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Abstract. The Mediterranean hydrometeorological observa-high resolution measurements of PWV on a local scale (a few

tory Cévennes-Vivarais (OHM-CV) coordinates hydrome- kilometres) are discussed for rain events. Finally, the results

teorological observations (radars, rain gauges, water levebf 3-D fields of water vapour densities from GPS tomography

stations) on a regional scale in southeastern France. In thare analysed with respect to precipitation fields derived from

framework of OHM-CV, temporary GPS measurements havea meteorological radar, showing a good correlation between

been carried out for 2 months in autumn 2002, when theprecipitation and water vapour depletion areas.

heaviest rainfall are expected. These measurements increase

the spatial density of the existing permanent GPS network,

by adding three more receivers between the Mediterranean

coast and the Cévennes-Vivarais range to monitor maritimel  Introduction

source of water vapour flow feeding the precipitating systems

over the Cévennes-Vivarais region. In addition, a local net-Water vapour is a very variable thermodynamic quantity in

work of 18 receivers covered an area of 30 by 30 km withinthe atmosphere which influences atmospheric dynamics on

the field of view of the meteorological radar. These regionalvery different temporal and spatial scales (from a climatic

and local networks of permanent and temporary stations arscale to a mesoscale). It controls, among other things, an

used to monitor the precipitable water vapour (PWV) with important part of the energy and mass transfer in the atmo-

high temporal resolution (15 min). Also, the dense local net-sphere. Evaluating its temporal and spatial distribution is fun-

work provided data which have been inverted using tomo-damental for improving meteorological forecasts, notably for

graphic techniques to obtain the 3-D field of tropospheric wa-precipitation forecasting.

ter vapour content. This study presents methodological tests Heavy rain and resulting flash floods in mid-altitude

for retrieving GPS tropospheric observations from dense netmountainous regions bordering the Mediterranean Sea

works, with the aim of assessing the uncertainties of GPS reare the centre of interest of the project “Observatoire

trievals. Using optimal tropospheric GPS retrieval methods,Hydrométéorologique Méditerranéen Cévennes-Vivarais”
(OHM-CV, 1, Delrieu et al.,, 2005). Figure 1 shows the
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Fig. 1. Regional and local map of the GPS network (circles) and the meteorological data loggers (PTU stations, crosses) deployed for the
campaign. Triangles show Météo France rain radars and radiosonde station. Grey contours indicate the water sheds surveyed by OHM-CV.
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OHM-CV study zone, including the investigated water- hourly temporal resolution, but there is only one radiosonde
sheds. The Cévennes-Vivarais region is representative of thstation in the region (at Nimes) providing vertical humidity
Mediterranean coastal mountainous regions. The intermittenprofiles every 12 h.
rivers of the region undergo fast and devastating hydrologi- Within the OHM-CV framework, we completed the avail-
cal responses to extreme rain amounts showing one of thable measurements of humidity in a very significant way us-
highest statistical frequency of flood events of the world (seeing GPS observations of tropospheric water vapour. GPS sta-
Ceresetti, 2011). tions provide time series of precipitable water vapour (equiv-
Past studies have shown that atmospheric model perforalent to integrated water vapour) above every site with a
mance in simulating heavy precipitation events is stronglyhigh temporal resolution (15 min in our case) and a precision
dependent on the characteristics of the moist flow impingingcomparable to radiosonde measurements or water vapour ra-
on the region (Ducrocq et al., 2002; Bresson et al., 2012)diometers (within 1 to 2 mm of precipitable water) (Bevis et
However, moisture is recognised to be the least well analal., 1992, 1994; Rocken et al., 1995; Duan et al., 1996; Bock
ysed by present day operational assimilation systems, due tand Doerflinger, 2001; Van Baelen et al., 2005). Moreover,
its strong intrinsic variability in space and time, and the lim- horizontal gradients of tropospheric water vapour can be es-
ited availability of water vapour observations. The state oftimated. They are very sensitive to local meteorological phe-
the art of operational techniques for water vapour retrievalsnomena like the sea breeze and the diurnal cycle (Walpers-
(see Kampfer, 2012) includes ground-based instruments (mieorf et al., 2001).
crowave radiometer, sun photometer, lidar, FTIR spectrome- For this study and to obtain a good regional coverage
ter, GNSS), in-situ methods (radiosonde and airborne instru{see Fig. 1), we have added 3 temporary stations to the per-
ments), and remote sensing (IR, visible and microwave senmanent GPS stations network (8 stations) of the Cévennes-
sors). The last technique can allow global coverage but nd/ivarais region. Such a regional network enables us to de-
retrievals can be obtained during cloudy and rainy weathescribe the incoming water vapour flow before it impinges on
(for visible and IR sensors) or over lands (for microwave the Cévennes-Vivarais mountain range. There, it contributes
sensors). During severe weather conditions, it is recognisetb feeding the convective cells precipitating above the relief.
that the coverage by terrestrial measurements is insufficienn addition, to study the fine-scale variability of the water
to characterise correctly the three dimensional water vapouvapour field within the precipitating system regions, we set
field at the mesoscale. For the Cévennes-Vivarais region, 2dup a very dense network of 18 stations (covered an area of
ma.g.l. humidity is described by Météo-France’s weather30 by 30 km) to retrieve the three dimensional water vapour
surface network with one station every about 30 km and arfield by tomographic inversion techniques. According to the
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position of the convective systems passing over the tomo<{either by using already existing GPS stations or by installing
graphic network (with a coverage of 900 Knthis network  new GPS stations which are less expensive than other instru-
should be able to provide a detailed description of the watements), it performs in all-weather conditions and the method
vapour field, such as the convective precipitation zone, théas intrinsically stable (Wang et al., 2007). Effectively, GPS
stratiform precipitation, dryer zone favouring evaporation or ZTD measurements are based on the exploitation of prop-
anomaly and blobs of water vapour. agation delays excluding any instrumental drifts (contrary
In the following, a short description of the present use ofto other sensors like spectrometers onboard polar orbiting
GPS observations for meteorology (Sect. 2) is provided, fol-satellites). Nevertheless, modifications of the analysis strat-
lowed by an overview of the field measurement campaignegy or the change of instruments (receiver and/or antenna)
(Sect. 3). In Sect. 4, several GPS tropospheric parameter esan induce instantaneous offsets in the coordinate time series.
timation strategies are evaluated for combining a dense, locaHowever, the effect on the tropospheric parameter estimates
network and a more widely spread regional network with ais limited as an error in the vertical positioning is down-
total of 44 sites. This allows us to evaluate the uncertain-weighted by a factor of about 3 for the tropospheric param-
ties associated with the different tropospheric GPS retrievakter estimation (Santerre et al., 1991; Niell, 1996). In fact,
methods and, thus, products. The major products of GPS mehe vertical position error (mainly induced by the amplitude
teorological solutions are the time series and 2-D maps obf the major ocean loading component that is related to the
the PWV (Precipitable Water Vapour) distribution as well as semi-diurnal lunar tides, so-called component M2) is about
the 3-D water vapour fields through tomographic inversion.20 mm, and in comparison the ZTD error is about 6.5mm
These are the objects of Sects. 5 and 6, respectively. FuiWalpersdorf et al., 2007). The GPS performance has been
thermore, in these sections, we will examine the possible retested in the continuously growing GPS permanent networks
lationship between the water vapour field evolution and the(for navigation, reference frame and seismo-tectonic mon-
rainfall estimation provided by a near-by precipitation radar, itoring) where it has shown good results. Presently, appli-
as well as the role of water vapour in the convective system’scations in meteorological analysis and weather forecast are
life cycle. In particular, we will focus on the rain event on the widely spread in European, US and Japanese weather ser-
21 October 2002, first to illustrate our methodological work, vices (Gendt et al., 2004; Gutman et al., 2004; Nakamura et
and then as an example to support comparisons between tta., 2004; Guerova et al., 2006; Smith et al., 2007; Poli et al.,
GPS retrieved water vapour fields and radar retrieved pre2007; Macpherson et al., 2008; Yan et al., 2009; Benjamin et
cCipitation observations. In the final Sect. 7, we present con-al., 2010).
clusions and perspectives for high resolution water vapour The main applications of tropospheric water vapour esti-
retrieval by GPS tomography. mates from ground-based GPS data are:

— The analysis of meteorological events from post-

2 State-of-the-art: GPS met applications processed GPS data (e.g. Bock et al., 2004; Walpers-

dorf et al., 2004; Brenot et al., 2006; Van Baelen et al.,
The sensitivity of GPS measurements to tropospheric wa- 2011; Labbouz et al., 2013) and process-oriented stud-
ter vapour designates GPS as an adequate technique for re-  ies (such as understanding the fundamentals of deep
mote sensing of atmospheric humidity (Bevis et al., 1992). tropical convection, see Adams et al., 2013).

Methodological studies of meteorological GPS applications

have been carried out over the last two decades (e.g. Bevis — Climatological applications by post-processing long

et al., 1992; Businger et al., 1996; Tregoning et al., 1998; time series of data with the same coherent analysis
Bock and Doerflinger, 2001; Walpersdorf et al., 2007) and strategy (e.g. Wang et al., 2007; Sguerso et al., 2013).
enable us now to infer precipitable water vapour (PWV in

mm, equivalent to Integrated Water Vapour content, IWV  — The assimilation of ZTD in operational numerical

in kgm~2) from GPS observations with the same precision weather prediction (NWP) systems (e.g. Gutman et
as conventional meteorological measurements, such as ra-  al., 2004; Bennitt and Jupp, 2012) and the use of
diosondes and microwave water vapour radiometers (WVR), GPS observations by forecasters (such as an indica-
to about 1-2mm PWV. GPS atmospheric measurements tor of deep convection, see Brenot et al., 2013). The
have been validated by comparisons with independent mea- operational applications require near-real time analy-

surements and numerical weather prediction models (Yang et sis of the data, done by downloading hourly data fol-
al., 1999; Vedel et al., 2001; Behrend et al., 2002; Pacione et lowed by a time optimised processing to provide tro-

al., 2002; Haase et al., 2003; Van Baelen et al., 2005; Bock pospheric parameters with a latency of 1 h (EC COST
et al., 2007; Schneider et al., 2010). Raw GPS tropospheric 716/MAGIC/TOUGH recommendations (Elgered et

delay (zenith total delay: ZTD) or the inferred PWV estima- al., 2001; Van der Marel, 2004; Guerova et al., 2006)
tion have several advantages over traditional meteorological and the EUMETNET GPS Water Vapour project (E-

measurements of water vapour: it can be done at low cost GVAP; Haan et al., 2006)).

www.atmos-meas-tech.net/7/553/2014/ Atmos. Meas. Tech., 7, 553-578, 2014
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ZHD can be inferred from surface pressig(e.g. Davis
etal., 1985)

ZHD = (2.2768+0.0015 - 10 °Ps/f (0, H) 2)

with f(6, H) =1—0.00266cos?2 — 0.00027%H, being a
function of latituded and altitude in km above the ellipsoid
ZTD *mie() H (see Vedel et al., 2001). This enables us to extract the value

of ZWD by subtracting ZHD inferred from surface pressure
""" from GPS measured ZTD:

West <> East

ZWD = ZTDgps— ZHDps. (©)
Fig. 2. Schematic representation of the GPS tropospheric observ-
ables Zenith Total Delay (ZTD) and horizontal gradients (EW and  According to Bevis et al. (1992), this ZWD can be approx-
NS components, here EW componéhgw). They are inferred  jmated by
from all simultaneously available GPS observations via elevation

(¢) dependent isotropic mapping functiongso(¢) and via az-  zwWpD ~ (0.382+ 0.004) Ry [ pv/Tdz (4)
imuthal () and elevationd) dependent anisotropic mapping func-
tionsmani(e, ). with Ry the gas constant for water vapouk, the water

vapour density an@ the temperature along a vertical profile.
Its expression is close to the integrated water vapour (IWV
— Tomographic inversion of line-of-sight tropospheric expressed in kg n¥). Considering a standard mean liquid
delays to establish 3-D water vapour fields. This to- water density for the vertical column-(L000 kg nT3), this
mographic technique has the potential to provide at-study assumes that IWV is equivalent to the precipitable wa-
mospheric water vapour fields with a horizontal res- ter vapour (PWV expressed in mm):
olution of several kilometres, a vertical resolution of
500m in the lower troposphere and 2km in the up- WV =/ pvdz ~ PWV. ©)
per troposphere, and a time resolution of 15 min, but . . .
it requires a dense homogeneously distributed network Therefo.re, PWV is almost proportional to ZWD (Bevis et
of GPS stations. First comparisons of tomographic ob-al" 1992).
seryations with othe_r measurement techniques ,(WVR'PWV — - ZWD ©)
radiosondes) and with meteorological models give en-
couraging results (Elgered et al., 1991; Gradinarski,ith
2002; Gradinarski and Jarlemark, 2004; Champollion
et al., 2005; Bastin et al., 2005; Troller et al., 2006; kgevis= 10°/[Rv (k3/ Twm +k5)] ©)
Perler et al., 2011; Van Baelen et al., 2011). However,
to obtain the indicated resolution, the tomographic in- With Ry = (461525+0.013) J/(kmolK)  the  spe-
version requires data from a dense network of GPS stacific  molar gas constant for water vapourks=
tions (5-25 km spacing), possibly with stations at dif- (373 900+ 1200) K Pa! and k) = (0.221+0.023) K Pa'!
ferent altitudes. This calls therefore for dedicated net-being refractivity coefficients (Bevis et al., 1994) affigh
works. The permanent GPS networks currently avail-being the mean temperature in the atmospheric column

able in France provide about one station each 50 km. according to Askne and Nordius (1987), that can be approx-
imated using a measurement of the surface temperdgire

Two “direct” GPS tropospheric measurements are exploitedn K:

nowadays: zenith total delay (ZTD) and horizontal gradientsy,, ~ 70.2 + 0.727s, (8)

of refractivity (GRAD) (Fig. 2). They are related to the air

refractivity along the signal travel path and can be converted This formulation ofigevis by Bevis et al. (1994) considers
to values of PWV using measurements or model data for sura global climatology (8718 radio soundings in the US cover-
face pressure and temperature (Bevis et al., 1992). To do sdng a latitude range of ZMN to 65 N). The precision ok is
keep in mind that ZTD can be split into a hydrostatic (zenith evaluated to 2 %. In this study, we use the formulatipgp
hydrostatic delay: ZHD) and a wet component (zenith wetof Emardson and Derks (1999) specific to the Mediterranean
delay: ZWD) (Saastamoinen, 1972; Davis et al., 1985; El-region:

gered et al., 1991):
Kkeg D = 10°/[6.324— 0.017%(Ts — 28976)

ZTD = ZHD + ZWD. 1) +0.00007%7s — 289.76)2]. 9)

Atmos. Meas. Tech., 7, 553-578, 2014 www.atmos-meas-tech.net/7/553/2014/
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For a surface temperature of 298 K this yields an averagefable 1.Positions of temporary GPS stations in WGS84.
value for the dimensionlessg p of about 0.165 and a rela-

tion between PWV and ZWD of SITE Latitude Longitude Altitude
[°N] [P E] [m]
1 mm PWV 6.18 mm ZWD (10)
BERI 44.377 4.190 194.71
The direct ZTD measurement is the preferred quantity for GAGN  44.314 4.128  234.97
MAGE 44.230 4,166 260.69

assimilation and climatology, to avoid adding GPS external

information related to the reduction of ZTD to ZWD and to BRES 44.279 4193 273.48
th . f 7ZWD to PWV (B t et al. 2006). H PAUL 44.340 4.153 316.85
e conversion o 0 (_ renot et al., 2! ). ow- CHBO 44.305 3979  341.93
ever, GPS PWV above each station and its horizontal gradi- BANE 44.369 4156  356.50
ents are useful for meteorological analyses and tomographic COLE 44.246 3919 358.04
inversion. MASB  44.257 4120  359.64
PRAD 44.233 4.056 448.53

. . BORD 44.316 4.073 456.54

3 OHM-CV tomographic measurement campaign MALB  44.358 4.067 48924
) . SENE 44.327 4.026 505.38

The temporary GPS network implemented in OHM-CV has GENH  44.350 3949 561.63
been conceived to provide tropospheric water vapour obser- PONT 44.401 3.978 563.85
vations for the analysis of precipitation events, and to per- CHPO 44.268 4.027  640.92
form tropospheric tomography. The tomographic inversion BONE 44.365 4,022  847.90
of GPS data requires a fairly dense network of stations (5— BARQ  44.385 3.874 1470.97
25km inter-station spacing) so that the different rays from SMDC  43.674 4.799 65.09
satellites to the different GPS receivers can interweave and CDGA  43.886 4.376  231.95
LARZ 43.952 3.259 806.92

allow the restitution of the 3-D distribution of water vapour
fields (resolution of few kilometres in horizontal and few
100m in vertical). Our study is part of a limited number
of tomographic applications that have been achieved so fatthe tropopause (about 10 km at mid-latitudes). However, due
such as the experiments undertaken by IEEC (Spain) (Floto the exponential decrease of air density, most of the tropo-
res et al., 2000) in the framework of the WAVEFRONT pro- spheric variability is seen in the lower part of the troposphere.
gram, by ETH Zurich in Switzerland (Troller et al., 2006; The water vapour scale height is about 2-3 km. At these al-
Perler et al., 2011), as well as by UCAR (USA) (Braun et al., titudes, the lines of sight reach distances of 16—24 km from
2001). Afirst experiment of GPS tomography was conductedhe site. That means that stations spaced by about 20 km are
in France in 2001 in the framework of the ESCOMPTE cam- needed to continuously sample the low tropospheric water
paign (Bock et al., 2004; Walpersdorf et al., 2004) which vapour field.
took place in the Marseille region. For that study, the tomo- From 15 September to 21 November 2002, 21 GPS re-
graphic routine (LOFFTK) was employed for the GPS inver- ceivers were deployed in the region Cévennes-Vivarais and
sion (Champollion et al., 2005; Bastin et al., 2005). Basedsouth to the Mediterranean coast (Fig. 1, Table 1). 18 re-
on this experience, a new software, called TSAAR (Tomog-ceivers were used to set-up the dense tomographic network
raphy Software for wAter vApour Retrieval) has been de- of about 900 krA with baseline lengths of 3 to 8km. The
veloped by the authors. A full series of tests and validationsrange of receiver altitudes covered by this local network is
are presented in Reverdy (2008) whereas its application tédrom 195mto 1471 m. Three receivers completed the perma-
the COPS campaign is described in Van Baelen et al. (2011)ent regional network of about 40 000 k(from Cévennes-
TSAAR will be used for the GPS tomography in this study. Vivarais range to the Mediterranean coast) to obtain a station
The OHM-CV GPS measurement campaign aims at coverspacing of about 50 km. The GPS receivers were Ashtech
ing efficiently the region between the Mediterranean and thez12 receivers with choke-ring antennas. The cut-off angle
OHM-CV water sheds. A complete spatial coverage of GPSused for the measurements was Bhe GPS network was
tropospheric observations requires relatively dense networksompleted by 5 meteorological data loggers (mostly Vaisala
Indeed, the tropospheric ZTD and horizontal gradients cal-PTU 200, see Fig. 1 for location) recording surface pres-
culations of a GPS station are obtained by averaging signalsure, temperature and relative humidity at some stations of
from all GPS satellites visible simultaneously under differentthe local GPS network. Additional measurements available
elevation angles. In our measurements, 6 to 10 satellites arfor the GPS campaign are surface pressure and temperature
visible simultaneously, probing an atmospheric volume in aobservations from the Météo-France network, and 00:00 and
cone between the GPS station and the tropopause, limited2:00 UTC radiosoundings from the closest Météo-France
by the cut-off angle. With a cut-off angle of 5this tropo-  radiosonde station at Nimes (see Fig. 1). This station is sit-
spheric cone has a radius of about 110 km at the height ofiated outside of the dense tomographic GPS network and

www.atmos-meas-tech.net/7/553/2014/ Atmos. Meas. Tech., 7, 553-578, 2014
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therefore cannot be used to validate or constrain our to4.1 Network geometry

mographic inversion, but it is located close to one regional

temporary GPS site (CDGA, at 5km distance). Therefore,The calculation time increases with the square of the num-
we can use the radiosonde data for methodology validatiorber of stations included in the GAMIT analysis. At the time
by comparing with the CDGA tropospheric GPS observa-of the calculations, estimating 49 ZTD and % gradients
tions (see Sect. 5.2). Finally, the Météo-France weather radaiGRAD) for each station of the 44 station network in each
in Bolléne in the Rhoéne valley (see Fig. 1) provides 2-D 12 h session was at the limit of our processing capacities.
fields of reflectivity with good temporal and spatial coverage Therefore, we decided to build sub-networks in this step of
(Delrieu et al., 2005) over the entire domain of our tomo- the analysis, optimising the calculation time. This is a com-
graphic GPS network. This enables us to correlate GPS inmon strategy to analyse in an operational way large networks
ferred water vapour observations with radar reflectivity fields of permanent stations. While the influence of network split-
(Reverdy, 2008) and, thus, precipitation systems. ting on station coordinates has been evaluated already (e.g.
Ineichen et al., 1999, who evaluated an rms of 1 to 4 mm for
station coordinates estimated in different sub-networks), an
effect on tropospheric parameter estimation was recognised
but has not yet been quantified in detail. For example, Haase

The GPS data analysis has been performed with MIT’s .
GAMIT/GLOBK package (GAMIT version 10.3, Herring c. & (2003) used three sub-networks for tropospheric pa
rameter estimations in a regional network of 51 stations, and

et al., 2006). The .temporary network (21. stations) hasindicated that 7 mm was a good estimate for the random error
been completed with 11 permanent stations from the

French RENAG network (REseau NAtional GPS permanent,Of ISOF;Soﬁ:_[r:.etwork of 44 stations, we calculated one ref-
http://webrenag.unice.fr), 11 of the EUREF and the IGS net- '

work, and with 1 station from ROA, Spain. The furthest refer- erence solution including all stations, covering the test in-

. . : terval from 20-22 October 2002. Then we tested different
ence stations are situated at 2000 km distance from the loca : . .
) : . . sub-networks sizes and geometries and could infer a value
network, which will enable us to de-correlate vertical posi-

tioning from tropospheric parameter estimation (Tregoningfor the uncertainties of tropospheric parameters with respect

etal., 1998). IGS final orbits have been held fixed in the anal-t.0 the varlous_sup_ network choices. A graphical representa
. . . . tion of the variability of ZTD and GRAD between different
ysis, and corresponding earth orientation parameters hav, S A
. . ests and the reference solution is given in Fig. 3 (note that

been employed. The mapping function used for the tropo-

spheric parameter estimation is Niell's (NMF, 1996). SeveraIGAMIT. software prowd_e s horizontal grad.|ent components
. . normalised to an elevation of 10 The details about the 36

other mapping functions are commonly used nowadays (IMF’different network choices and the numerical results can be

Niell, 2000; GMF, Boehm et al., 2006a; VMF1, Boehm et al., . .

2006b) and their performance is comparable (Boehm et al found in Appendix.

2006a). The differences in the tropospheric parameter esti: Our tests quantify the ZTD variability, and therefore po-

. . : : tential miss-estimation to a bias of 0-1.5 mm and a 2-3.5mm
mation concern in particular the hydrostatic component of o - . .
. S . standard deviation (std). Variability for EW gradients is char-
the tropospheric delay, indicating that the choice of the NMF . .
. ” . s acterised by a 0.5-3.5 mm bias and a 10—20 mm std, and for
is not critical for modelling the short term variability of tro-

pospheric delay related to water vapour fluctuations in a re-NS gradients b_y a _2—7mm bias and a 15-30 mm Std' This
gional network. shows that estimations of ZTD are rather stable, while for

. . . GRAD the number of stations and the geographical distri-

The tropospheric parameters have been established usinga .. o .
- . . .. _“pution are critical. Note that ZTD and GRAD observations

two step analysis: the first one calculates the precise positions e ; X

. . .are the results of a mean estimation which use double differ-

in our network, and the second one determines tropospheric

s . . —_énces of data records from several stations in the direction of
parameters with high temporal resolution using the precise

coordinates of our campaign sites, considering 12 h of dat several satellites (see Brenot and Warnant, 2008). Increased

. . . - . ZTD and gradient biases are mainly due to large distances
for each session of calculations and applying a sliding win-

dow strategy (see Brenot et al., 2006 for more details). Forbetween the GPS sites in addition to a small number of sta-

each of the stations, ZTD were obtained every 15min anoIlons (Iess.than 20).
. . . The choice of the geometry of the network has also shown
one couple of horizontal tropospheric gradients (NS and EW .
) . ; some results about the uncertainty of the two components
component) every 30 min. For this second analysis step, w

X 4 . NS, EW) of horizontal gradients. In fact, clusters of lo-
established a series of sensitivity tests that are presented i . . . . . .
i ) cal stations increase the dispersion of the NS gradients with
the following subsections.

respect to sub-networks with regular sub-sampling of the
whole network. Dispersion of the NS component is gener-
ally higher than for the EW component, probably due to the
55° inclination of the GPS satellite orbits creating a gap in
satellite coverage to the north in the Northern Hemisphere.

4 GPS data analysis and sensitivity tests
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Fig. 3.ZTDs and horizontal gradients (NS and EW components) from different geometric network configurations for 6 $tatityddpcal

stations (BORD, BANE, COLE and MAGE}e) RSTL (Rustrel) a permanent station from the French RENAG netwWBrKATE (Matera,

Italy) a EUREF reference stations. Thirty-six solutions are shown over the interval covering 20—22 October 2002 (day of year 293—-295). All
solutions apply standard constraints on tropospheric parameter variability and are established in a free reference frame.
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Exceptionally high dispersion of the EW component was ob-observations of pressureP), temperature ) and virtual
served for stations at the edge of the network with a lowtemperature 4y) have been converted into ZTD using the
number of stations in the network (example of MATE sta- following relation:

tion Fig. 3f). GRAD variations are lower for stations in the %

centre of the network and for networks with more than 4-5 6 P e e

local stations. To increase the precision of GRADs, we car’TPrs = 10 /(k1T tha +kaz) dz

increase the number of stations. A good compromise for an 0 Y

efficient operational analysis is to use sub-networks of 24 sta- + AZTDiop — AZTDagyt. (11)
tions including 10 widely spread reference stations and re-

specting regular sub-sampling of the total network. In com- We considek; = x-(1+8-P/T) with x = 0.7755K Pa?l
parison to the reference solution of 44 stations, the dispersioand g =1.3x 10~/ KPa ! (Brenot et al., 2006). Con-
of these operational calculations is limited to 3mm for ZTD stant values of k, = (0.7044 0.022) KPal and k3=

and 15 mm for GRADs. (373900+ 1200) KX Pal have been used (Bevis et al.,
1994). The contribution of the top of the atmosphere at the
4.2 Choice of reference frame altitude ztop (last level of the RS measurement) to the tro-

pospheric delay has been calculated with the formulation

Two choices of reference frame for the tropospheric param-of Saastamoinen (1972). The mean value AZTDyqp is
eter estimation are possible and commonly used: (a) th&4.7 cm with a standard deviation of 5.4 cm, neglecting any
ITRF reference frame, established by including IGS sta-contribution from water vapour in this part of the tropo-
tions with coordinates and velocities well-determined; e.g.sphere. AZTDg;; corresponds to an altitude correction con-
in the ITRF2000 solution (Altamimi et al., 2002), and im- sidering the difference of ZHD between RS and GPS sites
posing high constraints on these positions (1-2 mm) in thgdifference of altitude and pressure, see Eq. 2). The different
GAMIT solution (e.g. Haase et al., 2003); (b) a relaxed refer-parameters entering in the ZRQ calculation have typical
ence frame constraining some reference sites to their coorduncertainties of 2 hPa for pressure and 0.2 K for temperature
nates from the unconstrained global solution (established byt each level of the RS measurements, and of 1 m for the
GLOBK, in our case). Note that this relaxed reference framealtitude of the measurements at the ground level, increasing
has been used in Sect. 4.1. We estimated ZTD and horizontgdrogressively to 200 m for the last level. The refractivity con-
gradients with both strategies. In both cases, we apply loosstants have uncertainties related®@nd7 for k1 and those
constraints on all the regional and local sites we are interestediven by Bevis et al. (1994) fok, andks. To estimate the
in for their tropospheric observations. uncertainty propagated on ZHwe vary each of the differ-

Figure 4 shows the time series of ZTDs and horizontal gra-ent parameters by their supposed uncertainty and compare
dients for the same 6 stations as in Fig. 3, with the MATE the result with the reference solution without uncertainties.
station being one of the stations used for the ITRF refer-Accumulating the results over the 21 days of the experiment,
ence frame establishment (with its coordinates constrainedve infer a mean bias of about 10 mm with a standard devi-
to the ITRF2000 solution), while the other five stations areation of 4 mm, representing the total uncertainty of the ZTD
only loosely constrained. The comparison of ZTDs evalu-evaluation from RS data (Table 3).
ated in ITRF or a free reference frame shows for most of The comparison between “free” and ITRF ZTD solutions
the permanent and temporary stations a bias of about 4 mmand ZTD evaluated from RS data shows a slightly better cor-
between the solutions, the ZT#Rr being higher. Gradients relation for the “free” solution with RS data than for the ITRF
vary by 1 to 3 mm for the local temporary sites and the close-solution (Fig. 5, Table 4). The “free” solution has a bias of
by permanent RSTL station, while at MATE the differences 2 mm and a standard deviation of 14 mm with respect to RS
reach 8 mm. The differences for the 6 test sites are resumedata. The bias of 2mm ZTD corresponds to 0.4 mm PWV
in Table 2. These differences in tropospheric parameter evaland is inside the chosen error limit (1 mm PW). Our result
uations are due to constraining the coordinates to the ITRHAs coherent for example with studies of Haase et al. (2001,
solution, but also to the location at the limit of the network. 2003), comparing 3yr of ZTD from operational near-real
In particular, our results highlight that the choice of the ref- time analysis with radiosonde measurements at 14 stations
erence frame is more critical for stations at the edge of theand evaluating a bias of 5 mm with a std of 10 mm. We verify
network. whether the fact of removing constraints on station coordi-

We tried to identify a more appropriate reference frame bynates introduces an anti-correlation between the estimates of
comparison of ZTD evaluations with radiosonde (RS) datavertical positions and ZTD. Figure 5 shows the vertical posi-
as independent measurements. The data used for this cortien time series of the CDGA station from the unconstrained
parison are 21 days of radio soundings twice a day (00:0(Q“free”) and the constrained solution (ITRF). These positions
and 12:00 UTC) at the Nimes meteorological station (locali-have been estimated simultaneously with the tropospheric
sation on Fig. 1) and GPS data from the CDGA site at 5 kmparameters during 61 days in six 12-h sessions per day. A
from the radiosonde and at200 m higher altitude. The RS quasi-constant bias of vertical position of about 39 cm has
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Fig. 4. Comparison of ZTDs and GRADs (NS and EW components) evaluated in a “free” and an “ITRF” reference frame. The same 6
stations as in Fig. 3 are shown in the reference network configuration over the same period from 20—-22 October 2002 (day of year 293-295).
Standard constraints on tropospheric parameter variability are applied in both solutions. Quantification of biases and standard deviations are
resumed in Table 2.
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Table 2. Differences of tropospheric parameters between solutions in ITRF and relaxed reference frame (free) for the 6 stations shown in
Fig. 4 and the 44 stations used in calculations. Biases and standard deviations for ZTD and gradients congfignams@ns) are shown.

GPS AZTD AGEw AGns
SITES (ITRF-free) [mm] (ITRF-free) [mm] (ITRF-free) [mm]
BORD 4.6+0.3 —-2.3+1.0 3.2£05
BANE 4.0+0.3 25+0.9 1.4+0.4
COLE 4.1+0.3 —2.8+1.0 1.7+0.5
MAGE 4.0+0.3 —2.7+0.9 15+04
RSTL 4.1+0.3 —2.8+0.8 2.2+05
MATE 47+0.8 —7.7+2.6 7.2+22
All sites (44) 4304 -1.1+1.3 3.7£1.2
Table 3.Sensitivity of ZTDrg to the uncertainties of pressurer), [+ Radiosondes |
temperaturegT’), refractivity constantseky, 2 3), altitude estima- 2,48 — TTRF(gpg)
tion (¢z), and all parameters simultaneoustRS). Units are mm. 2,46 ‘ e
2,44
Parameter uncertainty effect on ZRB = 242
. £ 240
bias [mm] std [mm] -
o 238
&P 2hPa 0.2 0.7 R 23]
eT 0.2K 0.5 0.4 2,34
ek1,23 Bevisetal. (1994) 1.9 0.2 2,32
£z 1-200 m 6.3 1.3 2,30
eRS all 9.9 3.5 2,28 e
0,51 _265 270 275 280 285 290 295 300 305 310 315 320 325
Table 4. Bias (A) and standard deviatior$X comparing 61 days = 0.49.]
of ZTD and vertical position estimates from unconstrained (free) S ou4s]
and constrained solutions (ITRF), and ZTD from unconstrained and g L | 'fTr'::
constrained solutions compared to equivalent ZTD from RS data T 0121
(21 days). Units are mm. £ om _MWWMMWMW
= 0,10
parameter 1- biasy) ~ std ¢) 000 55 770 275 280 285 230 755 300 305 310 315 320 325
parameter 2 [mm]  [mm] Day Of Year 2002
ZTDITRE  ZTDjree 4.0 0.9
UPITRE UPfree 389.0 1.3 Fig. 5. Time series of ZTD and vertical position estimates for sta-
ZTDiTRe  ZTDgs 5.4 14.1 tion CDGA over 61 days (from DOY 264 to DOY 325 of 2002),
ZTDjee  ZTDgs 1.7 13.8 in a free and an ITRF reference frame (red and black lines, respec-

tively). Equivalent ZTD from RS data from the Nimes station (from
DOY 272 to DOY 293 of 2002), represented by crosses, are super-
posed to the CDGA ZTD solutions. Vertical positions are estimated
been observed for the two month of measurements (see Tgwonsidering the altitude difference with the Earth centre of WGS84
ble 4), with a very small standard deviation of 0.9 mm. This at 6368 137 m.

means that the “free” position time series conserves the same

shape as the ITRF solution and is not affected significantly

by correlation with tropospheric parameter estimations.

the variability in our high resolution parameter estimation
4.3 Tropospheric parameter constraints (one ZTD every 15 mln) could lead to un-modelled noise
being absorbed by the tropospheric parameters. We there-
The next test concerns the constraints of the tropo-fore compare time series of tropospheric parameters (ZTD
spheric parameters. The default values for the initial con-and GRAD) increasingly constrained to see when significant
straints (on ZTD with ZG=0.5m and on gradients with parts of the signal start to be smoothed out, and when dis-
GC=0.03m) and for the variability (on ZTD and gradients continuities at the limit of two sessions start to appear. ZC
with ZV =GV =0.02mh1/2), are commonly used in the and GC parameters concern only the adjustment of the first
positioning step with one ZTD estimated every 2 or 3h andZTD or GRAD evaluation starting from the a priori value
one GRAD per day. Keeping this relatively loose value for (evaluated with the Saastamoinen 1972 model from a priori
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g,:;— 4.4 One way phase residuals

2:39—

2,38 In this section, we try to evaluate the information content
- 232 of another measurement that is interesting for tropospheric
E 23s] studies, the post processed one way phase residuals, the re-
8 Jn maining differences between the phase observations and the
N 531 calculated values after adjustment of all the parameters (3-D

;g; — 2o e positions, ambiguities and tropospheric parameters). These

2,29 — 2v= 0020 metershaei?) residuals can be extracted for each satellite-station pair for

2ZV'=0.010 meters/sqrt(h)

2,28 —— 2V Soe0s mtecaiqn) every measurement epoch (i.e. every 30s) in the GAMIT
2’2720',0 205 210 215 220 225 230 post-processing. This information contains non-modelled er-
Day of October 2002 ror sources which could be, for example, due to multi-path or

higher order tropospheric delays. Under the hypothesis that
Fig. 6. ZTD at BORD for the time span from 20-22 October 2002 there is no multi-path in our observations and that all other
(doy 293-295). Test of the zenith variation (ZV) with values of 0.1, error sources are well modelled in the GAMIT analysis, the
0.05, 0.02 (reference), 0.01 and 0.005 m per sqrt(h) are presentedesiduals could be interpreted as higher order tropospheric

delays. Therefore, they could be added optionally to the tro-

) ) ) ) pospheric observations ZTD and GRAD being inverted by
information on station altitude, temperature and pressure)the tomographic routines.

They have no influence on the variability of ZTD and GRAD.
For good ZTD and GRAD estimations, they should be fixed

to a sufficiently large value. We use hereinafterZ0.5m and BERI (3km). Figure 8 shows the evolution of the av-
and GC=0.03m. , i erage amount of residuals (indicated as RMS) of six 12 h-
For three days from 20-22 October 2002, Fig. 6 illustratesgq gcions per day, throughout the OHM-CV 2002 campaign.
the importance of a sufficiently loose Zenith Variation (ZV) \ye recognise a constant offset between the two curves, with
parameter to enable the r"?lp'd Increase or decrease of thfstrong correlation between the variations of the daily aver-
ZTD betwegn two successive evaluatlons: We can see ,tha&ge amount of residuals for the two sites. This observation
with loosening the constraints, the ZTD time series is in-.,nfirms the hypothesis that the residuals are mostly due to
creasingly variable. A maximum of variability is observed . ,spheric variability which is closely correlated between
for Zv =0.1m /2. Higher values of ZV do not result in "y neighbouring sites
hig_r_\er variability of ZTD. As a par_t of this maximum var_i- Furthermore, in Fig. 9 we compare the skyplots of post-fit
a.b|.l|f[y could be due to the absorption of un-modelled NOIS, esiduals of these two stations for two 12 h sessions, one with
limiting ZV to a value of 0.02mh"/2 represents a com- - imum and one with minimum RMS (16:00-04:00 UTC
promise, resulting in differences with respect to the “loose” on day of year (doy) 300-301 and 00:00—12:00 UTC on doy
solution of a maximum of 2cm in extreme cases. More- 3q5 resnectively). The orbital arcs for each visible satellite
over, |mposm? zhlgher constraints than _O'OZTﬁ/ﬁ (001 are represented by the red lines, green and yellow segments
and 0'005, mh*/ ' thin grey I|ne§ n F_'g', 6)induces ajumpIn ngicate positive and negative phase residuals with respect to
the ZTD time series atlt/hzg session limit at day 22.0, confiM-g 50y satellite at each phase measurement (every 305s). Posi-
ing that ZV=0.02m~/* is probably the optimal choice. e residuals mean the observed phase is more delayed than

Figure 7 shows the corresponding tests concerning the pgpe heoretical, modelled phase. If this additional delay is
rameter Gradient Variation (GV) that enables a more or Ies%ue to the troposphere, there is higher refractivity than al-

rapid_ adjustment of the GRAD components between two Suc'ready modelled by the ZTDs and gradients, and as the most
Rariable tropospheric component is water vapour, this could

We can verify the information content of these post-fit
phase residuals by comparing two close-by stations, BANE

increases with increasing variations up to 6.1 mh /2,

Th | f G\ 0.02m 12 q fthe f mean there is an excess of it.
€ value ot 5v=0.Uem reproduces most of the fea- s gee that for high RMS conditions the spatio-temporal
tures depicted by the loosely constrained horizontal gradi-

limiting h h litude of | h pattern is similar at both sites and therefore not due to local
ents, limiting however the amp |tul(3 of extreme values. Thisp, i hath effects. Only for low RMS conditions, some de-
reference value of GV 0.02mh /2 that is used in this

. . . e . > correlation between the two distributions can be evidenced,
work is probably still conservative, yielding differences with that could represent the multi-path pattern of each site.

respect to loosely determined gradients of up to 8cm. How- o, tests suggest that the post-fit residuals seem indeed

ever, this also means that the evaluated gradients are MO§Y he related to higher order tropospheric delay. This delay

probably significant. component is monitored with high spatial and temporal res-
olution and could contribute to refine the tropospheric obser-
vations by GPS. However, its amplitude is relatively low (the
red scale tick in Fig. 9 indicates 19 mm) with respect to ZTD
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Fig. 8. Time evolution of the average amount of post-fit phase resid-
uals (RMS) per 12 h session (6 evaluations per day) throughout the | ¢
measurement campaign in autumn 2002, for the two close-by sta- | °
tions BANE and BERI.

and gradients. Figure 9 shows that residuals can reach 20 mm

at zenith and 50 mm under low elevation angles’}1@hile Fig. 9. Skyplots of post-fit residuals for the two sites distant of 3 km:
gradients of more than 150 mm can be observed undgr 10 BANE (right column) and BERI (left column), during high (up-
and the wet (and more variable) contribution of ZTD is of the Per line) and low (lower line) RMS conditions. Post-fit residuals
order of 200 mm at zenith, and about 1200 mm undérel are eyaluated at each mgasurement interval (every 30 s), during 12 h
evation. Including post-fit residuals in the tropospheric delayS€Ssions on days 300 (high RMS) and 305 (low RMS).
measurements has therefore a contribution of a maximum of

> % with respect to ZTD evaluations, and presents some riSl§tations from the local tomographic network. The ZTD time
of increasing noise in the fropospheric estimates due to th%eries show high correlation, however with a. constant offset
!evel of m_ulti—path and other un-modelled signals persistingdue to altitude differences b,etween the stations, the Iowes,t
in the residuals. stations displaying the highest values of ZTD. The gradi-
ents show some clearly correlated features in the local net-
work, but also some dispersion when different stations of the

5 Tropospheric parameters from final solution small scale network measure different gradients. This means
. that the spatial scale over which the same horizontal tropo-
5.1 ZTD and gradients spheric gradient can be observed could be estimated to less

: . : than 20 km. This also indicates that we are able to resolve a
Zenith total delays (ZTD) and horizontal gradients (GRAD) %patial variability of tropospheric delay inside the local net-

have been established according to the above mentione T
X L . work, despite its limited surface.
strategy, at 15min and 30 min intervals, respectively. They

are presented in Fig. 10 (ZTDs) and Fig. 11 (gradients) for 18
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- interpolation, gradient components (provided at b0 ele-
s vation) have been mapped in the zenith direction using the
~BRES Niell's mapping function (NMF, 1996). The ZTD maps of

PAUL

CHBO Fig. 12b and c demonstrate the benefit of including the hor-

BANE

COLE izontal gradients in the interpolation scheme in order to re-

——MASB

==thin solve more detailed features (see Brenot et al., 2013). This is
——maLB true although the current GPS network has small inter-station
—_ew| distances (less than 10km) and, hence, the spatial variation

PONT

CHPO of ZTD should coincide with the horizontal gradients evalu-
BaRG ated at single stations (Walpersdorf et al., 2004). As in this
dense network, horizontal delay gradients seem to provide
local information that is independent from linear differences
between neighbouring station ZTDs, this seems to indicate
that GPS gradients are sensitive to small-scale tropospheric
variability over less than 10 km. Therefore, in networks with
Fig. 10.ZTD time series for the 18 stations of the local network 1rger inter-station spacing-(20 km) the addition of hori-
over the total observation span (doy 264 to 325 of 2002). zontal gradients in the interpolation scheme should becomes
essential as the spatial ZTD variations are not redundant any-
more with single site horizontal gradients.
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When representing 2-D fields of ZTD, the signal due to 5.2 ZWD and PWV
the underlying topography prevails over the temporal varia-
tions of ZTD as reflected by the vertical offset between theThe 5 meteorological stations deployed in the local network
individual station time series on Fig. 10. This is due to the (Fig. 1) and measurements from the operational synoptic net-
strong altitude dependence of ZTD, in particular through itswork (Météo-France) are used to estimate surface pressure at
hydrostatic component (ZHD), but also its wet componentall sites by converting hydrostatically and interpolating the
(ZWD) which decreases with altitude. Indeed, the ZHD dif- pressure measurements to the station heights. With these val-
ference between the lowest and the highest station of ouues, zenith hydrostatic delay (ZHD) can be evaluated at each
local network (BERI at 195m and BARQ at 1471 m) can local station and subtracted from the GPS measured ZTDs to
be calculated employing the hydrostatic equation and theobtain the corresponding zenith wet delays (ZWD).
ZHD dependency on surface pressure (Eqg. 2), and yields val- Likewise, the ZWD can be converted into precipitable wa-
ues of the order of 30 cm which is large with respect to theter vapour (PWV) according to Egs. (6) and (9) using interpo-
roughly 15 cm temporal variability of ZHD at individual sites lated surface temperature estimates obtained from the same
throughout the experiment (Fig. 10). meteorological station network and taking into account the

Hence, an altitude correction for the ZTD measurements agltitude differences with a constant temperature gradient of
individual sites must be applied in order to show the spatial0.006 K nT. As shown above, this procedure of extraction
ZTD variations in the network independently of the topog- of PWV from ZTD measurements implies the use of several
raphy that is the prevailing signal in Fig. 12a. One approachempirical formulations. The total error budget for GPS PWV
is to convert the ZTD measurements made at different alti-estimation is however less than 1 mm, and has been detailed
tudes to the sea level by adding the Zenith Hydrostatic Delayin Brenot et al. (2006). For example, Fig. 13 shows the time
contribution between sea level and the station altitude. Thiseries of PWV estimates at the GPS stations of the local net-
approach neglects however the contribution of water vapoumwork for the total duration of the measurement campaign.
that also decreases exponentially with altitude. Therefore, we One of the goals of our work is to provide estimates of wa-
propose to represent relative ZTD fields, subtracting the avier vapour based on GPS measurements and compare them
erage ZTD value over the two months’ period from each sta-with precipitation observations in order to investigate pos-
tion’s ZTD time series. Topography-corrected, relative ZTD sible precipitation precursors in the water vapour field evo-
measurements can be represented on a horizontal map uktion. Figure 14 presents the PWYV time series for one of
ing a classic bilinear interpolation (Fig. 12b) or an interpola- the GPS stations (BORD, in the centre of the network) and
tion scheme that takes also into account the horizontal gradicompares them with time series of integrated radar reflec-
ents (Hermite interpolation, Fig. 12c). A presentation of this tivity obtained with the meteorological radar of Bolléne (lo-
method of interpolation can be found in Sandwell (1987). cation see Fig. 1), as well as hourly accumulated rain fall
Our study uses the v4 biharmonic matlab routine. Automat-from a network of rain gauges available in the study area.
ically, this routine considers also ZTD and gradients uncer-These comparisons between three types of independent mea-
tainties and minimises their effects to obtain the final global surements provide interesting information although the radar
Hermitian interpolant. Note that to be taken into account inreflectivity and rain fall accumulation measurements are area
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Fig. 11. Time series of horizontal tropospheric gradients for the 18 stations of the local network over the total observation span (doy 264 to
325 of 2002)(a) NS component{b) EW component.

averages while the PWV corresponds to a single GPS stathe evolution of the differential PWYV field maps over 1 h ev-
tion within the network. One can notice a strong correlationery 15 min.

between precipitation and radar reflectivity. Likewise, there The period from 19:15 to 20:15UTC on 21 October corre-
is an indication that water vapour content is high before andsponds to a rapid decrease of PWV over the network, as al-
during the rain events, sometimes as much as 15 mm aboweady evidenced by the PWV time series of BORD shown in
clear weather values, but not all PWV peaks lead to precipiFig. 14. This phenomenon is well reproduced by the succes-
tation. Also, once the heaviest rainfall has started, as showsive PWV maps where the compilation of the observations
by radar and rain gauge data, the tropospheric water vapouwat the different GPS sites adds spatial information. We can
content drops rapidly. This means that PWV decreases everesolve that the troposphere dries out from west to east after
before the end of the rain episode, as illustrated on doy 29419:45 UTC. These detailed measurements will be confronted
where the water vapour content drops at 19:00 UTC whilein a later section with results from the tomographic inversion
precipitation continues until 21:00 UTC. of the GPS data.

5.3 2-D maps of PWV 5.4 Wet gradients and slant wet delays

The corresponding PWV observations can also be shown a€onsidering the total delay maps, we have shown that in-
2-D maps. The distribution of PWV measured by a GPS net-cluding horizontal delay gradients in the ZTD interpolation
work is still highly correlated with the topography: indeed, could increase the spatial resolution even in our small scale
the vertical water vapour content distribution follows an ex- network. Here we separate the wet contribution from the
ponential law with a scale height of about 2-3 km. Thus, astotal delay gradients to construct anisotropic wet delay ob-
already discussed for the ZTD maps, the main feature orservations at each GPS site, the slant wet delays (SWD).
PWV maps is largely driven by the orography, with PWV While for the total zenith delay the hydrostatic contribution
variations in time that are comparatively weak with respectis prevailing, the delay gradients are mainly related to delay
to this predominant signal. Hence, to better visualize the vari-anisotropies created by the local variability of water vapour.
ations of the PWV field, we have chosen here to present it inNevertheless, it is still critical to remove the hydrostatic part
a differential way with respect to a reference epoch, such thaof the gradients when gradients are included in the recon-
only the relative evolution is being considered. Our study pe-struction of wet delay. In our case, the surface pressure ob-
riod is the rain event of 21 October, and we selected the PW\&servations within the dense network are used to separate the
field of 8 October at 00:00 UTC as the reference field as itwet contribution from the total horizontal gradients evaluated
corresponds to a stable situation before the rain episode. in the GPS analysis. First, we establish a hydrostatic gradi-
For sparse regional networks, the wet gradients can bent by fitting a plane through the pressure measurements at
included in the PWV interpolation (for example, in Her- each measurement epoch. This hydrostatic gradient is then
mite interpolation) to increase the resolution of the PWV subtracted from the total gradients estimated by GPS to ob-
field (Champollion et al., 2004). However, given the prox- tain the wet gradients (Fig. 16). The hydrostatic gradients
imity of the stations in our current network, we opted for a have typical amplitudes of a few mm and can reach maxi-
bi-harmonic spline interpolation (Sandwell, 1987). Further- mum amplitudes of 5 to 10 mm which represents up to 25 %
more, in order to avoid spurious extrapolated results outsidef the observed total gradients with typical values of 20 mm
of the area covered by the GPS network, a mask is applied tand maximum values of 40 mm (Fig. 16).
limit the results to the interpolation zone. Figure 15a presents
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In our study, wet gradients (total-hydrostatic) are com-
bined with ZWD to evaluate SWDs along individual lines
of sight between a ground station and the GPS satellites.
This anisotropic quantity SWD will be used in the tomo-
graphic inversion. Our methodological tests presented in
Sect. 4 permit a rigorous estimation of the uncertainty of

§WD that will have a direct impact on the possible preci-

sion of their tomographic inversion. If we consider maximum

c) for station altitude by subtracting the average ZTD over the two €TOrS fr_om Sect._ 4 (adding biases and standard deviations),
months measurement campaign. The ZTD figl}iis established ~ We obtain a maximum ZTD error of 10-15mm correspond-

without and(c) with integrating horizontal delay gradients. Site lo- ing to 60—90 mm at 10of elevation, a maximum GRAD er-
cations are indicated by stars, vectors correspond to horizontal graror of 30—50 mm at 10and with the largest possible resid-
dients (scale vector corresponds to 0.01m). The colour code indiyals of 140 mm under 20 Hence, the precision of SWD
cates ZTD variations in m. estimation (summarized 230-280 mm from a typical value
of ~ 1500 mm for SWD at 19 is about 15-20%. Assum-
ing the inversion of SWD obtained in the OHM-CV 2002
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Fig. 15. (a) The differential PWYV field (with respect to the epoch on 8 October at 00:00 UTC) over our dense local network on the 21 Oc-
tober 2002 from 19:15 to 20:15, in 15 min time steps. The units are(imnCorresponding radar reflectivity fields in dbZ from the Bollene
Radar;(c) Corresponding water vapour density (g?r) on horizontal cross sections (altitude 500 m). The dashed line indicates the location
of the(d) profile; (d) Water vapour density (g ™) on vertical cross sections (west-east oriented). Lines of constant water vapour density of
10, 8 and 6 g m° are represented by dashed lines(d) (b) and(c), the black dots indicate GPS station positiong(crand(d), the black

lines represent the voxel limits, and the relief is indicated in black. The dashed [lpeand(c) indicates the profile shown if).
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b) s This Sect. 5 has summarized the different tropospheric ob-
oo servations that can be extracted from our GPS measurement
oo campaign (ZTD, ZWD, PWV, total and wet GRAD, one way
post-fit phase residuals) and illustrated their individual in-
formation content at the example of the rain event of 20—
prs s T o0 22 October 2002. In the following section, we try to exploit
e ms za as  @e #s @ 0 s 2t ohs zo Zs  zo their spatio-temporal resolution in an optimal way using to-
- Oeyotiacicher 2 mographic inversion in order to further investigate the rela-
Fig. 16. Total and hydrostatic horizontal gradients (NS and EW tionship between the water vapour distribution and the pre-

components), for statiofa) BANE and(b) BORD over the period ~ CiPitation systems.
from 20 to 22 October (doy 293-295).
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6 GPS water vapour tomography and comparison to
network by our tomographic routines produces an equivalent rain fields
relative error in water vapour density, we can evaluate uncer-
tainties in the order of 1.5-2.0 gt for average densities of The data observations used for the tomographic inversion

10gni 3. are the slant wet delays. They will be later converted into
_ slant precipitable water vapour following a similar conver-
5.5 One way phase residuals sion strategy as the conversion ZWD to PWV mentioned in

) o ) Sect. 3. For convenience, we will express hereafter slant pre-
A third contribution to the water vapour observations by GPScipitabIe water vapour in terms of SIWV (Slant Integrated

(apart from ZWD and wet gradients) could potentially be \yqter vapour), equivalent but more widely used in the liter-
found in the one way phase residuals. In Sect. 4, we havgjre.

shown that a part of the residuals evaluated at individual GPS  Fq; each GPS station, the corresponding ZWDs and wet

stations could effectively be related to higher order ropo-components of the gradients are projected into the direction
spheric _delay I|_nked to atmospher_lc water vapour varla_\tlonsof the different satellites in sight using the appropriate map-
Forthe time being, ac_lear separation of the tropospherlc CONBing function to produce the SWDs (Niell, 1996; Chen and
tent in t_he p.hase reS|d.uaIs has not b.een achieved. Compayerring, 1997). One way post-fit phase residuals have not
isons with high resolution atmospheric models or measurépeen considered in this work. The original measurements
ments at GPS sites co-located with pointed water vapour régf zTp and horizontal gradients are extracted at an inter-
diometers or lidars could help identifying more clearly the 4| of 15 min from their time series. The number of obser-
signature of higher order tropospheric delay in the phasgations at one instant depends mainly on the number of sta-
residuals. The high temporal and spatial resolution of thejions and the number of satellites visible at each of the sta-
one way phase residuals (every 30s for every recorded satelions, In our case, due to the network configuration, we have
lite) gives t.hem a'hlgh |nforma't|on potential, although their roughly 130 SWDs at each epoch, a relatively small num-
amplitude is relatively small with respect to ZTD and gra- per to constrain a 3-D field with good spatial resolution. Fur-
d|e_nts. _Includlng them in the tomog_raphlc inversion is an hermore, the lines of sight (LOS) from the stations to the
option in our software, but tests with and without using gatellites in a small network are almost parallel, therefore
r<_35|duals did not yield significantly dl_fferent solutions. Pos- only a small number of volume elements (voxels) above the
sible correlation between phase residuals and meteorologhetwork will have intersecting rays to provide redundant in-
cal situations has already been mentioned by Champollion eformation about the water vapour distribution. To increase

al. (2004). In Fig. 17, we present the one way phase residughe number of observations, we can include several succes-
als for station BANE covering the 21 October from 12:00—- jye evaluations in one inversion. For instance, we can chose

24:00 UTC, including the rain event monitored by the PWV 5 caiculate one inversion over an interval of 15 min with
fields in Fig. 15a (from 19:15t0 20:15 UTC). Increased resid-3 gyccessive ZTD and gradient evaluations instead of a sin-
uals reaching 20 mm at zenith are observed from 16:00 tcble one by interpolating the tropospheric parameter estima-
22:00UTC, covering the period of heaviest rain above thegjons every 30's. This leads to a total of roughly 4000 SWD
network. Not including them in the SWD evaluation cre- gpservations per inversion. Over a longer time span than
ates less than about 10 % error. The total horizontal gradlent_sLSmm, the GPS satellites progress on their orbits and new
(that are in this case similar to the wet gradients as shown ityeometric information is added. However, the unstable state
Fig. 16) added on each of the two-hourly sky-plots are cohers the atmosphere is the limit of this ray “adding” method.
ent with the PWV field, changing to easterly directions after Generally, considering water vapour, the atmospheric state
18:00UTC. will have changed significantly after 2 h, especially if one is
interested by meteorological events such as frontal passages
or convective situations. Thus, the time interval of 15min
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T80° Tl
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Fig. 17. Post-fit one way phase residuals for station BANE on 21 October 2002 (doy 294), from 12:00 to 24:00 UTC. Black arrows show
the average total horizontal gradient for each 2 h interval (pointing towards maximum delay). Gradient values cover amplitudes from 6 mm
(12:00-14:00 UTC) to 37 mm (22:00-24:00 UTC).

between successive evaluations of ZTD appears as a conin order to solve underdetermined problems. This first guess
promise between short intervals with few observations withinis an exponential decrease based on standard atmospheric
one inversion, but containing highly correlated observationsvalues adjusted with the average IWV measured by GPS
in successive evaluations (monitoring a same state of the trathroughout the domain. Note that the tomographic retrievals
posphere), and long intervals resulting in an increased numare sensitive to this first guess showing an uncertainty up
ber of observations in one inversion, but uncorrelated obserto 2gnt2 for the low troposphere (Reverdy, 2008Ygps
vations (monitoring an evolving state of the troposphere). (m*g—2) corresponds to the weighting matrix or the in-
To obtain the three dimensional water vapour field aboveverse of the variance/covariance matrix of the data errors i.e.
the GPS network from SWDs, the volume above the networkWgps= (Ccp9) 1. Wmodel (MP g=2) corresponds to the ma-
that is crossed by the LOS toward the satellites is divided intatrix of the variability of the model around the a priori values.
volume elements called voxels. The inversion of SIWV con-d represents the SIWV (gnf) andG (m) is the model de-
tributions (converted from SWDs) in each individual voxel scribed above. The subscripin this equation denotes trans-
evaluates a quantity of water vapour density (dimensionapose « (dimensionless) is a weighting coefficient which can
considerations are given hereafter). We used a least squaggve more weight to the error on the data or on the estima-
solution (Menke, 1989) to resolve the following inverse prob- tion. The higherx, the more we consider the initialization

lem (Tarantola, 2005): as a solution and the lesser weight is given to the data and
inversely.

d=Gxm, (12) The GPS station network implemented offers an adequate

whered represents the data (SIWM; the model we will ~ coverage of the campaign domain and allows us to perform

use; i.e. the linear operator providing the length distributionhigh resolution tomography thanks to its somewhat regular
of SIWV in each voxel, aneh corresponds to our results, in @nd dense geometry with station spacing of roughly 5 km be-
our case, the water vapour density. The solution to this lineafween GPS sites. Vertically, the GPS stations cover an in-

problem is given by Menke (1989) and Tarantola (2005): ~ teresting altitude range from 195m to 848 m (the highest
station BARQ at 1471 m altitude was operational only after

m'®=mo+ (G' - Wops: G +a? - Wnode) * - G’ doy 300). Hence, differencing the PWV evaluations between
-Weps- (d — G - myg), (13)  different altitudes and implementing SWDs down to a cut-
off angle of 10, we obtain a good vertical restitution of the
wherem's (g m_3) is the reSUlting water vapour denSiWO lower part of the atmosphere_
(gm~3) is an a priori solution or first guess that is needed
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In our work, we have used ax’7 km voxel grid to cover  significantly from~ 12 gn3to ~9gm 2 in the NW of the
the horizontal inversion domain, choosing the horizontal di- network.
mension of the voxel to be comparable to the average dis- Likewise, the tomography retrieved vertical cross sections
tance between the GPS stations (5km). The vertical voxebf Fig. 15d show a marked depletion of water vapour den-
size was set to 500 m for the lowest layer with an exponen=sity to the west domain at 20:00 UTC, in agreement with
tial increase with height up to 12 km where water vapourthe horizontal water vapour fields. In the west of the cross
is deemed negligible. This allows taking into account thesection, the 6 gm?® line dropped from~1700m at 19:45
decrease of water vapour density as the altitude increaseso ~ 1200 m at 20:15, while the vertical structure of water
For display, the tomography results are smoothed acrossapour density remained unchanged in the eastern part.
voxel boundaries using a classical cubic spline interpolation The detailed three dimensional description of the atmo-
scheme onto a denser grid mesh. spheric water vapour distribution and its evolution provided

As for the 2-D PWV fields, the tomographic restitution by tomography can also be used to establish possible correla-
is most accurate within the area delimited by the GPS stations between the local 3-D water vapour field above the GPS
tions while the parts of the inversion domain outside of the network and the 3-D rain field measured by the volume scan-
network boundaries are affected by the lack of informationning radar at Bolléne, trying to identify mechanisms of evap-
(i.e. divergent water vapour density results due to the extraperation and condensation in the context of convective rain-
olated PWV field used for initialisation). Likewise, the mean fall. The detailed comparison of simultaneously measured 3-
accuracy we can expect for the water vapour density estiD water vapour density and rain fields above the OHM-CV
mates with such a small and dense network is on the order o6PS network will be the object of a subsequent dedicated
+1 gm 3 (Reverdy, 2008). This value could be improved by publication. Here, we restrict our analysis to the comparison
adding GPS stations, especially at the edge of the network tof 2-D fields for a first approach. In Fig. 15b, we present
decrease boundary effects. the Bolléne radar 2-D reflectivity fields corresponding at a

Based on the grid configuration described above, Fig. 15@®.8 elevation scan over the same domain than the GPS net-
and d show the results of the tomographic inversion of thework and for the same time frames as the tomographic wa-
GPS observations in terms of water vapour density on seter vapour fields at 500 m (Fig. 15c). The rain event in the
lected horizontal and vertical cross sections. GPS tomograevening of 21 October 2002 corresponds to a warm front
phy allows retrieving well-defined and small-scale structurespassage. Comparing the two types of measurements, it ap-
of water vapour. With enough data for the inversion, we canpears that there are high water vapour contents in the lower
obtain a horizontal resolution somewhat better than the meaatmosphere just ahead (to the SE) of the precipitation system
distance between stations. In this study, we reached a resoluvhich actually develops predominantly towards those areas
tion of about 5 km in horizontal and 500 m in the first vertical of higher water vapour content. While the front (that is coin-
levels. The evolution of the 500 m level water vapour densityciding with the delimitation of the precipitation zone) passes
obtained by the tomographic inversion, shown in Fig. 15c,across the network, a marked depletion of water vapour den-
can be compared to the corresponding PWYV fields presentesdity is noticed, with water vapour contents remaining low
in Fig. 15a. While the PWV field is constituted by integrated at the locations of the rainfalls. Therefore, one could make
values attributed to the vertical direction above each stationthe assumption that the low-level water vapour is either con-
the tomographic water vapour field contains additional in-densed into liquid water (droplets) through warm frontal
formation about the water vapour distribution, horizontally embedded convection processes, washed out by the falling
in between the individual stations, and to some extent ver+ain drops through accretion-like processes (Van Baelen and
tically. Hence, in the 500 m tomographic cross section, thePenide, 2009; Van Baelen et al., 2011), or replaced by dry air
quantification of water vapour in the space between the stafrom above advected by the precipitation downdraft. This ex-
tions has constraints that are more meaningful than the simample of water vapour distribution and rain radar observation
ple interpolation used for the PWV field. Therefore, some comparisons demonstrate the potential of co-localized rain
details of the west-to-east drying phases of the atmosphereadars with dense GPS networks. Such measurements of tro-
above the network for the 21 October 2002 rain event aregpospheric water being still rare in meteorology, these simul-
found in the 500 m level of the water vapour density field taneous, co-localized and high resolution observations of two
that could not be resolved using only PWV observations. Inphases of water is an exceptional opportunity to advance our
particular, the field at 20:00 UTC shows that the drying in understanding of convection processes at small scales. This
the 500 m layer starts close to the topographic high in theapproach should prove useful to improve the physical param-
NW of the network and extends then into the NNW-SSE ori- eterization in numerical weather prediction models, particu-
ented valley to the SSE, before generalising in the NW of thelarly critical for the forecast of precipitation.
network at 20:15 UTC. At the same time, the PWV field in-
dicated more roughly a global N-W to S—E evolution corre-
sponding to the background synoptic forcing. Between 19:45
and 20:15UTC, the water vapour density at 500 m dropped
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7 Conclusions pair every 30s) could therefore increase the information of
the anisotropic troposphere. However, persistent patterns due
In this paper, data from a two months campaign that tookto local signal multi-path should be carefully filtered out first.
place in autumn 2002 in southeastern France (OHM-CVIn any case, the contribution of an observed maximum resid-
2002) and involved 21 GPS receivers forming a dense netual of 20 mm at zenith is small compared to ZTD and GRAD
work over a 30 by 30 km domain have been presented and5 % of ZTD while gradients contribute with 12 % to ZTD).
analysed along two paths. First, we conducted a sensitivity In conclusion, we found that a good compromise for an
study of GPS tropospheric parameters ZTD and horizontakfficient operational analysis is to use sub-networks of 24
gradients estimated from our dense network. Once the pastations including 10 widely spread reference stations and
rameter uncertainties related to our analysis strategy wergith a cluster of 8 local stations and 4 permanent stations
well established, we inverted the GPS tropospheric obserin intermediate, regional distances, to minimise calculation
vations in a tomographic approach to establish 3-D watertime (20 min for a GAMIT solution on a Linux PC). The ref-
vapour density fields above the network. Furthermore, weerence frame should be free, and ZTD and gradients moder-
made use of the GPS network within the field-of-view of the ately constrained (0.02 nT#/?). After filtering of multi-path
Météo-France rain radar in Bolléne to compare the GPS wainterferences, phase residuals could be interpreted as higher
ter vapour fields with the radar reflectivity fields related to order tropospheric signal. The cumulated effect of network
precipitations, in order to highlight detailed features of the geometry, reference frame choice and tropospheric param-
water vapour distribution in rainy situations. eter constraints evaluates ZTD bias and std to better than
Our sensitivity tests aimed at quantifying tropospheric pa-8 mm and 7 mm, the GRAD EW bias and std to better than
rameter uncertainties related to network geometry, referenc&2 mm and 35mm and the GRAD NS bias and std to better
frame establishment, constraints on tropospheric parametehan 14 mm and 40 mm. Phase residuals should average out
variability and un-modelled troposphere quantified in oneover one calculation session and only contribute to std. Our
way phase residuals. The test of the influence of the networlsolution therefore produces PWV reaching the uncertainties
geometry (see Appendix for details) yielded a 1 mm bias withof classical meteorological measurements, i.e. about 1 mm
3mm std for ZTD in average over all tested configurations PWV which corresponds to 6.18 mm ZTD.
(maximum values of 20 mm bias, and 4 mm std). Gradients In the second part of our work, we have presented a tomo-
differ most for stations at the edge of the network (a maxi-graphic inversion scheme of SWD measurements estimated
mum 50 mm bias with a 20 mm std). On average, we found an direction of the satellites visible from the network. If we
1 mm bias with 9 mm std for the EW component and a 2 mmconsider maximum errors of 15-20 % SWD as quantified by
bias with 12 mm std for the NS component. our methodological work (adding biases and standard devia-
We have also tested the sensitivity of ZTD and gradientstions for ZTD and GRAD), we can evaluate uncertainties in
to the choice of the reference frame. The difference of ZTDthe order of 1.5-2.0 g ¥ for average densities of 10 g
between a reference frame constrained to ITRF and a free san the 500 m altitude cross section. However, constraining the
lution is about 4 mm (higher in ITRF). There is no correlation tomographic inversion to fit the more precise PWV measure-
or anti-correlation of ZTD with the vertical position when no ments at the station locations should decrease this error, join-
constraints are applied to the station coordinates. Gradientig the results of sensitivity tests made with the TSAAR soft-
are different by 1-3 mm, except for stations constrained toware (Reverdy, 2008). These tests indicated about 13as
their ITRF position (7—8 mm). Comparisons with radioson- typical uncertainty for water vapour density measured above
des over a 21-d period indicate that the free solution is closethe OHM-CV network, taking into account the real OHM-
to the radiosoundings than the ITRF solution (bias decrease€V network geometry and altitude distribution.
from 5.4 to 1.7 mm). The spatial resolution of the tomographic inversion cor-
We examined the effect of constraining the time variability responds to the mean station spacing in the horizontal di-
of the GPS tropospheric measurements. For our parameteection (5km) and 500 m in the vertical direction for atmo-
estimation, we have chosen constraints of 0.02"for spheric layers close to the ground. Resolution is decreasing
ZTD and GRAD variability, reproducing most but not all of toward higher altitude. Concerning time resolution, the suc-
the information of the most relaxed evaluation, without creat-cessive water vapour maps every 15 min show already signif-
ing jumps at session boundaries. There is relative small meaitantly evolving distributions, underlining the high sensitiv-
biases between all the solution shown Fig. 6 and 7 (3 mm foiity of GPS measurements to rapid water vapour fluctuations.
ZTD, 9mm for EW GRAD and 10 mm for NS GRAD) but The comparison of the tomographic results with the PWV
larger std (4 mm for ZTD, 14 mm for EW GRAD and 16 mm field indicates improved horizontal resolution by the ex-
for NS GRAD). ploitation of slant observations with tomography as the wa-
Finally, we have shown that one way post-fit phase resid-ter vapour distribution is constrained in-between neighbour-
uals could consist to a large part of a tropospheric signal ofing sites. With regard to two dimensional PWV fields, to-
higher order than ZTD and gradients. Including these highmographic inversion permits to take advantage of both the
resolution observations (available for every station-satelliteheight differences of the stations and the slant observations
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to constrain the vertical distribution of water vapour. The ob-

servation of vertical water vapour variations is very limited, Edited by: V. Amiridis
but is very relevant information for meteorological analyses.
In our case study, the water vapour tomography for the rair
event in the evening of 21 October 2002 resolved an anomaly
of water vapour density close to the ground in the NW part of
the network, starting in a NNW-SSE oriented valley before
spreading out over a larger zone.

The GPS network was conceived to be situated in the field
of view of the Bollene weather rain radar. We had therefore
the opportunity to compare the tomographic results with in-
dependent, co-localized and synchronous measurements of
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Appendix A Other different geographical distributions of the network
have also been tested (a total of 36 configurations). About
Mathematical background 230000ZTD and gradients (EW GRAD and NW GRAD

components) evaluations have been considered for the 3 days

Table Al presents biases and standard deviations for ZTIf our statistical study. The worst geographical distribution
and GRAD estimations in different sub-networks with re- shown in Table 5 (indicated as “Worst config.”) corresponds
spect to a reference solution over a maximum number ofo a network of 18 stations (10 ref. statios4 temporary
44 GPS stations. All solutions include the same 10 widelystations+ 4 permanent stations located to the south-west
spread reference stations (example in Fig. 3f). We also tryof the dense network at more than 500 km). This heteroge-
to consider in all solutions the same 5 local test sites showrheous geographical distribution shows a maximal ZTD bias
in Fig. 3 (Fig. 3a, b, c and d: 4 temporary stations of the of —26.5mm, an EW GRAD bias of 76.1mm, and a NS
OHM-CV network; Fig. 3e: 1 permanent station close to GRAD bias of 93.8 mm. The tropospheric parameters seem
the OHM-CV network). The number of stations per solution to be badly estimated for isolated stations at the limit of the
varies from 15 to 38. The geometries tested include: network, what is the case for most of the stations in this net-
work configuration. We show also average results for the 36
. : . different configurations of networks considered in Table 5.
stations+ 4 local permanent stations), 3 calculations L ' .

gere, the Max bias indicated corresponds to 4 configurations

of small networks are required to assess measurements. . . . . X
. With again respectively 18 stations for which the isolated
of the 18 temporary stations of our dense network and . o . .
. . —geographical distribution of stations prohibits correct tropo-
the 11 regional and permanent stations close to thi

area (see Fig. 1): spheric parameter estimation. To avoid such miss-estimates
T a relative uniform geographical distribution has to be con-
b. regu|ar Sub-samp"ng of the network (]_O ref. StationsSideI’ed. Considering all configurations, we found an aver-
+ 4 temporary stations- 9 local permanent stations), age error on ZTD of about 5mm (bias of 0.9 mm and std of
3 different networks are tested: 3.4 mm), and of about 20 mm on EW and NS GRAD (bias of
0.6 mm and std of 22.2 mm, and bias-e2.6 mm and std of
c. clustering of local sites (10 ref. statiofs4 temporary 23,7 mm, respectively).
stations+ 5-6 local permanent stations), 3 different
geographical distributions are tested (east, centre and
west of the network);

a. small networks (10 reference stationss temporary

d. increasing network (10 ref. stations5 test stations
+ 0-20 local stations) considering the same base net-
work and adding step by step 3, 6, 9, 12, 15 and 20
stations. Only the solutions with 6, 9, 12 and 20 addi-
tional stations are shown Table 5.
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Table Al. Bias (A) and standard deviatiod Y of ZTD and GRAD evaluations (EW and NS components) of sub-networks with respect to

the reference network. Statistical results are shown for 10 widely spread reference stations, the permanent stations, the temporary stations ¢
our dense network, and for all the stations. The number of ZTD and GRAD evaluations entering in the statistics are indicated, and maximum
biases over all tests are shown in the last two lines.

Networks GPS sites ZTD #ZTD EW GRAD NS GRAD # GRAD
A[mm] §[mm] A[mm] §[mm] A[mm] §[mm]
(a) Small Reference (10) —1.1+3.8 8478 2.54+23.4 —4.9425.3 4257
10 ref. sites Permanent (4) —-0.1+3.0 3468 —0.4+22.0 —1.0+24.0 1740
+ 6 tempo. sites Temporary (6) —-1.0+3.9 5202 1.1+ 26.8 —6.6+30.9 2610
+ 4 local sites All (20) —-1.0+3.8 17148 1.9+243 —.5.1£26.9 8607
(b) Sub-sampling Reference (10) —15+3.6 8478 —0.7+23.3 —2.44+24.9 4257
10 ref. sites Permanent (9) —-15+34 7803 —0.0+£25.2 1.84+26.7 3915
+13local sites Temporary (4) —-1.4+3.8 3468 —-1.0+27.1 —3.6+£29.6 1740
All (23) —1.5+3.6 19749 —0.5+24.8 —0.9+26.6 9912
(c) Clustering Reference (10) —-1.2+3.8 8478 0.5+23.1 —3.7+£25.1 4257
10 ref. sites Permanent (5-6) —0.9+3.5 4624 —0.3+24.1 —0.0+24.9 2320
+ 9-10 local Temporary (4) —-1.3+3.7 3468 —2.4+26.8 —6.0+30.4 1740
sites All (19-20) —-1.2+3.7 16570 —0.3+24.2 —3.2+26.3 8317
(d) Increasing Reference (10) —1.3+3.7 2826 1.84+26.7 —5.14+25.0 1419
10 ref. sites Permanent (1) —0.5+25 289 —2.44+24.9 —2.8+20.0 145
+ 5test sites Temporary (4) —1.5+3.8 1156 —3.6+29.6 —-7.1+314 580
All (15) —-1.3+3.7 4271 —0.9+26.6 —5.5+26.6 2144
+ 6 sites Reference (10) —0.7£3.7 2826 —0.7£23.5 —14+254 1419
Permanent (5) —-0.7£3.0 1445 —0.7+24.8 2.4+259 725
Temporary (6) —-0.6+£3.0 1734 —0.8+24.9 —2.4+27.6 870
All (21) —-0.7+£3.5 6005 —-0.7+24.4 —0.6+26.5 3014
+ 9sites Reference (10) —0.4+2.8 2826 5.6+14.8 —4.5+14.5 1419
Permanent (6) —-0.6+2.7 1734 2.4+15.6 —4.0+16.9 870
Temporary (8) —0.5+25 2312 3.7+12.2 —5.2+11.7 1160
All (24) —0.5+2.7 6872 45+14.3 —4.6+14.2 3449
+ 12 sites Reference (10) —-0.4+£2.7 2826 4.6+125 —-3.2+12.8 1419
Permanent (7) —0.4+3.0 2023 2.6+10.3 —2.44+10.3 1015
Temporary (10)  —0.2+£2.6 2890 3.0+8.2 —2.7+9.1 1450
All (27) —-0.3+2.7 7739 3.7+10.9 —29+114 3884
+ 20 sites Reference (10) —0.7+2.3 2826 3.2+12.3 —1.44+12.2 1419
Permanent (10) —-0.6+24 2890 1.6+12.2 —0.5+12.8 1450
Temporary (15)  —0.5+1.9 4335 1.8+87 —1.7+£9.0 2175
All (35) —0.6+2.2 10051 22+11.1 —-1.3+11.3 5044
All the 36 configura- Reference (10) Worst config. Worst config.  Worst config. Worst config. Worst config.
tions Permanent (4) 0.5+2.6 2826 1.7+£10.5 —-15+8.38 1419
of networks Temporary (4) 11.9+24.8 1156 —-0.2+21.7 9.4+22.4 580
All (18) 12.2+25.3 1156 5.3+154 15.0+33.8 580
7.1+19.8 5138 2.2+159 6.3+235 2579
Max bias:—26.5 1 Max bias: 76.1 Max bias: 93.8 1
10 ref. Stes Reference (10) Average Average Average Average Average
+ 5test sites Permanent —1.0+£3.7 44606 1.7+£215 —3.6+£24.0 22841
+ 0—23 sites (0-16) —-0.9+34 30008 0.2+22.0 1.0+24.8 13812
Temporary —-0.7+£34 41247 —-0.2+17.7 —3.5+22.4 20845
(2-18) —-0.9+34 115861 0.6+20.2 —2.6+23.7 57 498
All (15-38) Max bias:—26.5 1 Max bias: 87.5 Max bias: 116.7 1
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