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ABSTRACT:

The paper presents an innovative methodofoggnonitoring the content of Precipitable Water Vapour (PWV) in atmosploengide

and orographically complex ar€bhe water vapour content is strictly related to the occurrence of hainsgthe knowledge of PWV
can be useful to interpret and monitor seveeemrological eventsAn automat procedurenas been conceivedr producing2D
PWV mapswith high spatial and temporal resolutistarting from Zenith Tropospheric Del&/TD) estimations, obtained from GNSS
Permanent Station®Ss)networkcompensationand from Pressur@®) and Temperatur€l') observationsall collected by existing
infrastructuresin the presentvork both a 1D approach tnalyse ZTD and PWV time seriaad a 2D approado localize severe
meteorobgical events in time and spaaeepresentedThe procedure ithenapplied to a wide and orographically complex area, to
study two severe meteorological events occurred in Genoa with reliable régeltsitroduction of the Heterogeneity Index (HI),
accounting the spatial variability of P¥yallows to individuate the correct timing and location of seweeéeorologicabvents.

1. INTRODUCTION typically obtained by difference between ZTD and ZHD. ZWD
is closely related to the value of Precipitable Water Vapour

The typical application of GNS®Global Navigation Satellite (PWV). PWV represents the maximn amount of condensable
System)technology is obtaining the coordinates of a receiver bywvater due to the water vapour contained in an imaginary unitary
means of spatial triangation, knowing the satelligeorbits and  base column that extends from the GNSS receiver height to the
positions. The positioning precision is affected by different upper limit of the troposphere. This quantity can be considered
source of bias primarily produced by the crossing of the the upper limit of the precipitable wateif the triggering
atmosphere, due to ionospheric and tropospheric refraction, ar@nditions forwatercondensatiomre present.
by structural and nostructural issueg(receiver/satellite clock PWV can be estimatesbove a GNSS Permanent Station (PS),
errors, multipath, code/phase range, )efthe lonosphere is a by means of the relations by Bevis et al. (1992 and 1994),
dispersive layer, thus its effect depends on the frequency of thevolving ZTD integrated wittPressure (PandTemperature (T)
electromagnetic signal. The ionospheric bias can be easilypservedtlose tothe GNSS receiver.
modelled and eliminated by mes of proper L1 and L2 phase Starting from Bevis' assumptions, a GIS procedure called G4M
combinations (iondree model) transmitted by GNSS satellites (GNSS for Meteorology) has been conceived to produce 2D
and using the dispersion relations for lonosphere (Spilker, 198@WV maps with higtspatial and temporal resolutionsing as
Brunner and Gu, 1991The tropospheric bias can't be reducedinput data GNSS, P andsparsebservations natecessarily co
by means of any comkation, hencetihas to be takeinto  |ocated, coming from existing infrastructures.
accountThe tropospheric effect produces a bias in each satellitan the present workotha 1D approach to analyse ZTD and PWV
receiver observation that can be related with theadled Zenith  time series, ané 2D approach to produce PWV maps and to
Total Delay (ZTD), computed in the zenith direction above theinterpret their evolutiomrepresentedThe final goal ido better
GNSS station, by means of an apprafgimapping function. On |ocalize severe meteorological everitstime and spactr near
the one hand, the estimation of ZTD and its time and spaceealtime applicationdy means of PWV estimations
variability could help to enhance the positioning precision; on the
other hand, the monitoring of ZTD could be useful to study and 2. GNSS METEOROLOGY
interpret severe meteorological events previous studies
demonstrateé (Bouma and Stoew, 2001; De Pondeca and ZouThe most commorinstruments to measure the vertical and
2001; Basili et al., 2003; Bock et al., 2008; Boniface et al., 2009 0rizontal distribution of water vapoareradiosonde ani/ater
Bennitt and Jupp, 2012; Crespi et al.,020 Piccardo and Vapour Radiometers (WVR).
Sguerso, 2007; Sguerso et al., 2013, 2015; Tsudag 2043). Radiosondeprovides a good vertical resolution but it is an
Considering the atmosphere as a biphasic fluid composed byexpensive technique, available for a restricted number of
mix of dry and wet gases, ZTD may be split in its twolaunchesRegarding the WVR, there are two main categories of
components, the Zenith Hydrostatic Delay (ZHD) and the Zenitfinstruments: the upward (UL) and the downward looKiDb).
Wet Delay (ZWD). ZHD is due to the mix of dry gases in The UL WVR is a groundbased instrument measuring the
atmosphereis dominant (it covers about the 90% of the totalmicrowave radiation produced by atmospheric water vagodr
tropospheric delay) and can be easily modelled by means ektimatinge Integrated Water Vapour (IWV) and the Integrated
relations involving the atmospheric pressure and depending driquid Water (ILW) content along a given line of sight. The DL
latitude and elevation of the GNSS station. ZWD is due to th&/VR isa spacebased instrument measuring the absorption lines
water vapour refractity caused by the dipole moment of water in the radiation from the hot background provided by the Earth.
vapour molecules and it can't be easily modelled, therefore it igL units can provide a good temporal coverage but they are



lacking in spatial coverag&hereasDL unitshave the opposite span (generally, two hours or lower) with a tropospheric model
characteristis. Moreover, geostationary satellites, such as adopted in standard atmosphere conditions.
Meteosat, return images of the water vapor content, but relativ&lso international and national agencies deal with the estimation

to the top of the cloud layer. of tropospheric models by elaborating GNSS Permanent Stations
GNSS signals are delayed by water vapour, dry gasesetwork (PSkand interpolating their local estimations (Bosy et
hydrometeors and other particulates in atmosphere (M6BI6; al ., 2012; Karabatil et al ., 201

Solheim et al., 1999), with different effect in the lonosphere anet al.,2015). The spatial and temporal resolutions are suitable for
in the Troposphere. Thugshe GNSS technology allows to climate or meteorological analysis on wide area, but are too low
estimate the content of PWalongthe zenith direction above a for the monitoring of an intense localized event, as the purpose
GNSSPS from the ground to the upper limit of the troposphere,of the author.
observing the delay of the electromagne@NSS signal,
integrated with P and T data the ground as described in the 2.2 Precipitable Water Vapour estimation
following section

OnceZWD has beerbtained it is possible to estimate PWV

2.1 Tropospheric delay estimation using the relation proposed by Bevis et al. (1992)

TheTropospherés the closest layer to Earth, from the ground up PWV B=A  ZWD ®)

to about 12 kmandit is the most interesting layer for GNSS whered & fanction of the physical parameters and the weighted

signal transmission because it is the zone of active weathemean temperature of the atmosphese T

where all the clouds types and meteorological precipitation§ he proposed relation for Y is
develop A mix of dry gases and water vapour constitutestie 1 S ke

Troposphere's refractids frequency independent and it is only g1 BAky+ T ARVA (6)

due to temperaturgyressure and relative humidityhe water . m ) .

vapourdipole moment contributeto atmosphere's refractiviy WhereRi's t he specific gas constant
and it is common to treatit sepaately from nordipole  the dendy of water. _

componentThe two components areramonly referred tosathe ~ DaVis et al. (1985) defined the weighted meares

wet (ZWD) and hydrostati¢ZHD); both of them assume smaller Py dz

values along the zenith direction and increase with the inverse of T =T )
. , . . X m P

the elevation angle's sineThe hydrostatic component is _\é dz

dominant and contributes for about the 90%lua total effect. T

On spite of the smaller effedhe wet componernepresents the representing the average temperature of atmosphere weighted by
main source of bias for its larger variability and more difficultthe pressure of water vapour, and depending on surface
predictability with respect to theoretical models andtemperature, Tropphere's temperature profile and vertical
meteorological measurements from surface (Reschi; IR@lli distribution of water vapourds already stated, it difficult to

et al., 1988). estimate the partial pressure of vapouafd the temperature T,
Having surface pressure measurements, Saastamoinen (19M2)s an approximate expression for the weighted mean
showed thatt is possible to model ZHWvith reliable accuracy temperature 4 has been fouwh(Bevis et al., 1992)

in the order ofa few millimeters), as long as the accuracy of _ A
E)ressure measurement is higher)tharh@.ag / Tm=70+&. T2 A ®)
Elgered et al. (1991) proposed the following relation The previous(1-8) equations represent the basic equations of
2.270.90 WR4 GNSS Meteorology and demonstrate the possibility of retrieve
ZHD —= faH @ PWV spatiotemporal distribution in the atmosphere by means of

. . . GNSS observations.
where ZHD is measured in mm;s iB the surface level pressure

(inhPg and f (G, H) is a functi?.€E%\&%Hcgﬁr{éggg%ﬁ%nfeor the gravitati ol

acceleration variatongee ndi ng on the | at hei ght
H on the ellipsoid (measured in km). PWV variance propagation has been performbgdhe authoto
f(H) <=0.10026BG-A. 00028 (2 understand th_e role of cfach component and its uncertaimdyo
) evaluate the final rmg Uoj PWV.
Dauvis et al. (1985) suggested Assuming ZTD rms equal to 3 mm (as suggested by Bevis et al.,
N s Py 1992),a latitude of 45° and a height 800 m known with high
ZWD 10Ak; A T dzksA T2 dz @) preci g3 o.FD)(alprecautionary value @k = 1 hPa,

where Ris the patial pressure of water vapour (i3, T is the considering that PSs and meteorological stations are nrot co
atmospheric temperature (in K) and located, the ZHand ZWDvariance results equal. 1 8 8 A

mn? andto 14.185 mrArespectively.

k=17 N 10 %’a Suposing vknawmn Wi th hjghiEPrecisic
assumingim= 2 7 %1 =K K,thé typical values for k'ks and
K2 Q) ther r e | a t(Bewiseet afj 1992) and a conservative value of
k3= 3.776 A® 0. Oh_?’l5 a 250 mm for ZWD, it followSlp = 0 . 7 38 mm

The predictability of ZWD by means of models and surface2.4 PWV sensitivity anéysis

measurementis much lower than the ZHD one. For this reason, ) -~ o

for GNSS Meteorology applications, ZWD is typically obtained TO evaluae how much PWV is sesitive to the variation of the
by difference between ZTD and ZHD. parameters involved, a sensitivity analysis has beemed out
ZTD can be estimatedby adjustmentof GNSS receivers using a MATLAB code.The code is intended to produce two

networksin orderto correct the delay computed in aidetitime 9 f @aphs represent i ng pivhaeingoag i ati o
of the pararaters.The tolerance intervas discretizedin seven



points, to compute the corresponding PWVtive default value
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K/mbar, k= 3. 7 RK%vhdr, O = 281.27 K, P = 1013.25

hPa, ZTD =25 mand t he c o r(aseepqtedndi ng
equation 4) andsection2.3). ] N
P WV amwdvariations are quite limited if the five variables : ;
variations are limited inside the corresponding tolerance
intervals.P and ZTD are the most influencing parameters on
PWYV values. In fact, a variation of aliddihPain P produces a
variation of PWV of abouR mm; a variation of9 mm in ZTD

produces a variation of 3 mm in PWV v
PWV G ; — p _
Variab. | Conf. interval [mm] [mm] i S 5t
Min Max Min Max 350' 352 364 366 WE 0 2 4 & & 10 12 14 18
k D (7;27) 310 | 315 | 6.9-10* | 7.0-10* .
ke (3.68:3.87)10 | 305 | 320 | 6710° | 7.1.10° Figurel. Total extent of GNSS PSs network
T (279.1,2834) | 31.0 | 315 6.9~101 7.0-101 The GAMIT/GLOBK software ver. 10.4 and 10.6 (Herring et al.,
P (1010;1016) | 30.0 | 32.2 6.0-10" | 7.010" 201Q 2015) was employed to elaborate the GNSS date. to
ZTD | (2.491;2500) | 29.7 | 327 | 6.8:10" | 7.0-10 computational limits of GAMIT/GLOBK software, the PSs
Table 1l P WV pw sedsitivityas each parameter changes network has been split in three smbtworks according to

around the default value decreasing station age (netiet2 and net3, respectively), to
obtain stable network geometries. A common set of 15 stations
was included in each suietwork in order to achieve a stable
reference frame. Within these 15 stations, 13 belong to IGS and

to EUREF networks.

0 estimate th total amount of ZTD, several IGS stations at large
distances (more than 1500 km, according to Tregoning et al.,
1998) from the local network were included in each analysis.

3. DATA NETWORKS AND DATABASE

The GNSS Meteorology applications that have 2D PWV maps
final product mainly exploit existing nationaletwaks or
specifically designetligh dense (2 km) GNSS networkg¢Sato

et al., 2013).

An element of innovation in this field has beetraduced by
Andrea Walpersdorf, who proposed to use existing regional
national and international GNSS PSs for the retrieval of ZTD, t
be used in climatological applicatio(Sguerso et g312013).

The present research proposes to estimate PWV using th
GNSSnetworls, together with NOAA existing network P and

T observationsNote that GNSS receivers aRdand Tsensors
are not necessarily docated.To overcome the low density and
the sparseness of the networks, their different configurations a
distribution, a simplified mathematicalmodel was conceived
(Sguerso et 3l.2014). A detailed description ofietworks and
datafollows.

§.2 ZTD estimationsand validation

%he zTDs and the gradientgere estimatedor each station,
simultaneously with a daily positioningplution for 24 hours
€€ssions and were extracted from the ambiguity free solution, in
order not to introduce biases in ZTDs (Santerre, 1991;
Walpersdorf et al., 2007The settings implemented for tA&D
estimations are described in Sguerso et al. (22085).

e ZTD estimations have been validated by means of two
strategies: an intraet comparison of ZTDs from the 13 IGS and
the 2 EUREFEommon PSs,arml compari son with | C
ZTD estimatons. Both of them result extremely useful to check
the coherence of tropospheric parameters evaluated in different
networks and to understand how much the netwiarkvhich a
PS is included can influence the determination of the
troposphec parameters.

3.2.1 Intra-net comparison: The 15commonPSs have been
used to verify the internal consistency between the three
?tworks calculations.
able 2 reports the average differences and standard deviation
values for the entirgear2011, for thel5 PSs Table 3 repds
the average and maximum number and percentage of outliers.

Intra-net comparison (2011)

3.1 GNSS Permanent Stations Network

GNSS dataf 181 PSs, belonging tglobal (IGS and EUREF),
transnational (GAIN), natioal (France: RENAG and RGP;
Switzerland: AGNES,; Italy: GEODAF and RING) and regional
(Piemonte and Liguria) networkspvering the Frenchtalian
neighbouring area, have been used to estimate a set
homogeneous tropospheric parameters (g Fidrizontal Noth-
South and EasiVest tropospheric gradients) through common
elaboration techniques and proceduléme averagelata spacing

is 40 km. The total extent is depicted in Figure 1.

With outliers

Without outliers

netlnet2 =04

netlnet2 =0.4

Average

netknet3 =14

netknet3 =14

difference [mm]

net2net3 = 0.9

net2net3 = 0.9

Standad

netlnet2 = 1.8

netlnet2 = 1.6

deviation [mm]

netl-net3 = 2.0

netlnet3 = 1.7

net2net3 = 1.9

net2net3 = 1.6

Max and min

netl-net2 = (48;26)

netl-net2 = (6;8)

differences

netl-net3 = (67;56)

netl-net3 = ¢5;8)

[mm]

net2net3 = (70;55)

net2net3 = (6,7)

Table 2 Comparison of ZTDs for the commas PSs for 2011




Intra-net comparison (2011)

Without outliers

Average number of
outliers

netl-net2 = 58 (1.4%)

netl-net3 = 69 (1.6%)

net2net3 = 66 (1.6%)

Maximum number of
outliers

netl-net2= 82 (1.9% SFER)

netl-net3 = 182 ( 4.5% TORI)

In the following, an applicatiofor the city of Genoa (ltaly) is
shown Genoa has been chosesthuse historicallgnd recently
hit by intense meteorological events (e fNbvember 2011 and
9th October 2014)

Two PSs are present in Genoa: GEB@ GENU. GENO is an
IGS PS and it is located on tidavy Hydrographic Institute
building, whereas GENUs one of the six PSs belonging to the
Regione Liguria positioning service, and it is located an

net2net3 = 175 (4.3% TORI) = . .
- - building of DICCA Department of the Universityf Genoa
Table 3. Average and maximum numbéoaotliers GENO and GENU PSs are not equipped withnB & sensors,
The average difference values are quite small and almost th@uS P and T dataave been extracted frotwo Meteorologl.cal
same consideringor excluding the outliers. The standard Stations (MS) of the University of Genoanear the PSs: the

deviationsslightly decrease removing the outliers. Instead, thdVieteorology Observatoryand the Villa Cambiascstations
maximum and minimum values of the differences reducdhereafter DISTAV and DICCA MS respectivelyfigure 2

substantially if the outliers are removed. This means that the ZTBNOWS the positions ohé two meteorologa stations,with
estimates are coherent between the threenstorks, with ~ reéSpect to GENO and GENU RSeghich areafew km apart

differences within th typical errors of & mm. . GENO 7 \i#4
The average number of outliers is almost the same in the thrg. .°. <Akmi cmeca &
comparisons, with slightly better results for nett2; the same i - 25i57U5 DISTAV Meteo Station
behaviour is confirmed in the maximum number of outliers et s N D
322 Comparison with Isth&aesThe f f / i

. . A . 57 % # o
comparison wi t h I GSos owa$ i ¢+ e s_\

% a

performed for gar 2002on 16 PSs; the ZTDestimateswere
extracted from netl elaboration.

Globally, the comparison shows total differences with a mearfs, = \\ ST | O e =
bias of -3.6 mm and a standard dation of 4.5 mm. The N <700m
persistent bias could be related to the different network GE!‘,‘HN‘O
configurations, to the lack of constrain in any a priori position in DICCA Meteo Station
the regional network elaboration, and to possible differences irt = —
the troposphere models used in the twaitsohs. Additionally,

the different time spans at which the two ZTD estimations ) STAV MS provides hourly mean, maximum and minimum
carried out (5 minutes for IGS solutions and 2 hours for GAMITte erature and barometric pres ' from January 2002 to
solutions) could influence the results. Nevertheless, the observ%g]p P y

; L . ) cember 201%mt MS height (58.3 m above mean sea level)
°°”St'°?”t bias does DOtd'm'n'Sh the calyanf investigating the DICCA MS registerstemperature, humidity, pressure, solar
evolution of ZTD in time.

radiation, wind velocity and raidata since 1989 with halfour
time stepreferred to MS heigt (40 m above mean sea level).

oS
g
x%
a
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Figure2. Genoa PSs and MSs

3.3 ZTD DataBase

The twohourly ZTD estimations and thrémurly tropospheric 4.1 ZTD Time Series

gradients for the 181 PSs have been included in ERNAG

DataBase(DB). A first release containing ZTD and gradients
from Januaryl998 to May 2012vas already available (Sguerso eventsdatafrom 1998for GENO androm 2009 forGENU have

et al., 2013)A recent update was performed until DecemberbeenanalysedThe annual twénourly ZTD time series allow to
2015" The completdB pthat will ch))ntain twehourly ZTD compute a climatological average of ZTD, by averaging the
estim.ates and cguples 6f$1and EW gradients over 18 years corresponding twdourly estimations at the same time and the
will be available soonThe DB will allow ZTD/gradient trend same day of different yemrthe climatological average can be

L . . compared with the ZTD evolution of individual years, in order to
estimation and conversion from ZTD to PMitAntegrated with identify specific behaviours related itdenserainfalls.
P and T observations.

In the present thesithe climatological averages for GENO and
GENU have been compared to the ZTD ewioin overthe year

2011 In Figure 3, the blue dots represent the climatological
avera@s and the red dots the year 2011. ThBmatological
averages peentslightly different behaviors, probably due to the
different time spansverwhich werecomputedThe2011 ZTD

time series result almost identical for the two PSs. This
demonstrates that the two PSs inspect the same portion of
Troposphere.

Focusing on #November 2011 rain event and on GENO, Figure

4 represents the climatological average of ZTD time series with
error bars (black lines) related to the root mean square differences
of the individual years with respect to the climatological average,
estimaes it is possible taalculate twehourly PWV introducing ~ SuPerpsed on the 2011 time serieSeveral episodes of 2011

P and T observations in the same sitenearbythe PS. The ~ ZTD are significantly higher than the climatological average.
availability of ZTD long time seriesntegrated with P and T Among them, the Genoa storm df Mlovember 2011, which is
historical data, allows tobtain PWV, which is useful for the ~ highlighted by the black vertical bars.

interpretation of sevenmeteorologicakvents.

In orderto identify ZTD patterns related to intense precipitation

3.4 Pressure and Temperature data

Following the criterion of exploiting existing infrastructures,
selectechumber of NOAA P and T statioms the FrencHtalian
border regiorhas been choseR. and T ensorsare not always
co-located Moreoverpccasional lack of P or T dataay happen
due to maintenance or malfunction of the statidfor these
reasonsthe density of the networkaries in tine.

4. ZTD AND PWV 1D ANALYSIS

As mentioned in sectio@, garting from the twehourly ZTD
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Figure 6. Climatological average (blu@p11 PWV (red) and
2009-2015 averaged ZTD error bars
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A zoom on shorter time span, from doy 225{#gigust) to doy

b g e aeame 333 (29" November), is represented in Figure 7. The two events

e _ o T in the circles, referring to™September @11 (green circle) and

to 4" November 2011 (red circle), are taken as example of the
TITS RO ILP ISP IS PTPELPOTOE P overcoming of the threshold represented by the climatological

average error bars.

210 )

Figure3. GENO and GENU ZTD climatological average (blue)
and 201%ime seriegred)
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Figure7. Zoom of PWV time series

The total amounts of raiwere substantially diffentin the two
cases In fact, on 4" September the amount of rain was very

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

il limited and not likely to produceraeteorological alert, whereas
Figure4. ZTD 2011 (red) andlitatological average (green)  on 4" November the amount of rain was considerably higher.
with error bargblack) on GENO Omitting considerations on the triggering conditiowbjch are

] . . . more related to an atmospheric physics study, the presented
A zoom on 4 November is depicted iRigure5. The vertical approach, basednothe overcoming of a thresholdeemsnot
bars underline the-Rour interval with most of the rainfall. ZTD  exhaustive for individuating the occurrence of severe
was significantly higher than the climatological average for abo”heteorological events. The 1D approach is still valid to
30 hours, starting about 12 hours before the maximum of rainfall,5racterizette pattern of PW\ndit can represent a new source
on 4" November (doy 308). of available data, to deepen the knowledge of meteorological
30 302 304 306 308 310 312 34 phenomena and their evolution in time and sp&een so, this
- L strategy could be applied to other test cases in order to improve
'\,\ the method andientify other eventual indicatorndowever,a 2D
/’\/\A/\/\/

\ methodology has been conceived to monitor the evolution of
\JVW PWV in time and space
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5. PWV 2D PROCEDURE
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A GIS procedure has been conceived to realize 2D maps to
300 302 304 306 308 310 312 314 monitor the evolution of PWV content in atmosphe
day of year Using the commands of GRASS GIS ver. 6.4 and map algebra,
Figure5. Zoom of ZTD time series during"November 2011  the  GNSS ~ Meteorology equationg1-8) were simply
Genoa storm implemented In order to transform local ZTD, P and T
information to 2D PWV maps, simplified mathematical model,
4.2 PWV Time Series conceived to describe the ains pher eds physics,
] ] . interpolation was performed. Heng¢he interpolated PT and
The same approach of time series analysis was extended to PWMa/ maps were compared witthe fields coming from the

to obtain a closer link to potential raifhe PWV time series from - meteorologicasimulation to check the adequacy of heposed
2002 to 2015 for GEN@nd from 2009 to 2015 for GENWere  procedureThen, an indicator for severainfalls wasdentified

produced, anthe PWV climatological averagegrecomputed.
Focusing on % November 2011 rain everfjgure6 represents 51 pata interpolation
the average PWV time series (in blue) and the 2011 PWV time
series (in red), together with ther@r bars (light grey lines), A major issue was to identify the most appropriate interpolation
showing the root mean square differences of the individual yeatgchnique to create PWV maps from ZTD, P and T data, in a
with respect to the climatological averagkhere are several quick and automatic way for negeal time application, in order
episodes which overcome the value of climatological averageo support the moriting of intense meteorological events. The
Among them, the Genoa storm ¢t Movember 2011. main difficulties were due to the sparse distribution of P, T and
ZTD data and the different networks configurations, combined
with high resolution and wideorographically complex
computational region.
The meteaslogical event of Genoa orf"November 201ivas a
first case study to compare the interpolation techniques




117 PSs on the Frendtalian neighbouring areextracted from comparisons were carried out on the CPs, along a transept
RENAG DB and 27 NOAA meteorological stations were representative of the complex orography of the area to focus the
employed to compare Inverse Distae Weighted (IDW), attention on the altimetric differences, and tlyloua 2D
Regularized Spline with Tension (RSThriging (krig) and  difference map between interpolated surfaces to analyze the
Triangulated Irregular Network (TINnterpolation techniques global behavior in the study area.

with low resolution. Table 4 reports the minimum, maximum, mean and standard
Figure 8 depicts the distribution of the GNSS PSs, P and Weviation of each techniques calculated on the 12 CPs.
networks as black, red and blue dotspectively. The mean Min Max Mean Std
spacing between GNSS PSs is about 40 km, while P and T 53 149 31 06 50
stations are sparser, with a mean spacing of about 150 km. IDW6 14.0 3.2 0.7 50
= ey IDW12 -14.1 44 0.6 5.2
; ==y RST -10.9 4.0 -0.6 4.1
krig -11.3 4.0 -0.7 4.0
TIN -11.5 3.4 -0.9 4.4

Table 4. Evaluation of different interpolation methods compared
with observed values at 12 test RiBsmm)

The values are veryrsilar for every interpolation method, with
differences between interpolated surface vaaungsthe observed

. h values of the ficheck pointso are
Legend 27 Kriging and RST seem to behave slightly betterying lower
i espoe values of sandad deviation

L Figure 10 depicts the trace of tF

Figure 8. Distrilution of GNSS, P and T stations along it, produced applying the previous interpolation
) ) ) ] ~ techniques. The results are quite similar, apart from IDW3 which
5.1.1 ZTD interpolation: The comparison of interpolation has a trend in steps. Excluding IDW3, the maximum differences
techniques waperformed on a wide computational areawithap et ween i nterpol ated and true va

resolution of 6 (about 10 khaha m/ whick% Edhpafleld tife standafiRidvigtidrenBidel N gt

A e~ ol

mno ma n t

differentiation in time of ZTDNi t h r espect to
(Ferrando et al., 2017).

The geostatistical behavior of the observed data was adalys -
computing the variogram of i

30
25

20
0 J —ee |8), toO
& I/ \\\\ _:xfz

verify the correctness of the grid size of the interpolation maps.| .-+ E
Figure 9 depicts the empirical points and the variogram model of S =\ P —¥s
ZTD data relative to 03/11/2011 04 UTC with respect to o -10 . n
03/122011 02 UTC. - o v
1 1 1 1 1 P @N@\{"D\@’Prb@%@rbﬂéb’bi’b’?%@b@b
5 80+ range © ° o o G— Distance [km]
E‘“” - i Figure 10. Transept position (on
g ol il i along it (on the right), from South/West to North/East
E /5 Figure 11 depicts the 2D interpolationsudgaco f @ZTD bet we
£ 2""{/‘ i using IDW6, and the differences of thvarious interpolation
° 'nulggetl i techniques imespect to IDW6.
50 150 250 AN ] .
distance [km] k_

Figure 9. Variogram of q"'

The variogram model that best fit the empirical data is a spherical

function. The correlation length (indicated in Figure 9casdn »‘f d ‘

be estimated to about 8D km, while the mean distance between

PSs is aroundt0-60 km. So similar magnitudes indicate an a) IDW6 b) IDW6-IDW3 ) IDW6 - IDW12
appropriate density for the con _uimd_om‘\lss net wo |
but represent the upper limit of the sampling. il

@ZTD data have been interpol at e and TI N.

In particular, for the IDW techniquehree different tests have
been performed using 3, 6 and 12 nearest points, indicated as
IDW3, IDW6 and IDW12 respectively. Concerning RST, the
smoothing parameter has been set close to zero to make the
interpolated surface pasg on the sampled pointsThe
Regression Kriging (RK) was employeds@to evaluate the data

correlation with elevation. d) IDW6-krig _ €) IDW6 - RST f} IDWE - TIN
In order to define which interpolation technique could be the e
most representative of the ZTD spatial distribution, 12 PSs of the mm mm mm

117, called Check Points (CPs),em excluded by the

interpolation dataset and were used to verify the results. TheF lgure 11. Map of @zTD created t

difference maps between IDW6 and titker techniques



The interpolated maps seem quite similar, with main differenceBigures 12a and 12b depict the G4M and WRF PWV maps
located & the boundary.Excluding the boundary area, the produced for # November 2011, 10 TC; Figure 12 shows the

maximum differences range between (IDW6-TIN) and 9
(IDW6-RST) mm. Systematic patterns apeesentonly for

PWV difference map. The contour lines Figures 12a and 12b

IDW6-IDW3.
However, RST and kriging have been considered not suitable fg
near reatime applications, due to¢meeded calibration of their
parameters (tension and smoothing for RST and the variograr
for kriging), whi ch ar e vV e
configuration that can vary in time due to temporary lack of data
IDW6 parameters are less sensitive, assgnaiimost standard
values. TIN has no parameter to be defined and shows hig
adaptability to different network configurations. Hence IDW6
and TIN can be successfully used for near-tieag¢ applications.
5.1.2 P and T data interpolation: P and T 2D maps were
geneated applying an interpolator involving simplified
mathematical modetonceivedby the research groufunder

WRF PWV [mm]

correspod to PWV values of 20, 25, 30, and 35 mm.

180 km

Difference map [mm]

C

wor kos

evaluation for a patent)

Generally, P and T 2D maps could be obtained from
meteorological models, but the present procedure is intended to
be wbtally independent from weather modelHence

Figure 12. PWV map from the G4M procedure (a), WRF
simulation (b) and difference map (G4WRF) (c)

interpolation Ofda’[a Coming fron‘N OAA 6 S of P &nd T The Unrealistic negative PWV Values in Figure 12a may be due
meteorological stations has been carried out. In this way, th@ the effect of P overestimation and/or ZTD undeneation in
procedure results could be dses starting conditions for existing localized areasThe PWVnegativevalues have been sorted in 5

meteorological modelsroas comparison with them, to better classes (from 0 te&?2 mm with steps of 5 mnand then compared

understand the meteorological phenomena.
P and T data have been interpolated via IDW, R3¥ and RK

with the Digital Terrain Model (DTM), to assethe influence of
elevation on the unrealistic values of PWV. Whestly emerged

Then, he same approach used for ZTD has been extended toi@thenoﬂ'signiﬁcancmf negative PWV values from a statistical

and T fields: omparisons were carried out both alongaasept
and 2D differences maps, to evaluat¢h the local anthe glotal
behaviour in the study area.

Despite the difficulties due to the sparse distribution of P and valleys)
data and the considerable orographic effect, the simplified
mathematical model seenedfective in reproducing P and T

fields. All the tested interpolators show similar results, with

higher differences located in high altitude areas, both for P and T

and in the edge regions, due to the different behaviours of the
tested interpolators.

Forfurther detailon the comparison resultefer to Ferrando et

al. (2016).

5.2 Comparison with meteorologicalsimulation

The interpolated PT and PWVmapswere compare with the
fields coming fom a meteorologicalsimulation generated by
using the entirees of existing observations

The simulation maps were produced using the mesoscale
Weather Research and Forecasting (WRodel. The
simulation settings are summarized in Cassola et al. (2015).

o [0:-
[-5;
[>40;
[-15;
|

/ ‘

Figure B. Distribution of PWV negative values

point of view in facts,they are limited to 1.6% of the total cells
They are typicallylocated in elevation ranges from 0 to 1000 m
in areas where an abrupt variatiohetevation is present (e.g.,

Two-hourly PWV time series for8and 4" The PWV difference
map shows large differences in higlitude aeas whereasthe

Again, as alreadglone in the comparison between ZTD, P and Tgjfferences are negligibfer flat land ancnthe sea. The average
fields interpolated with different methadie comparisons were  gnqd rootmeansquare (rms) of the PWV differences are 8 mm

carried out along a transeguid through 2D difference maps.

and 24 mm, respectively. The PWV differences might be due to

For P and T fields, the comparison along the transept has begBservation and/or interpolation errors of P and T fields,

carried out between interpolated fields, meteorologicalyenerated by the simplified mathematical model, afritle ZTD
simulationand observed datahich showed a good accordance, maps;, in addition to WRF uncertainties.

confirming that itis possible to obtain P and T fields evieom

To asses if thencountered discrepanciage significant and to

sparse data. The comparison through 2D difference maRgetermine their effect on the interpretation of the meteorological
provides similar results in the entire study area. A deeper analysihenomenon two  strategieshave been introduced(1) the

on the resultss presented in Ferrando et al. (2016).

The attention is here focused the comparisons oRWV maps
whose validationis a recent progressufy for the sake of
completenesss herereported.

analysis of the PW\ime series for PSs at different elevations,

and (2) the study of PWV along a section crossing complex
topograpliic areas.
GENO (110 m a.s.l.), TORI (261 m a.s.l.), GRAS (1270 m a.s.l.),

The WRF and G4M PWV data have been produced with a spatighg AGNE (2300 m a.s.Ityo-hourly PWV time series of G4M
resolution of 3.3 km and temporal resolution of 1 hour. As &ng WRF PW have been analysdmm 3 November201100
consequence of what emerged frdne comparison between yTc o4t November 2011 22 TC. Thetwo series showlight

interpolators, TIN was used to produce PWV maps.

differences(few millimeterg, as reported irFigure 14. This

highlights the correct interpretation of the PWV temporal



evolution by G4M, in spite othe influence of orography on
PWV.
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Figure 4. Two-hourly PWV time series for8and 4" b c
November 2011, for GENO, TORI, GRAS and AGNE

Then, asection of the G4AM and WRF PWV maps passing Figure 17aPWV map from the G4M procedure (2), WRF

through the Alps was studied. The position of the section and simulation (b) and difference map (GAMRF) (c)

obtaned PWV values are depicted in Figuté. A strong 5.4 An indicator for severe rainfalls: Heterogeneity Index
orographic effect is evident in the G4M PWV map.

In order to detect remarkable features in the PWV evolution,
which can potentially precede severe meteorological events, and
to better correlate the PWV content to the occurrence of rain, the
spatial variability of PWV has been considered as a promising
indicator. Indeed, the overcoming of a threshold of PWV seems
a not sufficient parameter, as shown in the 1D analysis.
Moreovet t he ®@PWV map does not helj
severe event could take place. An example is reported in Figure
18a (relative to4™" November 2011, 10 UTC), where a severe
event occurred in circle 1 and no rain occurred in circle 2,
although both location ar e characterized by |
Figure 15 G4M and WRFPWV values along a transept The hourly cumulated rain observed dh Movember 201, at
rain gauges in circlesdnd 2 is reported in Figur® and19a,
53 &@PWV maps respectively

0 20 40 60 80 100 120 140 160
West East
Distance [km]

To remove the orographic eff g oduced.
The &PWV consi sts adPWVtmapsavithd i
respect t o a, wlien ¢hé RWV content énnthe
atmosphere is limited. This allowt® removethe orographic
effect, which is constant in time, n@ to highlight PWV
variationsFigurelér eports t he a&PWV tr el
section of Figurd5. The removal of the orographic effect and a |.. * e
reduction of the differences between the curves, from more tha P

20 mm (on avexge) to approximatelyi3 mm, are evident. -

Figure B. &PWV is not sufficient to
may occur ircircles 1 or 2 (a), whereas HI highlights circle 1,
where the severe event occurrbll (

ARPAL CERY ARPRL (VIC0)

¢ WRF

12545670 0nuRBUEEIERRA R 123456705 MUPRIREETEBNAREN
UTC Teve e —

0 20 40 60 80 100 120 140 160 o I R—
West East a b
Distance [km]

. Figure 8. Hourly cumulated rain observed ofi Movember
Figure16 G4 M and WRF @&PWV value 2611 Gty geﬁjgeé ih @ded f(ﬂgtnt) and 2 (left)

The same effect can be globally observed in the entire study ar locali |

by creating a difference ma p?% oécalze mtsencs%r%e&?oroo Iaa e\Xﬁ?tEmtmﬁgwcen&appat i al
as shown in Figuré7c. T h e a3 Wm GHM ad WRF been conceived. The index Fepres
are depicted in Figurega andl7b. In spite of the differentiation deviationo obtained esa mp | i
|_r_1 time, sever al difference rid lilean)"‘éf‘iaecempﬁtirt?ge[he Yal& o tFF‘ePSQ ardTb%\}?aﬁon

visible, but a substantial reduction with respect to the value SI%? the GRASS moduteresamp.statsThus, each pixel of the

reported in Figurd.2 can be observed. TeP WV d i f f e a{bcre%rﬁsents the empirical standard deviation of the 16
range from17 to 6 mm, with a mean value-dfmm and standard 2P WV

deviation of 2.8 mm. ma p ingudex énlitsThe 1 km resolution was

deemed to be an appropriate resolution for the present case study,
becausetiis comparable to the spatial scales of the analyzed
meteorological phenomenoRigure 1& showshigh HI values



6. APPLICATION ON A REA L TEST CASE

‘[—

During the morning of @ November 2011, a stationary and self
healing $orm developed over the city of Genoa, causing a huge
amount of rain with intensities of up to 169 mm/hour near the city

0 25 50 75 100 km|

only in circle 1, where the event occurred, and not in circle 2yapor oer time in the study area is evidehe Genoa event
where no rain occurred. (black circle in Figure 2 occured between 9:00 and 13:00
As will be shown in the next section, Heemsa promsing UTC.

indicator to localize in time and space the occurrence of heavVT T T T s |

rains.Thus, HI could be useful to an eamarning system based

on near reatime PWV maps, as an independent contribute to

meteorological alerts.

In the nearfuture, the correlation beten rainfall and HI peaks

will be studied in depth, paying particular attention to the

localized spatial and temporal distribution of heavy rainfall. - - - -
center. In some areas of Genoa, almost 400 mm rain fell over th - - -

entire day and ~300 mm rain fell from 09 to 13 UTC. This severe A

meteoplogical event led to the flooding of the Bisagno River and

its tributary Fereggiano, causing the death of six people and muctrigure 2. P WV m'@ Nogemlien20110D-22 UTC).
damage. The circle indicates the position and time of the higher value.
Figure 20shows the reflectivity map observed by the Bric dellayigher temporaland spatial resolutions will allow to better
Croce (Turin) meteorological radar at 11:35 UTC, wher th \,caiize the event, as discussed in the next section.

localized distribution of intense rainfall around Genoa (circle 1

)However the PWV value is useful for estimating the maximum

and moderate values elsewhere (e.g., circles 2 and 3) are evid

L5

@

=%

Figure 20 Reflectivity map observed by the Bric della Croce
meteorological radar at 11:35 UTC dhMovember 2011

&Hhount of rain that can precipitate under triggering conditions. A
very rough evaluation of thenaximum rain intensity may be
obtained by assuming that the raindrops fall with a velocity of 9
m/s (characteristic value for the velocity of large raindrops; see
Gunn and Kinzer, 1949) from a typical condensation level
altitude of 3000 m; it takes 666 arfthe rain drops to reach the
ground. Assuming that the PWV remains nearly constant for one
hour and that all of the water vapor condenses, the following
factor k= 3600/666=5.4, can be considered as multiplying factor
relating the PWV values to the maxim amount of potential
rain. Thus, the PWV value of 42 mm obtained for 10:00 UTC on
November 4, 2011, can be converted into approximately 230
mm/h of potential rain. The DICCA pluviometer at the University
of Genoa observed only 75 mm from 9:00 to 10:0CCWbTitthe
Vicomorasso pluviometer in tHgisagno basimetwwenl13 and
14.00 UTC observed B5Bmm (see Figure 9b; more detas in
ARPAL, 2012) Hence, sch a rough potential rain computation
could be useful for a decision support system based on GNSS
meteoology to establish risk thresholds under different rain

The application of the G4M procedure to this severescenarios.
meteorological event based on a posteriori and simulated near

reaktime approaches is presented in the following Sections 6.
and 6.2.

G4M procedure was also applied teetsevere meteorological
event ocarred on Genoa of@" October 2014with satisfactory
results.

6.1 PWV a posteriori monitoring

PWYV maps were realized, with a time step of 2 hemit@nalyze

the meteorimgical phenomenon and its evolution in space ang:

time, from 02 UTC on % November 2011 to 00 UTC ori'5
November 2011, using the G4M procedufEhe existing

6.2 PWV near reaktime monitoring

The G4M procedure was employed to interpret meteorological
events by simulating a near re@he analysis.Indeed, the
proposed near reéime analysis is aa posteriori analysis, but it

is considered a useful test to evaluate the feasibility of the
procedure and its application in near ae, mainly
concerning needed data, computational time, and additional
information provided with respect to the a poste analysis.
onsidering the limited time and space scales of severe
meteorological events, typically characterized by short durations
(15 30 minutes) and extreme localization (on the order of a few

infrastructure used in the elaboration consisted of 117 PSs withi@ometers), a time span of 6 minutes and spatialutien of

mean spacing of 40 km and 3%tmorological stations with a

250 m were chosen.

mean spacing of approximately 150 km. The computationabye to computational limitations in GAMIT software, dndur

region has been discretized
WGS84 datum; ~10 km)lo remove the orographicfettfrom
PWYV maps and to easily visualize the PWV evoluiioriime,

an¥ysik perio@ana’sRalie? PS4 hetwBrk wer@ Eonsifided. fra © mi n

network consists of the 15 P&mmon to the thresulnetworks
(described in SectioB.1), 14 PSs of the Regione Piemonte

PPWV maps

wer e

produced

n

I ietvéid 69PBLoPthelREgioRe Lifufidnketidk, aRPtRREOREF | N

whichit did not rainedi.e. 02 UTC on 8 November 2011 GENO and IGS AJAC PSs as additional stations, as shown in
Figure2Is hows the sequen c”éNO\mrhberq)PFYMMe@a ps for 4

2011, from 00 to 22 UTC. The increase in the amount of water



The @PWV maps were omihtmewithd by d
respect to 8:30 UTC on November 4, 2011, representing relative

ficalmb conditions withrespecbt t he rain peak. The
highlight both positive and negative time differences,
corresponding to an increase and decrease in the water vapor
amount in the atmosphettbe last onelue to rainfall.

In addition to the o@PWVY peak of
analogous values is evident in the area around Mondovi (circle 3

in Figure 24), where an intense meteorological event might

occur.

HI maps wee produced with a spatial resolution of 1 km and a

time resolution of 6 minutes from 8:30 to 11:30 UTC 4%h

November 2011. A 3@inute extraction fron®9 to 11:30 UTC

is presented in Figur2b.

Figure 2. GNSS PSs network for near rdimhe monitoring

Figure B showsatest performed on the accordance of 6 minutes
and 2 hows ZTD estimates

Figure 5. 30-minutes extraction of the 6 minutes HI maps

As expected,the HI maps allow to localizehe intense

. } b ) d2h meteorological event, assuming values close to zero for the whole

Figure 3. Comparison between 6 minutes and 2 hours ZTD 5165 - except for Genoa, where the event occurred (red circle in
estimates Figure25)

Slightly different ZTD estimations, in the order of few mm, caninstead,h e P WV bspreed ik cirole 3 in FiguredZioes

be appreciated. Concerning the ZTD rms comparison, highdiot correspontb a high HI value in Figure52asexpected based
differences appear, mainly located near thet stad the end of ©n the moderate radar kettivity in that area (Figure 30

session. For this reason, only the three central hours of sessi®Re timings of the highest HI valuespproximatelyat 11 UTC)
have been taken into account, removing the first and the last hdff the analyze time window are in accordance with the highest
hours of the 4 hours session. In general, high rms values could N values. HI seems to predict the maximum observed rain,
related to the higher correlation beamez TD estimation in short Dbetween 11 and 12 UTGeveral tens of minutes befofius,

time span elaborations. Nevertheless, it seems that higher rifse | ocal 'y strong spatial varie
values do not influence the interpretation of the time evolution oforrelated to the intense reetological event considered in this
the investigated meteorological phenomenon. Thus, 6 minutesudy. _ )
PWV maps have been obtained startingnf 6 minutes ZTD The correspondence between HI and the rain peaks will be
estimations for the severe event occurred on Genoa'on #tudied in detail in the near future.

November 2011.

Concerning tie environmental dataP and Tdata have been CONCLUSIONS AND FUTURE PERSPECTIVES

obtained by interpolation of NOAA data, supposing a linear. o -
behavior of the temporal evolution of P and TviEen two The present work focuses on the possibility of obtaining 2D PWV
sampled data. maps startingrom GNSS, P and T datoming from existing

A 30-minute extraction of the FinutesqP WV ma p 89, ipfragjrysture ZTD is estimated in homogeneous GNSS regional

to 11:30 UTC om#™" November 2011, ieepresented in Figura4. networks, P and T are extracted from international stations in
' different discrete pointZTD estimates and P and T observations

from international masuring stations are located at different
discrete points, with a mean spacing of 40 and 150 km,
respectively.

Based on Bevis et al. (1992), a procedure called G4M has been
conceived to produce 2D PWV maps with high sptaimporal
resolution (up t® minand250 m for PWV 1 km for HI).

G4M is based on a simplified mathematical model conceived by
the research group, which is able to effectively describe the 2D P
and T fields, despite difficulties due to the sparse distribution of
observed data.

The procedre was applied to an area approximately covering
northwestern Italy, to study a severe meteorological event that

occurred in Genoa ofi" November 2011.
Figure 2.30mi nut es extraction of the 6 minutes @PWV maps




