
Eq. (2) to the IWV observed at different heights. An estimate November 2004 03:00:00 and 06:00:00, with minimum val-
of H anda was obtained for each 6 h period. The mean val-ues of 8 and 12mm, respectively. At 19 November 2004
ues for 2004 were 2.11 km (standard deviation, 0.49 km) and9:00:00, several stations in the north recorded IWV values
1.02 (Standard deviation, 008) far anda, respective|y. We of less than 11 mm and at 12:00:00, Only the area south of the
then found best fit relationships between the calculated valAlps showed IWV values of 13.6 mm or more. At 15:00:00,
ues ofz and H and the observed IWV. The scale height, after the passage of the front, the average IWV was 6.1 mm,
was found to be related to the IWV at Jungfraujoch (3584 m),with a maximum value of 9.8 mm.

and to the difference between the IWV at Payerne (491 m) As a comparison, we show the Meteosat Second Genera-
and that at Jungfraujoch. The coefficientn the other hand, tion (MSG) channel 5 (6.2m) images obtained at hourly in-
was related to both the north-south IWV gradient betweentervals between 18 November 2004 18:00 UT to 19 Novem-
Payerne (46.8IN, 6.94 E) and Stabio (45.86N, 8.94 E, ber 2004 13:00 UT. Whiter areas indicate higher water
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IWV observed by GPS and MW between 18/11/04 and 19/11/04
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Fig. 11. A time series of GPS, ASMUWARA (Payerne) and TROWARA (Bern) IWV measurements during the passage of a frontal system
from the 18 November 2004 to 19 November 2004. GPS measurements are shown for Bern, Payerne, Saanen, Andermatt and Jungfraujoct
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Fig. 12. The IWV measured by the GPS network during the passage of a frontal system from 18:00 UT on 18 November 2004 to 13:00 UT on
the 19 November 2004. Units are kgfnThe IWV for all stations is corrected to a height of 500 m. The plots represent GPS measurements
from the previous hour and are shown at hourly intervals.
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20 UT 21 UT

Fig. 13. A series of hourly water vapour (channel 5, f1/2) images obtained by the Meteosat Second Generation (MSG) satellite system
from 18 November 2004 to 19 November 2004.

vapour values. When making comparisons between MSGHowever, it also demonstrates that the frontal system is much
images and IWV data, it should be borne in mind that larger than the study area. For this reason, we would like to

the satellite water vapour channel has a peak sensitivity agxtend the database to include GPS stations outside Switzer-
320 hPa. We estimate, from radiosoundings made during thisand.

period, that the water vapour at 320 hPa and above makes

a contribution of 0.3 to 1.1% to the total integrated water

vapour. This is probably the reason why the MSG images ;
show increased water vapour at 18 November 2004 20:00 U'I12 Summary and conclusions

when the GPS and MW measurements had not yet recordexl'jable 1 summarises the products available in the START-

water v rincr . However, the M im n-
a water vapour increase. However, the MSG images co WAVE database, the frequency of the measurements and the

firm the general pattern shown by the GPS, i.e. that moister " . : .
air was brought in from the north west on the evening of 18 period of operation. The GPS, TROWARA and radiosonde

November 2004 and that it moved away towards the Southdata are autc_JmatlcaIIy updated. Data processing for the other
) Instruments is not yet fully automated and processed data are
west on the morning of 19 November 2004.

delivered to the database with a time lag of several months.
This example serves to show the potential of the GPS mea- The STARTWAVE database was created with the follow-
surements to study the spatial variability of water vapour.ing aims:
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Table 1. Summary of the products available in the STARTWAVE database.

Instrument Location Products Frequency of Period of operation
measurements
saved in database

AGNES GPS 30 sites throughout WV Hourly November 2000
Switzerland to present
Sun photometer/PFR 5 sites Wv Hourly average Bern, 1993 to present

Jungfraujoch, 1999 to present
Davos, 2000 to present
Locarno, 2001 to present
Payerne, 2002 to present

PAMIR Mooseedorf, WV, ILW Not automated. 127 1989 to 1995
near Bern measurements over
5 year period
TROWARA Bern WV, ILW Original data — 30 1994 to present (with some gaps

measurements per minute  for radiometer improvements)
Hourly averages
ASMUWARA Bern Hemispherical scans One hemispherical 2002 to present
of IWV and ILW scan every 20 min
Water vapour and
temperature profiles

up to 5km
MIAWARA Bern Water vapour profiles  Profile every 1 to 3 days 2002 to present
between 25 and 65 km
Hourly IWV
AMSOS flight campaigns Water vapour profiles ~ One profile every 2-3min  One campaign lasting about one
over northern between 15-65km during flight operation week per year since 1998

hemisphere (8—90N)
along flight track
radiosonde Payerne IWwv Twice daily 1994 to present
(00:00 h and 12:00 h)

1. The intercomparison and validation of different water GPS observations were compared with the 40 year reanal-

vapour measurement techniques ysis dataset (ERA40) produced by the European Centre for
o Medium Range Weather Forecasting (ECMWF) (Morland et
2. The validation of model data al., 2006a). It was found that the reanalysis data capture wa-

ter vapour variations on timescales of several days very well.
A similar study between AMSOS stratospheric water vapour
measurements and ERA40 and ECMWF operational data is
currently in progress. The Swiss GPS data were also used

3. The validation of satellite observations

4. The study of water vapour characteristics in the Alpine

region to evaluate the ECHAMS climate model. A three year GPS
5. The study of atmospheric processes water vapour climatology was compared with that produced
by the ECHAMS climate model run with the current climate
6. The detection of long term trends in water vapour conditions. There was good agreement between the altitude

dependence of both annually and seasonally averaged GPS

In this paper, we have presented the results of an instrumen{yy and that calculated by the model (M. Wild, personal
inter-comparison. Most measurements at the same IocatiOEommunication).

agreed to withint0.5 mm. Poorer results were obtained for i
the GPS-PFR comparison at Locarno but it should be possi- 1he MIAWARA profiles have already been favourably

ble to obtain better results once the expected improvement§®mpared with satellite measurements (Deuber et al., 2005).
in the instrument calibration have been obtained. Comparisons between STARTWAVE IWV observations and

Several studies have already been carried out in whicrsatellite data will form part of the next phase of the project.

model data are compared with ground-based observations. We demonstrated, using a case study of a frontal system,
GPS are independent of numerical weather predictiorthat the Alpine GPS data contain information on integrated
(NWP) models since they are not assimilated into the me-water vapour at different heights. In order to obtain informa-
teorological observing system. Guerova et al. (2003) usedion on horizontal variability, it is necessary to make an alti-
GPS observations to validate two MeteoSwiss NWP mod-tude correction. In the future, we hope to expand the number
els: the Local Model and the Swiss Model. In another study,of GPS receivers contributing to the project so that we can

www.atmos-chem-phys.net/6/2039/2006/ Atmos. Chem. Phys., 6, 2088-2006



2054 J. Morland et al.: STARTWAVE atmospheric water database

improve the altitude-based correction and investigate watebDeuber, B., Kimpfer, N., and Feist, D. G.: A new 22-GHz radiome-
vapour on a regional basis. ter for middle atmospheric water vapor profile measurements,

There is not yet a sufficiently long time series of measure- 'E:E Téa”SHGefOTCi' ieml‘:)t? Serl‘js"éz’ 3974‘9541_?0](4'
ments to detect water vapour trends. The time series anaPeuber. B., Haefele, A, Feist, D. G, Martin, L. arpfer,

) . . . N., Nedoluha, G. E., Yushkov, V., Khaykin, S., Kivi, R,
ysis carried out on the first ten years of observations made

- . and Vomel, H.: Middle Atmospheric Water Vapour Radiome-
by TROWARA at Bern suggests that IWV is increasing. Us- ter — MIAWARA: Validation and first results of the LAUT-

ing the method described in Weatherhead et al. (1998), we | ospwavvAP campaign, J. Geophys. Res., 110(D13), D13306,
estimate that 25 years of TROWARA observations are re- {oi:10.1029/2004JD005543, 2005.
quired before a trend can be detected at the 90% confidencglliott, W. P., Ross, R. J., and Blackmore, W. H.: Recent Changes in
level. The database project is therefore very important for NWS Upper-Air Observations with Emphasis on Changes from
long term water vapour monitoring, as it provides a frame- VIZ to Vaisala Radiosondes, Bull. Am. Meteorol. Soc., 83, 7,
work for archiving data on an Ongoing basis. 1003-1017, dOi:10.1175/1520-0477(2002)083, 2002.
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