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Abstract. We reconstruct atmospheric wet refractivity pro-  For the least-squares collocation solution combining GPS
files for the western part of Switzerland with a least-squaresand ground meteorological measurements, we achieve the
collocation approach from data sets of (a) zenith path defollowing error figures with respect to the radiosonde ref-
lays that are a byproduct of the GPS (global positioning sys-erence: maximum median offset of relative refractivity er-
tem) processing, (b) ground meteorological measurementsor is —16 % and quartiles are 5% to 40% for the lower
(c) wet refractivity profiles from radio occultations whose troposphere. We further added 189 radio occultations that
tangent points lie within the study area, and (d) radiosondemet our requirements. They mostly improved the accuracy
measurements. Wet refractivity is a parameter partly describin the upper troposphere. Maximum median offsets have de-
ing the propagation of electromagnetic waves and dependsreased from 120 % relative error to 44% at 8 km height.
on the atmospheric parameters temperature and water vapolrew point temperature profiles after the conversion with ra-
pressure. In addition, we have measurements of a lower Vdiometer temperatures compare to radiosonde profiles as to:
band microwave radiometer at Payerne. It delivers temperabsolute dew point temperature errors in the lower tropo-
ature profiles at high temporal resolution, especially in thesphere have a maximum median offset-é¥ K and maxi-
range from ground to 3000 ma.g.l., though vertical informa- mum quartiles of 4.5 K. For relative humidity, we get a max-
tion content decreases with height. The temperature profileemum mean offset of 7.3 %, with standard deviations of 12—
together with the collocated wet refractivity profiles provide 20 %.
near-continuous dew point temperature or relative humidity The methodology presented allows us to reconstruct hu-
profiles at Payerne for the study period from 2009 to 2011. midity profiles at any location where temperature profiles,
In the validation of the humidity profiles, we adopt a two- but no atmospheric humidity measurements other than from
step procedure. We first investigate the reconstruction qualityGPS are available. Additional data sets of wet refractivity
of the wet refractivity profiles at the location of Payerne by are shown to be easily integrated into the framework and
comparing them to wet refractivity profiles computed from strongly aid the reconstruction. Since the used data sets are
radiosonde profiles available for that location. We also as-all operational and available in near-realtime, we envisage
sess the individual contributions of the data sets to the rethe methodology of this paper to be a tool for nowcasting of
construction quality and demonstrate a clear benefit from theclouds and rain and to understand processes in the boundary
data combination. Secondly, the accuracy of the conversiotayer and at its top.
from wet refractivity to dew point temperature and relative
humidity profiles with the radiometer temperature profiles is
examined, comparing them also to radiosonde profiles.
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1 Introduction This conversion can be carried out at any location where
temperature profiles are available. Temperature radiometers

Up to this date, several techniques have been developed tike TEMPRO or other less expensive radiometers or auto-
remotely monitor the atmospheric water vapour, being a keymated weather reports from commercial airplanes could be
variable in numerical weather prediction models. Among the sources of such temperature profiles. In the validation of
these are e.g. microwave radiometry, infrared spectromethe profiles, more emphasis has been placed on the wet re-
try, radio occultation, differential absorption lidar and Ra- fractivity than on the humidity profiles. This procedure has
man Lidar remote sensing. Furthermore, processing of GNS®een chosen on purpose because we want to thoroughly char-
(global navigation satellite system) data delivers an integralcterize the uncertainties associated with GPS atmospheric
measure of water vapour content at temporal resolution of ameasurements before mingling with the uncertainties from
least 30 min Bender et al.20114. This measure is defined temperature measurements.
by the delay of the electromagnetic wave that travels fromthe In Sect.2, we describe the used data sets. SecBax-
satellite through the atmosphere to the GNSS receiver. It inplains the least-squares collocation algorithm from which we
cludes the total influence of the atmosphere along its pathgerive profiles of wet refractivity and explains how the data
also that of the water vapour. With sophisticated softwaresets of integral and point measurements can be combined into
packages, the delay can be retrieved at each GNSS station. Bocommon collocation. We then demonstrate in Séd¢he
obtain a profile of atmospheric water vapour from the delays,performance of the algorithm with 3yr of data that is val-
a GNSS receiver network, ground meteorological stationsdated against the radiosonde, whose launch site is in Pay-
and profiles of atmospheric air temperature are needed. Thererne. We also show the beneficial effect of the data set com-
are many studies that have used a tomographic approadbination. Eventually, Sech sets the findings into the context
to reconstruct humidity fields from GNSS delays. They ei- of tomography results from other researchers and compares
ther process path delays from stations of permanent GNS$em to a study of humidity profile measurements from a Ra-
networks Perler et al. 2011, or from campaign setups, man Lidar stationed in PayernBrpcard et al.2013 and to
as in the ESCOMPTE experiment in Fran€gh@mpollion  results from numerical weather prediction.
et al, 2005 Nilsson et al, 2007 Bastin et al.2007). Further
works that exploit the tomographic approach ilsson and .
Gradinarsky(2006, Bender et al(2009 20118, Rohm and 2 Description of data sets
Bosy (2011), Bosy et al.(2012, Manning et al.(2012 and
Rohm(2013.

In this paper, the GPS (global positioning system) zenith

This study makes use of data from January 2009 to December
2011 (Tablel) at the MeteoSwiss Regional Center of Pay-

delavs from permanent GNSS stations are taken as the bSTme and locations withire 100 km distance. The GPS data,
Y P EBeing the main source of information for the spatial distribu-

sis _to monitor the atmosph_eric water vapour above _Payernenon of humidity in our study, and further data sets such as
Switzerland, the MeteoSwiss launch site of operational ra- round meteorological data ’radio—soundings radio occulta-

diosondes. Our choice for GPS path delays as the pnmar)zons and vertical temperature profiles from the ground-based

data set was motivated by its good time resolution, its all- . . -
. ) oo microwave radiometer that complete the retrieval of humidity
weather capability, the stable and high data availability, low L oo .
II]rom wet refractivity, are detailed in the following.

maintenance and the fact that financing can be shared wit
other applications (e.g. GNSS reference networks for posi- 1 gps zenith path delays
tioning). The integral measures of several GPS receivers are

interpolated to profiles of so-called wet refractivityfer), ~ GNSS satellites transmit electromagnetic waves in the L-
which depends on both atmospheric temperature and watajand, which travel from the satellite’s orbit position to the
vapour pressure. For the interpolation, we employ an algoreceiver on the earth’s ground. On its way across the atmo-
rithm termed least-squares collocation. It incorporates a desphere, the waves get bent and slowed down, causing a de-
terministic trend function and fits this function together with |ay in the arrival at the receiver. The parameter called refrac-
statistical parameters to the data that can be of many differtivity describes the propagation of radio waves and can be
ent types. Herein, we make use of the integral measures fronye|| determined for the neutral part of the atmosphere from
GPS and of point measurements from ground meteorologihasic thermodynamic parameters at any point in space and

cal stations and radio occultations. To demonstrate the effectgme where measurements of these parameters are available
caused by the collocation algorithm, we also conduct tests in{Essen and Froom&951):

cluding the radiosonde data set, which is otherwise used for
i ati ) : Pd e e
validation of the method’s performance_. Temperaturg profilesy,, = Nary + Nyet = k1 - - +ko- - +k3- = (1)
from a lower V-band (51-58 GHz) microwave radiometer
(Lohnert and Maigr2012) in Payerne allow the conversion \yith the two contributions to total refractivityio; being
of wet refractivity profiles into vertical profiles of dew point
temperature and relative humidity at the radiometer location.
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Table 1. Overview of data sets used in this study.

Sensor name Start of data set [UTC] End of data set [UTC] Time resolution Number dbata provider
stations
radiosonde 1 Jan 2009 00:00:00 31 Dec 2011 00:00:00 2 profiles/day at 00:00:00 1 meteoswiss
and 12:00:00 UTC

GPS 28 Dec 2008 00:00:00 30 Dec 2011 23:00:00 1h 18 swisstopo

ground meteo 1 Jan 2009 00:00:00 31 Dec 2011 00:00:00 10 min 20 meteoswiss

microwave radiom. 1 Jan 2009 00:00:00 31 Dec 2011 23:53:20 6 to 7min 1 meteoswiss

radio occult. 1 Jan 2009 21 Dec 2011 189 profiles - CDAAC
Nery = k1 - % (2) ZTD=ZDD+ZWD

~ 10-6
Nwet=ko - ¢ +k3- £ 3) ~ 10 / (Ndry,averagd' Nwet,averag}dS, ©)
T T2 _
zenith
direction
~1 .
k1 =77.6890K hPa where Ngry, average @Nd Nyet averagefepresent horizontal av-
ky = 71.2952K hPatl erages in a cone around the receiving antenna and tempo-
@ hpal ral averages over the epochs used in the GNSS process-

ks = 375463K hPa ing. Apart from 1 May 2011 00:00:00 UTC to 4 June 2011
pd : dry air pressuréhPg 23:50:00 UTC where some problems in storing the data oc-
e : water vapour pressuféPg curred (E. Brockmann, personal communication, 2012), 3yr

of hourly ZTDs were provided by swisstopo, the Swiss Fed-
eral Office of Topography (Tabl&). Figure 1 shows the
whereky, ko, andks are empirically determined constants considered GNSS receivers, which belong to the Automated
that have been reported by many researchers. For our inGNSS Network for Switzerland (AGNES). They are dis-
vestigations, we use the values estimatedRiigger(2002. tributed over an area of 125km125km around Payerne
Since pq, e, and T are functions of space and time, also and have inter-station distances between a few kilometers
Niot depends on position and time. For reasons of simplicity,and 50 km. Some stations also recorded data from the Rus-
we will always assumeVio; = Niot(x, v, z,£). Refractivities  sian global navigation satellite system GLONASS, but only
are in units of ppm or mmkmt, which expresses the delay the US global positioning system (GPS) was used to derive
caused by the neutral atmosphere per kilometer of propagdhe zenith total path delays for this study. In the following,
tion path. The integral of the refractivityy; along the prop-  we will thus use GPS synonymously to GNSS. The process-
agation pathy from satelliteg to receiverr yields the total ~ ing carried out by swisstopo is based on the same procedure
propagation delay\PP. as described iferler et al(2011), or in more detail irPer-
, ler (2011, and uses the Bernese GNSS Software Version 5.0
D 6 (Dach et al.2007). Mapping functions applied are dry Niell
ATT=10 /NtOtds (4) for the a priori part of the troposphere and wet Niell for the
q estimated partNiell, 1996. Together, they form the total
There is such a delay for each satellite-receiver pair. IftheyZenlth path delays that are determined by the software once

) A . “per hour. In between, the temporal change of the troposphere
were to be estimated individually by a piece of GNSS pro-; modeled with a piecewise linear function. The rapid orbits

cessing software, the number of unknown parameters woul . :
be too large and their correlation to other parameters tog'°™M the International GNSS Service (IGS) have been used

: . . In the processing, allowing near real-time applications of the
strong to be properly handled. Mapping functions are intro- ' .
duced that project all delays for a station onto a commonGPS path delays. They have been shown to have accuracies

zenith direction. The mapped delays are then averaged pr(QOOd enough for meteorological applicatiobsig, 2009.

ducing one atmospheric parameter at a time, the so-called , Meteorological ground stations

total zenith path delay (ZTD). Traditionally, the total zenith

path delay is split into a slowly varying dry (ZDD) and From the permanent and automatic ground meteorological
a more variable wet (ZWD) part, corresponding to the inte- measurement network called SwissMetNet of the Swiss Fed-
grals of Ngry and Nwet, respectively. The path integral of the eral Office of Meteorology and Climatology (MeteoSwiss),
refractivities in zenith direction then becomes the total zenith14 to 19 stations within the perimeter of study were concur-

delay: rently measuring pressure, temperature and relative humidity

T : air temperaturéK],

www.atmos-meas-tech.net/6/3083/2013/ Atmos. Meas. Tech., 6, 3G&BY 2013
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Fig. 3. Height distribution of the GPS (red) and ground meteorolog-
ical stations (green) shown in Figkand2, projected into a west—
east plane. Their longitudinal positions were shifted to improve la-
bel readability.

Fig. 1. GPS stations whose zenith path delays contribute to this

study. They are all stations from the AGNES, deployed by the Swiss . . L
Federal Office of Topography. White star in Payerne denotes the*ondes should approximately reach 20km height, which is
place of the profile comparison. why they are launched 1 hour in advance. Depending on the

tropopause height, they reach the tropopause 30—45 min af-
ter launch. The parameters that are important for this study
and are contained in the original data are shown in Table
Also shown in Table are respective sensor uncertainties as
given byLohnert and Maie(2012. They comply with the
working experience at MeteoSwiss and with the experience
gained from intercomparison with other radiosonde systems
(Nash et al.2011).

2.4 Radio occultations

From the COSMIC Data Analysis and Archive Center
(CDAAC, Version 4.0), post-processed data products of ra-
dio occultations (radio occult. in Tablésand?2) taking place
during the period 2009-2011 and with tangent points lying in
46° T ' Y ' | 46° the investigation area (Fi@) were downloaded. They consist
6 7 8° mostly of data from the COSMIC mission, but also occul-
tations from the GRACE, the MetOp-A, the SACC and the
TerraSar-X missions are included. Processing flow of these
data is outlined irtHo et al. (2009 and Kuo et al.(2004.
From the data produetetPrf containing water vapour pres-
during the 3yr of our investigation (Tabl. Figure2 dis-  Suré and temperature profile data from a variational analy-
plays the considered ground meteo stations and Fitpe sis of total_refractlwty (desc_nl_aed IWARS Documentation
height distribution of these stations, together with the GPS2009, profiles of wet refractivity (Eq3) were calculated up
stations. Uncertainties given in TabRare from general {0 @maximum height of 11km. For uncertainty measures, the
working experience with these sensors and correspond t§ncertainties from the produatmpPrf were taken. Approx-
their achievable measurement uncertainties that have bedf'ate values are given in Tabie For the middle to upper

Fig. 2. SwissMetNet (SMN) stations of MeteoSwiss used in this
study.

listed inCIMO Guide(2008. troposphere they are consistent with the values givéfuim
et al. (2009 of roughly 0.3-0.5% or irScherllin-Pirscher
2.3 Radiosonde profiles in Payerne et al. (201) of roughly Q5% relative total refractivity un-

certainty. For the lower troposphere they give tentative rel-
The radiosonde data comprises profiles from 3yr of con-ative uncertainties ok 5%, which do not match the val-
tinuous operation (Tabld) at the MeteoSwiss Regional ues inatmPrf being most likely too optimistic. For the re-
Center of Payerne. Most days contain 2 launches at midgion in the lower troposphere, where the formal uncertain-
night and at noon (exceptional days include a third sound+ies failed to be calculated, a default value of 1ppm was
ing around 18:00 UTC). At 00:00 UTC and 12:00 UTC, the adopted but needs further refinement in the future. However,

Atmos. Meas. Tech., 6, 30833098 2013 www.atmos-meas-tech.net/6/3083/2013/



F. Hurter and O. Maier: Tropospheric wet refractivity and humidity profiles from data fusion 3087

Table 2. Parameters contained in the original data sets and associated sensor uncertainties.

Sensor name Parameter Uncertainty Remark
radiosond@ temperature +0.2K copper-constantan
thermocouples,
pressure +0.2% of value= +£2hPa water hypsometer,
humidity +10to0 20% carbon hygristor
until April 2009,
+5t0 10% capacitive polymer

starting May 2009

GPS total zenith path delay 1.6 mm average formal uncertainty
from GPS processing of
L1/L2 dual-frequency
geodetic GNSS receivers

ground meteb temperature +0.2K achievable measurement
uncertainty,
pressure +0.15hPa achievable measurement
uncertainty,
relative humidity +3% achievable measurement
uncertainty
microwave radionf. temperature +0.5K lower boundary layer  standard deviations
+1.7K at 4km height from comparison with
radiosondes
radio occult. total refractivity ~ +1ppm at 1.0 km height average formal
+2ppm at 4 km height uncertainties from

+0.03ppm at 8 km height operational level2 product

a| ghnert and Maie(2012, P CIMO Guide(2008), ¢ Lohnert and Maie(2012).

all these uncertainties refer to total refractivity, being the And Temperature PROfiler), whose original data output are
sum of dry and wet refractivity according to Ed)(and  brightness temperatures in the V-band with seven channels
hence are only approximate measures of wet refractivity untanging from 51 to 58 GHz. A detailed description of the sys-
certainty. They are considered to be conservative for at leagem can be found ihéhnert and Maie(2012). All-weather

the middle and the upper troposphere, where the variationadlata is used, including precipitation events. Bias removal was
analysis successfully extracts temperature and dry pressuieept very simple by retrieving one mean temperature differ-
(Scherllin-Pirscher et gl2011), but probably too optimistic  ence to radiosonde at each height level for the entire study
for the lower troposphere. Positions of the occultation pro-period 2009-2011 and applying these differences to individ-
files have been taken along the longitude and latitude of thaial radiometer profiles.

tangent points from the operational processing, being a good The reader might be inclined to ask why we use wet refrac-
approximation of the true tangent point trajectories from ray-tivity from GPS as humidity information and not the humid-

tracing Foelsche et a12011). ity sensor from the radiometer. The answer lies in the aim of
the study: to derive humidity profiles at locations where only
2.5 Ground-based microwave radiometer for temperature profiles are available. The fact that the radiome-
temperature profiling ter in Payerne is a HATPRO is not relevant for this study.

Profiles of temperature at Payerne from ground-based mi-

crowave radiometry (microwave radiom. in Talde have 3 Retrieval of wet refractivity and humidity profiles

been provided by the CN-MET (Centrale Nucléaire et

Météorologie) network of MeteoSwiss. A longer period of There are a number of applications, for which we need

maintenance from 8 May 2009 07:10:00 UTC to 17 Septem-to know the atmospheric state at various locations that do
ber 2009 12:50:00 UTABhnert and Maier2012 and some  not coincide with actual measurement locations. To inter-

smaller periods of missing data are the only data gaps irpolate and extrapolate such quantities from real meteoro-
an otherwise continuous 3yr data set. The deployed delogical measurement stations to arbitrary locations, the soft-
vice is the microwave profiler system HATPRO (Humidity ware package COMEDIE was developed at the Geodesy and

www.atmos-meas-tech.net/6/3083/2013/ Atmos. Meas. Tech., 6, 3GB&BY 2013
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""s'n/ plx,y.z,0) = )
[Po-+ap(x —x0) +bp(y — yo) +cp(t —10)] - exp(—;p)
e(x,y,z,t) = (8)
S flu,x1) [0+ ae(x — x0) + be(y — yo) + ce(t — 10) ] ~exp<—Hie>
AT ZWD(x, y.z,1) = ©)
flu,x;,t;) [ZWDg + dzus (x — x0) + b (y — ¥0) + oo (t — t0)] - exp(— HZ )
A 4 Y Y w
Fig. 4. Principle of collocation Troller, 2004. The circles are X0, Yo, 0 : coordinates of reference point and
the measurements which are comprised of a deterministic part reference time

f(u,x,t), of signals and noise:. Interpolation between measure- )
ments then is a filtered version that is made up of the deterministic®> Y <> X
part f (u, x;, ;) at the interpolated positian; and timey;, plus the po, €0, ZWDg : pressure, water vapour pressure and

Cartesian coordinates and time

signals’. ZWD at reference position and time
H,a,b,c: scale height, and gradient parameters in
GeodynamiCS Lab at ETH ZUriCh, SWitZerIand (dfg;kert X andy direction and time’ respective|y.

et al, 19923 b; Hirter, 1998 Troller, 20049. COMEDIE is
equipped with a least-squares collocation algorithm that has
its main geophysical application in the estimation of gravity
anomalies from various types of measurements, such as the
gravitational potential, the gravitational force or the deflec-
tion of the vertical Moritz, 1978. Several processing steps

Subscripts denote their affiliation
to p, e and ZWD.

The covariance matriC,; of the stochastic parameter

is described with an analytical covariance function show-
S ing spatial and temporal dependencies between measure-
n this study rely on COMEDIE' Above all, the reconstruc- ments. In the literature, it is also termed the signal part of
.tIOI’] of wet refractivity pro_ﬁles at Payerng from ZWDs and, the measurements. The henceforth used covariance function
In-a more advanced_verS|on of the glgorlthm, from the COMis a function of the distance between the measurements,
bination of ZWDs withNyet from point measurements, are how much they differ in time, and a scaling factor that

carried out with COMEDIE. A short theoretical description increases the correlation lengths with height aboveground

of the least-squares collocation is given in this section. (Hirter, 1999
3.1 Least-squares collocation algorithm o2

. . . Cys (ZWDy, ZWD)) = 2972 10
We have measurements(Fig. 4) that are adjusted in the ss ( k 2 q (10)

least-square sense to a deterministic gaut, x,7), and to

stochastic parts andn (modified afterTroller, 2004: where we have fog:
2 2 2
I=fQu,x,t)+s+n, (6) q:1+|:<xk X1) +<Yk YI) +<Zk zz)
where: Axo Ao Az
l: measurement + <tk il >2} : exp(— Gt Zl) (11)
Atp 270

f(u,x,t): function describing general field of

measured values )

" unknown parameters Ogignal: a priori covariance of signal
x.t: coordinates in space and time Xks Yk» Tk I - Cartesian coordinates and
s stochastic parameter~ A (0; Cyy) time of observatior

n: stochastic parameter~ A/ (0; C,») X1, Y1, 20511 Cartesian coordinates and

time of observation

The deterministic part is a function that describes the general . i
scale length modifying correlation

shape of the measurements (Fiy.We employ the following <0+
deterministic functions for dry air pressupe water vapour lengths as a function of height

pressure and ZWD: Axg, Ayo, Azo, Atg:  correlation lengths of space and time

Atmos. Meas. Tech., 6, 30833098 2013 www.atmos-meas-tech.net/6/3083/2013/
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Table 3. List of stochastic parameters applied in the least-squares collocation. For signalgesrEq. 10).

Pressure 6 hPa 0.5hPa 200km 150km 0.50km 3.8h 4km
Water vapor pressure  2hPa 0.5hPa 75km 50 km 0.15km 1.7h 4km
ZWD 1.2-5mm 2mm 35km 35km 1km 4h 4km

The stochastic parameteris described with the covari- case, the covariance between ZWD a¥igk: is derived. In
ance matrixC,,, containing the noise of the individual mea- a second case, we seek the covariance between two refractiv-
surements in the diagonal elements and with all off-diagonalties Nyetx andNyet;. In case 1:
elements being zero. This noise has been calculated with the

uncertainties given in Tabl2 Css (Nwet, ZWD) = Cy5 (ZWD, Nwer) (15)
The collocation eventually estimates in a least-squares Gszigna|[2~(—z2WD+zNwet). y (7ZNwet+ZZWD>+1—qi|
sense the parameters of the deterministic functigrb( c, g2 (Az0)? P 270 27 |
H and pg, egp and ZWD, for the respective fields) and the )
. . . Incase 2:
signal and noise part of each measurement. The collocation
also allows the interpolation of these parts to the points wherq;” (Nwet,k» Nweu) =C,, (Nwenk, Nwer,z) (16)

no measurements are available (see &ig. ( e
expl— %y

(Az0)?

) (g—D(@—-2) 4k —z)? '
8q3 q(Azp)*

2

2
_ gsignal

_q2

Zk+z

| o(37))

Z

3.2 Combined collocation of ZWDs and wet

refractivities

For the combined collocation, we need to describe the rela
tionship between the two measurements. SiNGg; is the
derivative of the ZWD in zenith direction (E&), the two
observation equations become

Izwp = f(u,x,t)+s+n
INwet=D(f(u,x,t)+s+n)

(12)
(13)

with
Izwp : ZWD measurement
INwet Nwet measurement
f(u,x,r): function describing general ZWD field
u: unknown parameters of ZWD field
x,t: coordinates in space and time
s signal part with respect to ZWD
n: noise part with respect to ZWD
D: differential operator relating ZWD to
refractivity Nyet
and whereD:
d
=3

As the differential operator is applied to the deterministic
part of the ZWD (Eg10), we obtain
NWet(-x»vast):DZWD(-x?y’ZsZ) (14)
1
=4 [ZWDO +a(x —x0) +b(y —yo) +c(t — to)] . exp(—%) .
Applying the differential operator to the signal of the stochas-
tic part leads to two different covariance matrices. In the first

www.atmos-meas-tech.net/6/3083/2013/

The uncorrelated noise of the ZWD becomes the uncor-
related noise of the&vyet measurements under the influence
of the differential operator.

3.3 Processing

The flowchart in Fig5 gives an overview of the processing
steps taken to obtain wet refractivity, dew point temperature
and relative humidity profiles at Payerne. Rectangles with
corresponding numbers denote processing steps explained in
the following.

1. We obtain total air pressure and water vapour pressure
estimates at the GPS stations from 20 ground meteo-
rological stations with the individual collocation of the
two parameters. We use the methodology and param-
eter setting outlined in Tabl@ andHirter (1998. De-
terministic functions are given in Eq. (7) for pressure
and Eq. (8) for water vapour pressure.

. From the collocated air pressure and water vapour
pressure values, zenith dry delays (ZDD) are calcu-
lated at the locations of the GPS statiohatg, 2009:
ZDD = 0.002277- (p1 — 0.155471: e1), (17)

wherep; is the total air pressure [hPa] aadthe par-

tial water vapour pressure [hPa] at the station, yielding

ZDD in units of meters. Note that the water vapour

pressure, whose collocation is inherently problematic

due to its strong spatial and temporal variations, has
only a minor influence onto the ZDD. This is why we
can model the ZDD to millimeter accuracy from col-
located ground meteo stations, as was demonstrated

Atmos. Meas. Tech., 6, 3GEBS 2013



3090 F. Hurter and O. Maier: Tropospheric wet refractivity and humidity profiles from data fusion
ground meteo GNSS zenith ground meteo Radiooccultation Radiosonde
values total delays values proﬁles proﬁles
(zTD)
least-squares 1)
collocation
to GPS stations
calculate zenith dry 2)
delays from collocated
p-,e-measurements
v
zenith dry 3) iviti 4)
calculate calculate wet refractivities at
delays zenith station or profile
(zDD) wet delays locations
zenith wet wet
delays refractivities
(ZwWD) (Nwet)
|
5)
least-squares
collocation of
ZWD and/or Nwet
) ! N ,
D
I validation of wet . wet refractivity + microwave radiometer :'
- refractivity profile — - - — profile at « temperature profile K
I with radiosonde I Payerne :' at Payerne N
o — — — — Lesunnnnnnnnns gressssnnnns
T T T T PP TP PP PP
[ hvveeeresnnses
H 6):
: calculate dew H
: point temperature
. or relative humidity
H
............. memEEEsEmEEEEn
R Py pp—— R ) A .
I validation of dew point :' humidity N
temperature or rel. humidity s : s 1 m—1 —1 —— — — profile :'
I profile with radiosonde N at Payerne :
. .

Fig. 5. Flowchart of the steps carried out to get wet refractivity or humidity profiles at Payerne. Rectangles stand for processing steps and
parallelograms denote data and results from the processing. The numbers in the chart refer to the processing steps explaB8dlineSect.

solid lines show the processing that leads to the refractivity profiles. The second part of the study, where humidity profiles in Payerne are
produced, is shown with dashed lines.

in Perler(2011). In a comparison between ZDD cal-
culated from ground meteo (E4.7) and from ra-
diosonde integration at Payerrizerler(2011) obtains
1.6 mm standard deviation and a mean offset.6f2m
(ground meteo minus radiosonde).

. The zenith total delays (ZTD) from the GPS process-

ing are reduced to the zenith wet delays (ZWD) by sub-
tracting easy-to-model dry zenith delays (ZDD) using
results from the previous processing step:

ZWD = ZTD — ZDD. (18)
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The uncertainty of the ZWD is very difficult to assess.
It must be above the formal uncertainty given in Ta-
ble 2 for the ZTD plus some uncertainty contribution
added from the ZDD (see Ed8). We adopt a rather
optimistic and tentative value of 2mm (Taldg

Wet refractivities are determined with E)(from
several sources: ground meteo, radio occultation and
radiosonde profiles. For ground meteo and radiosonde,
uncertainties are calculated from error propagation of
the values in Tabl@, assuming no correlation between

www.atmos-meas-tech.net/6/3083/2013/



F. Hurter and O. Maier: Tropospheric wet refractivity and humidity profiles from data fusion 3091

temperature and humidity readings. For radio occulta- *
tions, see SecR.4. 35

_ H
3* " ' | *( | i I8

) . ‘ ,,

5. Different combinations of the ZWD and th& et
data sets have been input into a collocation using the
methodology of SecB.2 The settings for the covari- (i
ance matrix of the stochastic parameteare listed
in Table 3. Correlation lengths were set according to | ‘
a rule of thumb that was derived from tests on syn- s : — poo P
thetic data (not within the scope of this paper). Sta- ~ ss———— — e

ble results were obtained, if correlation lengths were Wet Refractivty Difference (modelrs) [ppm]
4 times the average sampling in either space or time.

»
o

Height [km amsl]
~

14

in

_Fig. 6. Time series showing the difference between the COMEDIE
Due to the large amount of data, collocations were car derived wet refractivities from the GPS plus ground meteo data and

ried out on batches of 8h data with 1 h overlap to thethe radiosonde (grey box: GPS data gap). The RMS difference for
next batch to ensure smooth continuation between the, 3yris plotted on the side of the time series.

batches. Interpolated wet refractiviti®g,et are output
at the heights in Payerne, where microwave radiometer

derived air temperatures are also given. The radiosonde profiles are abbreviated as rs to simplify de-

6. Nuet links the GPS data to meteorology. From gt scription of the results. Since the model can output a profile
and the radiometer temperature profiles, both at Payat any time, and we are mostly interested in the fast vary-

erne, we obtain profiles of water vapour pressere ing part of the lower troposphere, the comparison takes place
[hPa] rearranging Eq3]. Dew point temperaturéyew at launch time of the radiosonde, that is, one hour before

[K] is then calculated followinglacobsorf2005: 00:00UTC and 12:00 UTC.
4880357— 29.66Ine 19 4.1 Wet refractivity profiles
e = T 1948 Ine (19)

Figure 6 displays the time series of the difference between
For reasons of simple comparability with humidity model and rs, where we combine the two data sets (GPS
profiles from other techniques, the profiles are also cal-and ground meteo) in a common collocation. A clear sea-
culated in units of percent relative humidity according sonal trend is observed with strong positive values at heights

to around 2km during the months June—October, coinciding
with large negative values above and below. The systematic
f= et 100%] (20)  vertical deviation structure is caused by the algorithm that
tries to achieve zero mean on the overall signal part (see
with Eqg. 6) on the basis of the parameters in TaBleThis in-

dicates that the algorithm’s performance might be improved
with a more sophisticated deterministic function and more
appropriate stochastic parameters. We also mention here that
the corresponding time series of relative differences (not
shown) does not have a seasonal trend, meaning that differ-
ences are high when wet refractivity values are high and vice
versa. The subfigure to the right gives the root mean square
difference (RMS) for all 3yr and is a measure of interpola-
4 Results tion quality. The RMS varies between 2 and 7 ppm (corre-
sponding to 5-80 % relative wet refractivity difference) be-
The results from the least-squares collocation algorithm ardow the maximum at 2 km and reaches 4 ppm (130 % relative
compared to radiosonde profiles in Payerne at two stages dfifference) at 4 km height.
the processing (see flowchart in Fl). Firstly, we only in- Figure7a and b shows two characteristic October profiles,
vestigate the profile quality of the wet refractivity profiles, comparing the COMEDIE solutions with the radiosonde.
which are the result of processing step 5 in S8c. Sec- They are plotted with formal uncertainty bands and for 3
ondly, profiles from processing step 6 in S&&B are vali-  different input data sets. Input data sets include (i) ZWDs
dated with radiosonde profiles of dew point temperature andnly, (i) ZWDs andNet from ground meteo and, (iii) ZWDs
relative humidity. Corresponding radiosonde profiles havecombined withVyet from ground meteo and from radiosonde
been calculated using Eq®R)( (19), and Q). Profiles that  derived wet refractivities. Uncertainty bands for the model
result from the COMEDIE processing will be called model. solutions are calculated a posteriori during the least-squares

17.67- (T — 2731
esat=6.112-exp< 67-( 3 5))

(T —27315) + 2435

where temperaturd is given in Kelvin and water
vapour pressure and saturation vapour presswg
(Bolton, 1980 are both in units of [hPa].

www.atmos-meas-tech.net/6/3083/2013/ Atmos. Meas. Tech., 6, 3GB&BY 2013



3092 F. Hurter and O. Maier: Tropospheric wet refractivity and humidity profiles from data fusion

Height [km amsI]
Height [km amsl]

;\’ }
s %\
w6 ™

0 20 0 20 4 6 "°0 20 40 60 0 20 40 60 -0 20 40 6 0 20 40 60
Wet Refractivity [ppm] Wet Refractivity [ppm] Wet Refractivity [ppm] Wet Refractivity [ppm] Wet Refractivity [ppm] Wet Refractivity [ppm]

radiosonde Il ZWD 1ZWD N,,.. I ZWD N, radiosonde radiosonde I ZWD ZWD N, I ZWD N, radiosonde

(a) (b)

Fig. 7. Single profiles of wet refractivity foa) 17 October 2011, 12:00 UTC arfd) 28 October 2011, 12:00 UTC for different input data
sets. The formal 1-sigma uncertainty of the profiles and of the corresponding radiosonde are shown as shaded patches.

estimation. We note strong smoothing of the model profiles *
and underestimation of the actual error of the interpolation ,,
algorithm. This is not a surprise since the algorithm is not
aware of all the variability that can occur in the atmosphere._
Assumptions of these variabilities need to be made beforeZ 2s
the calculations and are input into EQLO{. The coarser %
the network, the more difficult it becomes to derive those £
parameters from the data itself. Not having enough well- s
distributed data at hand in the 3 spatial dimensions and ir
time to derive all correlation lengths from the data alone, the
rule of thumb mentioned in Sec8.3 has been employed, * <« o © =2 = o 0 o
which is a simplistic approach to avoid undersampling of =~ Pt medermiben e Tty Beenee (et foemd
short wavelength structures, but needs to be reconsidered i zwp

future work. A more appropriate solution would probably be N o
to derive the correlation lengths from numerical weather pre- WD N, radiosonde
diction model analysis. The rightmost plots of Ffig. and b @ ®

that contain the radiosonde in the collocation are not in-gjg g (a) Comparison between interpolated refractivity profiles
tended as validation but bear testimony to the smoothing effrom COMEDIE and the radiosonde profile from the 17 October
fect caused by the parameter set of Tebl€he reconstructed 2011, 12:00 UTC. ZWD function takes only the deterministic part
profiles are not independent from the validation data set anyinto account. All other profiles also contain the signal part derived
more, but demonstrate that collocation inherently acts as &om either ZWD data from GPS, refractivity data from ground me-
kind of averaging kernel. The smoothing is partly responsibleteorological stations or the radiosonde at Payerne, or a combination
for the limited capability to reproduce strong vertical changes©f these data setgp) Comparison between interpolated refractiv-

in the atmosphere that are frequent during summer and earl{y profiles from COMEDIE and th_e radlospnde profile from the 28
autumn months. Additionally, the degrading effect from the O¢tober 2011, 12:00 UTC. Other information as (a).

inclusion of ground meteo around 2 km height, visible in the

mparison between the ZWD only and the ZWD pNjg L
comparison between the only and the t the deterministic part from the ZWD solution is compared to

solution, results to a large degree from ground meteo value ) .
that are not representative for the situation in Payerne. Refhe radiosonde (see Sedtl). The blue line shows how the

sponsible are the stations DOL, MLS and CHA (see Bjg. solution benefits from the signal part. The improvement from

; the black to the blue line is especially obvious in F8g. The
.that ge.”era"y show toq high values compared to correspon effect of the aforementioned stations DOL, MLS and CHA
ing radiosonde values in Payerne.

On a single profile basis, Figga and b shows the dif- an.r?f tgﬁjbn;(;?tzggn2||t2§| a;pg)rllfghcoorrr(]alatlon lengths are
ference of the model solution to the radiosonde rs at the gAIro\l/JV h uant;;ica':ion of thléllossin revgo.nstruction ualit
same dates as in Figa and b, respectively. Colour coding in case (g)f n?issin stations in a network is attempted ir?SFi !
and naming has been kept consistent with previous plots gst b 9.
. . . . "~ "It shows the RMS difference between the combined solution
In Fig. 8a and b, one previously unmentioned solution is :
. . . i (GPS and ground meteo) and the radiosonde for the 3 yr data.
shown in black. It represents the solution achieved, if only s ) )
The light green curve includes all measurement stations and

3

2

Height [km amsl]

1

ZWD function
ZWD

ZWD function

ZWD N, radiosonde
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Fig. 9.RMS of model minus radiosonde difference for a collocation E’ 14 .
including the GPS station PAYE and the meteo station PAY (light 12 .
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The comparison shows 3yr of data with 2132 radiosonde profiles ™l
being evaluated. Note that the light green line corresponds to the 91 °
right panel of Fig6, but with anothex axis scale. 0.5 d
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(C) Nwet
is repeated from Fig6. For the dark green curve, the GPS o
and the meteo stations in Payerne are excluded from the ré=i9: 10. (2)Box plot of the relative differences between COMEDIE-
construction. Mostly affected are the refractivities in the low- d€rved wet refractivities with data from GPS only and the ra-
ermost 2 km with an increase in RMS difference of 1—2 ppm diosonde. Boxes denote the 25th and 75th percentile and the me-
~dian is marked inside the boxes. Total number of evaluated cases

i i _ 0,
such that relative RMS differences have become 8-130 /ol‘s 2132.(b) As for (a) but with COMEDIE-derived wet refractivi-

Since the AGNES and the SwissMetNet network are bOthties using data from GPS and ground meteorological statfopas

not very dense in the region of Payerne, it is expected that the, () but using COMEDIE derived wet refractivities from data of

accuracy of wet refractivity reconstruction for all of Switzer- ground meteorological stations only. Note that the abscissa is scaled
land is quite well represented with the dark green curve indifferently to(a) and(b).

Fig. 9.

Now that the achievable accuracy in terms of absolute wet
refractivities has been demonstrated, we continue the statign Fig. 10b. In order to quantify the effect of th¥,,et data
tical analysis with relative differences between model and rsset on its own, it was separately included in the collocation
The statistics of 3yr of data for the lower troposphere are(Fig. 10c). A linear trend of the median is observed that drifts
shown in Fig.10a—c, where we compare the collocation re- away from the zero line. The spread has also increased with
sults for different input data. Figuea includes only ZWDs  respect to Figl0b. Hence, a clear benefit comes from the
in the collocation and demonstrates the quality of reconstrucecombination of the two data sets.
tion if we use GPS data. The median shows a distinct nega- Radio occultations deliver an atmospheric product that can
tive offset of—16 % at~ 1.5km height and quartiles of 10% be used to calculate point measurements of wet refractiv-
in the boundary layer. The negative offset has almost disapity. They can be included in the collocation approach much
peared in Figl0Ob. Here, the collocation also includ@&yet the same way as ground meteo measurements of wet refrac-
from ground meteo stations and shows a clear improvementivity. There are 189 radio occultations available in the in-
of the quartiles to 5-7.5 % relative difference below 1.5 km. vestigation area during the 3yr (Tabl®. Therefore, only
Furthermore, the strong asymmetry of the quartiles at heighta limited number of COMEDIE calculation batches would
between 3 km and 4 km of Fig0a has been greatly reduced actually contain one or more occultations in their data set.

www.atmos-meas-tech.net/6/3083/2013/ Atmos. Meas. Tech., 6, 3GB&BY 2013
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(gps-—rs)irs*100 [%] (gps-rs)irs*100 [%] lated with radiosonde data. COMEDIE wet refractivities were cal-
(a) (b) culated using GPS zenith path delays only. Boxes denote the 25th

and 75th percentile. The median is marked inside the boxes. Lines
Fig. 11. (a)As for Fig. 10b but showing the box plot for the upper show large offsets and extend fraps o, — 1.5 (¢750% — g259%) tO
troposphere from 1.6 km to 8 km and including only the 132 casesg759,+ 1.5 (9759 — g259). They cover roughly 99 % of the data
that would contain radio occultations in their computation batches.spread if normal distribution is assumed. Further data is classified
(b) Shows the statistics of the 132 interpolation batches that contairas outliers and not showi) As for (a), but with wet refractiv-
the occultations. Data from GPS, ground meteorological stationsties from ground meteo stations as additional input data set in
and radio occultation profiles of wet refractivity have been included COMEDIE.
and interpolated.

4.2 Humidity profiles

With the additional temperature profiles from the microwave
radiometer, the wet refractivity profiles have been converted
to dew point temperature. To display dew point temperature
on a single profile basis, emagrams of the previously shown
October cases for the GPS plus ground meteo solution have

Level [hPa]
Level [hPa]

e R =" g been determined in Fig.2a and b. Beside the model quality
+ Tradometer + Tradometer of dew point temperature, also the quality of the radiometer
o Toewmodel _ o Tewmode temperatures can be demonstrated with the emagram. The
o o smooth nature of the model solution is also noted here. In

addition, the incapability to reconstruct the cloud layer be-
Fig. 12.Emagrams fofa) 17 October 2011 Wi.th dew point temper- wveen 3—4 km is shown in Fig.2b. This is due to a lack of
atures calcglated from t_he COMEDIE solution (GPS plus groundg;ations at that height in the vicinity of Payerne (F3y.
me.teo solution) an'd radlometer temperatu¢ey28 October 2011, The same statistical model to rs comparison as in Sett.
12:00 UTC. Other information as f¢a). - - .

has been carried out on the basis of absolute differences of

dew point temperature (Fid.3a and b). Similarly to the rel-
Eventually, 132 calculation batches could be compared to ra@tivé wet refractivity differences in Fig. 10a and b, the dif-
diosonde profiles. Their statistics are shown in Eta with- ~ ferénces in dew point temperature increase almost uniformly
out the occultations, but GPS and ground meteo data, an¥ith height. This is due to the increased sensitivity of errors
Fig. 11b with the occultations in addition to GPS and ground in Wet refractivity on dew point temperature with decreasing
meteo. The occultation’s influence is practically zero below €mperature and hence, with height. In TaBlé is shown
1.6 km. In the upper troposphere however, an improvementhat the influence of temperature error on dew point temper-

in the median offset and reduction in spread is observed. ature is almost one order of magnitude lower than is the in-
fluence of wet refractivity, which means that the microwave

Atmos. Meas. Tech., 6, 30833098 2013 www.atmos-meas-tech.net/6/3083/2013/



F. Hurter and O. Maier: Tropospheric wet refractivity and humidity profiles from data fusion 3095

Table 4. Formal sensitivity effects of errors in wet refractivity and 4—e
temperature on dew point temperature and relative humidity. Valid
for atmospheric values df\et = 10-50 ppm and” = 273-293 K, 3.5
corresponding to values typical for the lower troposphere.
3
lppmerror 1K error —
in Nwet in temperature 2
5 25
Dew point temperature  0.2-1.1K <0.1K g :
Relative humidity 1-3% 1-12% £ 2
z
1.5
radiometer adds very little to the error figure of the model
solution. 1 i
We also calculate profiles of relative humidity (E20)
from microwave radiometer temperature and model refrac- 05 : L N - %

tivity of the combined solution of GPS and ground meteo. Relative Humidity Difference (model—rs) [%]
Figure14 shows the statistics with respect to the radiosonde |
as mean and standard deviation of the difference. Systematic
deviations from zero of maximum 7.3 % and standard devi-giy 14 Mean and standard deviation of the difference between rel-
ations of 12-20.0 % are observed for the lower tropospherestive humidity from the combined COMEDIE solution (GPS and
Note that, contrary to error sensitivity in dew point temper- ground meteo) and the radiosonde from the comparison with 2132
ature, where wet refractivity had much more influence thanradiosonde cases.

temperature, relative humidity is similarly affected by tem-

perature and refractivity (Tabl®.

mean std |

a statistical parameter of assumed covariance matrix. Addi-
5 Discussion tionally, a trend function has been included that describes the

structure of the general ZWD field. GPS tomography was
This study uses an interpolation technique to determine wehot employed with the given network due to the sparsity
refractivity profiles from mainly GPS zenith path delays. of crossing rays that are especially important for the qual-
Many other investigators have used the tomographic apity of tomographic reconstruction8énder et al.2009. Our
proach using slant path delays from the GPS processing t@WD only solution yields RMS differences (not shown) of
reconstruct wet refractivity fields. The slant paths, if fully 7—-8 ppm (20-80 % relative RMS difference) below 2 km and
recovered during the processing, do not have the averaging ppm (130 %) at 4 km height. The fact that the results with
nature of zenith path delays and should hence contain inforenly zenith path delays are close in accuracy to other works
mation about the heterogeneity of wet refractivity in the at- that use slant path delays in a tomographic approach, con-
mosphere. The tomographic approach has been statisticalffirms the known difficulties to profile atmospheric wet refrac-
validated inPerler(201]) for a one year period in Payerne, tivity with delays from ground GPS stations. Additionally, it
Switzerland. He obtains standard deviations=0fOppm at  also demonstrates the strong influence of the constraints on
the ground, which decrease to5ppm at 4500 ma.m.s.l. the results. We do for example have a very similar station net-
with respect to the radiosonde reference. With another tomowork at hand a®erler(2011) and our profiles are on average
graphic method and for a dense network in southern France;loser to those of the radiosonde than in his case, which is
Nilsson et al.(2007) arrive at 4-5ppm absolute error to due to our constraints of an exponential deterministic func-
a radiosonde reference and a relative error of 10% most ofion and strong correlations of the stochastic signal.
the time for the refractivity in the lower 2km of the tropo-  The least-squares collocation is capable of including other
sphere. The problem of the tomographic approach lies ilfmeasurement types. In a first experiment, ground meteo sta-
the fact that path delays from ground based GPS stationtions have been included. Ground meteo station data has
have very limited capability to recover vertical structures in been previously included into GPS tomography and its ben-
the atmosphere above the top station as has been shown Igficial effect has been showiMénning et al. 2013 or has
Champollion et al(2005 or Perler et al(2011). GPStomog- been suggested®psy et al, 2010. We show that including
raphy software with data from ground-based stations, thereground meteo measurements of wet refractivity has a very
fore, rely on information other than actual measurements tgositive effect on the mean offset with respect to the ra-
retrieve meaningful fields. These are often constraints ordiosonde reference, particularly in the regio2 km. Includ-
the mutual dependence between refractivities. In the preing Nyet profiles from radio occultations has been shown
sented study here, such constraints were also integrated using improve the accuracy in the upper troposphere. Due to

www.atmos-meas-tech.net/6/3083/2013/ Atmos. Meas. Tech., 6, 3GB&BY 2013
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the few occultations taking place in the study region duringheight and increase to%K at 4km. A possible product could
the 3yr, radio occultations give little support to the over- be the calculation of CAPE (convective available potential
all 3yr solution. We still demonstrate that their continua- energy) for thunderstorm detection or other indices related to
tion to the ground with GPS path delays and ground metedhe occurrence of precipitation events and their severity, be-
measurements is feasibleoelsche and Kirchenga&007) fore they can be detected and quantified by other means (e.g.
demonstrate that a thorough ray-tracing approach togetheweather radar).

with slant paths from ground stations allows retrieval of the

complete information contained in radio occultation delays. _

The Raman Lidar is a measurement technique with a ver® €onclusions
tical resolution superior to our technigue. For an operationa
Raman Lidar at Payerne, Switzerlamtpcard et al(2013
demonstrate a relative humidity agreement of 2% for day-
time and 5% for nighttime comparisons with radiosondes.
Conversion from mixing ratio to relative humidity were car- ) : . )

; . . ._ture profiles from a microwave radiometer are available. Wet
ried out with temperatures from radiosondes. Standard devia- - ) .
X . . . refractivity profiles from our processing are shown to have

tions of this comparison are around 5% (night) and 7% (day) . N
. . 2’comparable accuracy to results from investigations that re-
for most of the lower troposphere. At night, when humidity

gradients at 1.5 km aboveground are often pronounced, stanc_onstruct refractivity with GPS tomography. Additional data

e : . : sets, such as ground meteorological values or radio occulta-
dard deviation of the lidar minus sonde comparison reache

up to 10% at that height. This suggests that lidar profiles arc;,EI Z?StL:rr:zprgvrii;?riurrisﬂtjdi\;\::ﬂc])fgzr)i?;?( iivé F;:;f:(tir;eunr:

also somewhat smoothed and do not fully catch strong grapuartilesl of 45K were achieved for the lower troposphere

dients close to the boundary layer top, but far better than ouf! o ) Posp ’
. . - . ..._combining the presently available data from a GPS and a

profiles. Our relative humidity agreement is around 5%, with . .

standard deviations of 12—20%. For the conversiong; ground meteo network in the western part of Switzerland.

. - : Collocation can incorporate a suite of data into a common
to relative humidity, we use temperature from the microwave ; )
i . . . . _least-squares framework. Possible further data sets to include
profiler, which adds further uncertainty to our retrieval, but is

generally available, including times of fog and light rain, and would be Lidar profiles, refractivity gradients derived from

not restricted to heights below cloud base. Exceptions occup " radar clutter maps, differential delays from INSAR inter-

in case of strong rain, where quality of temperature roﬁlesferograms (with topographic phase removed), or zenith path
9 ' d y P P gradients, the latter being a result of the GPS processing.

from radiometer have not been sufficiently investigated yet._l_he inclusion of zenith path delay gradients into colloca-

The easy maintenance, good data reliability and low COSt%ions will be the next step. They contain information about

due to shared use with other applications are the strengths_. . .
) S . azimuthal asymmetry in the tropospheric wet delay and are
of our solution, which is not a measurement technique as

such, but an aggregation of data from a relatively large are [elatively easy to integrate into COMEDIE. The combina-

(200km radius). In contrast to the lidar that is very precise até%I on Of. many data sets already available n _near-realtlme of
. i ) ) .““either integral or point measures of refractivity with colloca-
one location, the aggregation aims at a certain representative-

) : &on could be a valuable contribution to the nowcasting com-
ness. Due to costs, a dense radiosonde or lidar network woul

be difficult to setup and maintain. With respect to rad|oson-mumty. or could provide a methoqlology to _|nvest|g_a_te indi
. . . vidual instrument accuracies, the investigation profiting from
des, the temporal resolution of our data is more suited to fol- .
) ) - . mutually complemental instrumental strengths.
low the evolution of atmospheric humidity on timescales of

hours. The smoothed profiles however, do not allow for an

imaging of strong vertical humidity gradients correctly. The scknowledgementsThe authors would like to thank Elmar

relative humidity uncertainty of the radiosonde is given asprockmann from swisstopo for his invaluable support, processing

5-10% (Table2) with approximately 10 m average vertical and for providing us the GNSS data set. We also thank the Me-

resolution. This makes it a suitable reference in case of sharpeoSwiss staff for their support of this work, especially Dominique

humidity gradients. Ruffieux, Bertrand Calpini and their teams, for their leadership in
Relative humidity is still one of the most difficult variables making advanced remote sensing techniques operational for mete-

to forecast by a numerical weather prediction model. Fore-orologists and m_odelgrs. For proofreading and fruitful discussi_ons,

cast uncertainties in relative humidity of 10-20 % are Com_thanks go to Alain Geiger and Markus Rothgcherfrom the Institute

mon (e.g Wilhelm, 2012 and are thus of the same order of °f Ge0desy and Photogrammetry (ETH Zurich).

magnitude as our resuIFs. Since GPS, mic;rowave 'ra}dio'meteédited by: A. Richter

and ground meteo stations together provide humidity infor-

mation in near-realtime, we envisage a benefit of our profiles

for applications of cloud and rain nowcasting. The profiles

achieve dew point temperature quartile2 K below 2km

l\/Ve present results from an interpolation approach of GPS
zenith wet delays and several data sets of point measurements
of wet refractivity to reconstruct wet refractivity profiles.
Water vapour profiles have been calculated, where tempera-
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