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Abstract. The development phase (DP) of the EUMETSAT (PPVG) works in parallel with the development of the esti-
Satellite Application Facility for Support to Operational Hy- mation algorithms with two aims: to provide the algorithm
drology and Water Management (H-SAF) led to the de-developers with indications to refine algorithms and prod-
sign and implementation of several precipitation products,ucts, and to evaluate the error structure to be associated with
after 5yr (2005-2010) of activity. Presently, five precipita- the operational products.
tion estimation algorithms based on data from passive mi- In this paper, the framework of the PPVG is presented: (a)
crowave and infrared sensors, on board geostationary anthe characteristics of the ground reference data available to
sun-synchronous platforms, function in operational mode atH-SAF (i.e. radar and rain gauge networks), (b) the agreed
the H-SAF hosting institute to provide near real-time precip-upon validation strategy settled among the eight European
itation products at different spatial and temporal resolutions.countries patrticipating in the PPVG, and (c) the steps of the
In order to evaluate the precipitation product accuracy,validation procedures. The quality of the reference data is
a validation activity has been established since the begindiscussed, and the efforts for its improvement are outlined,
ning of the project. A Precipitation Product Validation Group with special emphasis on the definition of a ground radar
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quality map and on the implementation of a suitable rain The present work is focused on the activities of the Precip-
gauge interpolation algorithm. The work done during the H- itation Products Validation Group (PPVG), established since
SAF development phase has led the PPVG to converge intthe early beginning of H-SAF, and presents a summary of
a common validation procedure among the members, takinghe first results of the validation, and an outline toward the
advantage of the experience acquired by each one of them idevelopment of a common validation algorithm.
the validation of H-SAF products. The methodology is pre- The PPVG gathers experts from the national meteoro-
sented here, indicating the main steps of the validation profogical and hydrological institutes and/or research insti-
cedure (ground data quality control, spatial interpolation, up-tutions from the contributing countries of Belgium, Bul-
scaling of radar data vs. satellite grid, statistical score evalugaria, Germany, Hungary, Italy, Poland, Slovakia and Turkey.
ation, case study analysis). The PPVG is in charge of collecting ground data from

Finally, an overview of the results is presented, focusingthe national institutions of the participating countries, per-
on the monthly statistical indicators, referred to the satelliteforming ground data pre-processing (quality control, up-
product performances over different seasons and areas.  scaling/down-scaling), comparing ground fields and satellite
products at the proper scales, and computing statistical qual-
ity indicators (Nurmi, 2003, Ebert, 2007). Finally, validation
reports are delivered regularly to EUMETSAT and published
1 Introduction on the H-SAF webpage.

The validation of precipitation products is particularly

The European Organization for the Exploitation of Meteoro- challenging, given the highly variable nature of the precip-
logical Satellites (EUMETSAT) Satellite Application Facil- itation fields over a wide range of spatial and temporal scales
ity on Support to Operational Hydrology and Water Manage-(Zawadzki, 1975; Kursinski and Mullen, 2008). This makes
ment (H-SAF,http://hsaf.meteoam;itMugnai et al, 2013b) it difficult to set up a reliable, spatially and temporally con-
was initiated in 2005, and aims to provide remote-sensingiinuous reference field, suitable to be matched to the satel-
estimates of relevant hydrological parameters: rain rate andite estimates: ground weather radar (Chandrasekar et al.,
cumulated rainfall, soil moisture at the surface and in the2008; Capacci and Porcu, 2009; Labo, 2012; Rinollo et al.,
root zone, snow cover and snow water equivalent. The H-2013) and rain gauge networks (Dinku et al., 2007; Sohn
SAF project involves experts from 11 EUMETSAT mem- et al., 2010) are mainly used to provide rainfall reference
bers or cooperating states (Austria, Belgium, Bulgaria, Fin-fields for validation studies. A number of studies, however,
land, France, Germany, Hungary, Italy, Poland, Slovakia ancpoint out that care should be taken in comparing satellite
Turkey), and from the European Centre for Medium-rangeand ground-based precipitation estimates for validation pur-
Weather Forecast. H-SAF is hosted by the Italian Air Forceposes. A representativeness error is introduced when com-
National Meteorological and Climatological Service (CN- paring areal instantaneous data (from satellites) with punc-
MCA). tual cumulated values (from rain gauges) (Zawadzki, 1975;

The H-SAF main objectives are two as from the H-SAF Kitchen and Blackall, 1992; Habib et al., 2009), pointing out
DP project plan: (1) to provide new satellite-derived prod- that this error is not negligible (Porcu et al., 2014). Intrinsic
ucts (precipitation, snow parameters and soil moisture) fromdiscrepancies between satellite and ground radar estimates
existing and future satellites with sufficient time and spaceare also to be expected due to the different points of view of
resolution to satisfy the needs of operational hydrology, andhe two sensors (Habib and Krajeski, 2002; Chandrasekar et
(2) to perform independent validation in order to assess thal., 2008; Rinollo at al., 2013). To cope with these difficul-
usefulness of the new products for fighting against floodsties, satellite missions devoted to precipitation studies have
landslides, and avalanches, and evaluating water resourcesdeveloped their own validation structures, such as the Tropi-

The H-SAF operational goal highlights the need to provide cal Rainfall Measuring Mission (TRMM) (Wolff et al., 2005)
products with a reliable measure of their accuracy in order forand the Global Precipitation Measurement (GPM) Mission
the potential users to be aware of the advantages and drawSchwaller et al., 2011).
backs of the use of the H-SAF products in their operational The paper is structured as follows. In Sect. 2 an overview
activities. To this aim, a large effort is devoted within H-SAF of the PPVG and its components is presented, while Sect. 3
to the estimation of the error structure for the different satel-summarizes the satellite products validated by the PPVG.
lite products. This type of activity, normally related to the de- Section 4 aims at introducing the ground data characteristics
velopment of any remote-sensing retrieval technique, is ofterand the pre-processing tools developed by the PPVG. Sec-
called “validation”. The satellite product is compared with tion 5 presents the up-scaling strategies for matching prod-
a reference field from sensors other than those involved iructs and ground reference and Sect. 6 introduces the sta-
the product build-up, and a measure of the discrepancy is adistical scores and summarizes some preliminary results. In
sumed as an error of the product. Three validation groupsSect. 7 a subset of the validation results is presented, while
have been established within H-SAF according to the prod-conclusions are drawn and the perspectives of future work
uct typology: precipitation, soil moisture and snow. are outlined in Sect. 8.
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The heterogeneity of the H-SAF region, due to climatol-
ogy, land cover, orography, and types of ground observations
available for each country, represents an important resource
for the PPVG, as it allows it to investigate different aspects
of the satellite product accuracy, but it has also required the
definition of and agreement on a common validation method-
ology among different countries. This common validation
methodology has been defined and applied by all the PPVG
members, in order to make the statistical results obtained by
the different institutes comparable and to provide an overall
picture of the satellite products’ performances.

Each institute participating in the PPVG selects the ground
data considered more reliable and representative of the pre-
cipitation field in its own country. This implies that the
ground precipitation reference is not just the composite of
the national operational ground networks, but is derived
from ground data selected purposely for satellite precipita-
tion product validation.

The main steps of the common validation methodology
are:

— ground data selection, error analysis and quality con-
trol for radar and rain gauges,

— point-like measurement (rain gauge) spatial interpola-
tion,

— ground data up-scaling onto satellite native grids,

— temporal comparison between precipitation products,

Fig. 1. H-SAF radar (upper) network is composed of the national ~ — Statistical score (continuous and multi-categorical)
radar networks of Belgium, Germany, Hungary, Italy, Poland, Slo- computation and evaluation,

vakia and Turkey, and the H-SAF rain gauge network (lower) is
composed of the national rain gauge networks of Belgium, Bulgaria,
Germany, Italy, Poland, Slovakia and Turkey (maps by M. Barbani,
DPC).

— case study analysis.

During the DP each PPVG member had developed its lo-
cally implemented validation software, following the com-
mon validation methodology. As the project progressed,
2 Overview of the PPVG activity during the First Continuous ngelopment P'hase (CDOR—l)

(2010-2012), the need for an improvement in the validation
The PPVG is a multidisciplinary group composed of hydrol- quality and consistency has led to the definition of a unified
ogists, meteorologists and precipitation ground data experts/alidation software called the “common validation code”,
under the coordination of the Italian Civil Protection (DPC). currently in use for validation with radar data, and under test-
Each PPVG member is directly involved in the product val- ing for validation with rain gauge data, to be used by all the
idation activities, relying on about 4100 rain gauges and 59member institutions.
meteorological radars (see Fig. 1).

Since the beginning of the project, a twofold validation
strategy has been defined: systematic — monthly scale — ev
uation of statistical indicators (multi-categorical and continu- e H-SAF satellite-based precipitation algorithms and as-

ous) and case study analysis. These two components are coggciated products have been validated by the PPVG and the

sidered complementary in assessing the accuracy of the insgits of the validation activity are presented and discussed
stantaneous and cumulated satellite products. Monthly anaky, sect. 7. These five precipitation products/algorithms are

ysis of statistical skill indicators helps in identifying the exis- |isted in Table 1. which provides for each product the base
tence of discrepancies, while selected case studies are usefyl e acronym, a brief algorithm product description, the

in identifying the roots of such discrepancies. list of satellite data used, and the space and time resolu-
tions of the products — not necessarily matching those of

a?— Satellite precipitation products
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Table 1.H-SAF precipitation algorithms/products that have been validated by the PPVG.

Base Name Algorithm/Product Description Data used Ground Time Resolution

Acronym Resolution

PR-OBS-1  Precipitation rate at ground fromSSMIS 30x 30 kn? Variable (depends on
MW conically scanning radiome- latitude and on the num-
ters (SSMIS) using a Bayesian ber of available satellites
(CDRD) algorithm (with phase and their equatorial cross-
flag) — Version 1 ing

times)

PR-OBS-2  Precipitation rate at ground AMSU-A + 16x 16 kn? Variable (depends on
from MW cross-track scanning ra- MHS at nadir to latitude and on the num-
diometers (AMSU-A+ MHS) us- ~27x53kn? at ber of available satellites
ing a neural network (PNPR) algo- scan edge and their equatorial
rithm (with phase flag) — Version 1 crossing times)

PR-OBS-3  Precipitation rate at ground fromSEVIRI + 3 x 3km? at 15min

the blended GEO/IR — LEO/MW PR-OBS-1+ sub-satellite
rapid-update technique (NRLT) PR-OBS-2 point;
~ 8 x 8km? over
the H-SAF area

PR-OBS-4  Precipitation rate at ground bySEVIRI + Pre-assigned grid 30 min
LEO/MW supported by GEO/IR PR-OBS-14+ having 8 km
(with phase flag): advection of MW PR-OBS-2 spatial resolution
rain fields is merged with a morph-
ing technique based on a forward—
backward computational scheme

PR-OBS-5  Accumulated precipitation at PR-OBS-3 30« 30kmP over 3h
ground from blended LEO/MW+ the SEVIRI grid
GEO/IR supported by precipitation
analysis (NWP first guess rain
gauges) and adaptive statistical cor-
rection

the used sensors. Hereafter, a short description of these alg@dministration (NOAA) Polar-orbiting Operational Envi-
rithms and products is provided. For a detailed descriptionronmental Satellites (POES), referred to as NOAA-18 and
the reader is referred to the companion paper by Mugnai eNOAA-19, as well as on EUMETSAT’s two Meteorolog-
al. (2013b), presenting the complete set of precipitation algoical Operational satellites MetOp-A/B. Furthermore, there
rithms/products developed and used, or under developmengre two combined IR-MW precipitation products, PR-OBS-3
within the H-SAF CDOP-2 phase, and describes in some deand PR-OBS-4 (both developed by CNR-ISAC), which uti-
tail the six products developed during the DP and the CDOPize infrared (IR) measurements taken by the Spinning En-
1 (among which, five have been validated). hanced Visible and Infrared Imager (SEVIRI) instrument on-
Two of the validated products are based on passive miboard the geostationary (GEO) Meteosat Second Generation
crowave (MW) measurements taken from radiometers on{MSG) satellites in combination with the MW-only precipita-
board different sun-synchronous near-polar-orbiting low-tion estimates PR-OBS-1 and PR-OBS-2. Finally, there is an
Earth-orbit (LEO) satellites: PR-OBS-1 (developed by accumulation-based product, PR-OBS-5 (developed by CN-
CNR-ISAC) utilizes the Special Sensor Microwave Im- MCA), which cumulates precipitation on the SEVIRI grid
ager/Sounder (SSMIS) conically scanning radiometers flowrpresently obtained from PR-OBS-3.
onboard satellites of the US Defense Meteorological Satel- PR-OBS-1 dwells on a physically based Bayesian MW
lite Program (DMSP), while PR-OBS-2 (also developed precipitation retrieval algorithm that was developed accord-
by CNR-ISAC) utilizes the coupled Advanced Microwave ing to a new methodology called the Cloud Dynamics and
Sounding Unit A (AMSU-A) and Microwave Humidity Radiation Database (CDRD) (Sano et al., 2013; Smith et al.,
Sounder (MHS) cross-track scanning radiometers that ar@013; see also Mugnai et al., 2013a) and uses a priori in-
flown onboard the US National Oceanic and Atmosphericformation provided by a cloud-radiation database obtained
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from 60 cloud-resolving model (CRM) simulations of dif- PR-OBS-5 provides a cumulated precipitation product on
ferent precipitating systems over Europe and the Mediterthe ground, which is based on a procedure that uses as in-
ranean Basin (Casella et al., 2013). Note that the versiomput the precipitation intensities generated by PR-OBS-3 (and
of PR-OBS-1 that has undergone validation is a preliminarysoon by PR-OBS-4). The product is generated for each SE-
version which uses a subset of dynamical thermodynamic-VIRI pixel, but 3—4 SEVIRI neighbouring pixels are convo-
hydrological parameter constraints in addition to the mul-luted in such a way that the actual PR-OBS-5 spatial reso-
tispectral MW brightness temperatures (TBs) measured byution is 30 km. Nevertheless, the sampling is still made at
available satellite-borne radiometers to retrieve instanta~ 5km intervals, roughly consistent with the SEVIRI pixel
neous precipitation at 30 km ground resolution — which isgrid over Europe. The product is generated every 3h, and
about four times coarser than the 13.25.5kn? resolution  provides the cumulated precipitation over 3, 6, 12, and 24 h
(consistent with the SSMIS high-frequency window channelprior to the reference time (i.e. nominal time).
resolution) of the present version of the algorithm.

PR-OBS-2 is based on an artificial neural network (ANN)
algorithm. The version which has undergone validation wasq  Ground data description and pre-processing
originally inspired by the ANN-based precipitation retrieval
algorithm developed by Surussavadee and Staelin (2008a, bround data used for validation by the PPVG are derived
which was trained through a database generated from CRMrom about 4100 rain gauges and 59 meteorological radars,
simulations of several precipitation events around the globepelonging to the eight involved countries. National rain
Within H-SAF, a new version of the algorithm has been re- gauge networks differ for instrument density, temporal sam-
cently developed, optimized for the European/Mediterranearpling and instrument type. Radar data, on the other hand, are
Basin area by means of a newly developed optimal threedlifferent for space and time resolution, antenna scan mode,
layer ANN trained using the same 60 CRM simulations andpre-processing algorithms and rainfall retrieval technique.
the same radiative transfer code used for the CDRD algoMoreover, the countries also differ for orography (which has
rithm of PR-OBS-1. This new version of the algorithm is strong effects on radar visibility and clutter, on the reliabil-
called the Passive microwave Neural-network Precipitationity of rain gauge interpolated measurement in the case of
Retrieval (PNPR) algorithm and is described by Mugnai etlow spatial density, and on the precipitation structure itself),
al. (2013b). The PR-OBS-2 product spatial resolution is de-coastal and sea areas, and precipitation climatology. All such
fined according to the variable MHS sensor resolution, whichfactors cause the reliability of ground data to vary from area
varies from 16x 16 kn? (circular) at nadir to approximately to area, also affecting the validation results.
27 x 53 kn (elliptic) at scan edge. For all these reasons, it is considered important to evalu-

PR-OBS-3 provides an instantaneous rain intensity prod-ate the quality index maps to be associated with the reference
uct at the temporal (15 min) and spatiad § km? over the H-  ground data. The quality index, which is a function of posi-
SAF area) resolution of the MSG SEVIRI, using the blended-tion and time, summarizes into a number between 0 and 1
satellite rapid-update technique originally developed at theall the information useful for defining the reliability of the
US Naval Research Laboratory (NRL) — and therefore re-ground data with which it is associated.
ferred to as the NRL Technique (NRLT). The NRLT is  Theoretical and empirical approaches are under develop-
based on areal-time, underlying collection of time and spacenent by the PPVG for quality evaluation of radar and rain
matching of IR TBs at 10.8 um from GEO satellites and rain gauge data: for radar data the index is already defined, and it
intensity estimations from MW satellite sensors (Turk et al., is presented in Sect. 4.4, while the index for rain gauge data is
2000; Turk and Miller, 2005; Torricella et al., 2007). The still under study. Even for the radar data, however, the qual-
NRLT technique for PS-OBS-3 is fed by PR-OBS-1 and PR-ijty index is not yet used operationally, and will be ingested in
OBS-2 MW estimates. the common validation code. Currently each country applies

PR-OBS-04 is based on the precipitation rate merg-its own quality filter to select reliable data.
ing technigue called the CPC MORPHIing technique
(CMORPH), which was developed at NOAAs Climate Pre- 4.1 Characteristics of the rain gauge national networks
diction Center (CPC) (Joyce et al., 2004). CMORPH gener-
ates synthetic MW rain fields at any time between two suc-Most of the gauges used in the national networks by the
cessive MW observations using the rain estimates for thes®PVG partners are the tipping bucket type, which is the most
MW observations and the advection vectors, calculated withcommon device used worldwide to gather long-term rain rate
GEO IR data, to connect these estimates in space and timground measurements. Several sources of uncertainty in the
Within H-SAF the CMORPH method uses the rain rate fieldsmeasurements are well known, but difficult to mitigate. First,
from PR-OBS-1 and PR-OBS-2, while the morphed rainvery light rain rates (1Lmmtt and less) can be estimated
fields are produced on a pre-assigned grid having 8 km spaincorrectly due to the long time it takes for the rain to fill
tial resolution and a 30 min sampling time. the bucket (Tokay et al., 2003). On the other hand, high rain

rates (above 50 mnmh) are usually underestimated, due to
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Table 2. Summary of the rain gauge characteristics. Two rain gauge types are present: tipping bucket (TP) and weighting (W).

Country  Minimum Rain Maximum Heating Cumulation
detectablerain gauge type detectable rain system interval
rate (mmhl) (TB/W) rate (mmh1) (Y/N)  (min)

Belgium 0.1 mm B N/A* N 60

Bulgaria 0.1 mm TB/W 2000 Y 120, 1440
Germany 0.05mm W 3000 Y 60

Italy 0.2mm B N/AE* Y* 10, 15, 30, 60
Poland 0.1 mm B N/A* Y 10

Turkey 0.2mm TB 720 Y 1

* Only 300 out of 2000 gauges are heat€dinformation not available at the moment; a value about 300 mn h
can be assumed for tipping bucket rain gauges.

Table 3. Number and density of rain gauges within the H-SAF validation group.

Country  Total number AMD  Type of interpolation Quality control

of gauge$ (km) (YIN)
Belgium  89** 11.2 Barnes (X 5kmgrid) Y
Bulgaria  37** 7 Co kriging Y
Germany 1300 17 Inverse square distance Y
Italy 2000 9.5 Barnes (38 5kmgrid) Y
Poland 330-475 13.3 No Y (except cold months)
Turkey 193#** 27 No Y

* The number of rain gauges could vary from day to day due to operational efficiency within a maximum range of
10-15%.** Only in the Wallonia region®™** Only in three river basins™*** Only covering the western part of
Anatolia.

the loss of water during the tipping of the buckets (Duchonas AMD; = min(|x; —x;|) for j # k, wherex; is the position
and Biddle, 2010). Wind can also greatly reduce the size ofvector of thejth rain gauge. Instrument number and network
the effective catching area, as rain does not fall vertically, re-AMD are reported in Table 3 for all the national networks.
sulting in a rain rate underestimation assessed quantitativelfhe AMD ranges between 7 km (for Bulgaria, where only
at about 15 % for an average event (Duchon and Essenbertfiree river basins are considered) and 27 km (for Turkey).
2001). These numbers should be compared with the decorrelation
Further errors occur in the case of solid precipitation (snowdistance for precipitation patterns at mid-latitudes. Usually
or hail), when frozen particles are collected by the funnelthe decorrelation distance is defined as the minimum distance
but are not measured by the buckets, resulting in a temporabetween two measures to get the Pearson’s correlation coef-
shift of the measurements, since the melting (and thus théicient reduced te~1. In Fig. 2, the correlation coefficient
measure) can take place several hours (or days, dependidzetween two hourly measures as a function of the mutual dis-
on the environmental conditions) after the precipitation eventtance is shown for 2009. These plots, obtained for the Italian
(Leitinger et al., 2010; Sugiura et al., 2003). All these errorsrain gauge network, but representative of mid-latitude pre-
can be mitigated and reduced, but in general not eliminatedgipitation, show that the decorrelation distance varies from
by careful maintenance of the instrument and/or the use oBbout 10km in warm months (where small-scale convec-
longer cumulation intervals. tion dominates) to 50 km in cold months, when stratified and
In Table 2, the main characteristics of the PPVG rainlong-lasting precipitation mostly occurs.
gauges are reported. A key feature of a rain gauge network Table 3 also reports the type of data pre-processing carried
is the instrument density: it expresses the capability of a netout by each institute during the first H-SAF phase, and by
work to detect small-scale precipitation patterns, especiallyeach institute before the matching with satellite products. As
in the case of convective rain, dominant during warm monthsmentioned, the PPVG decided to homogenize the data pre-
at mid-latitudes. The distance between each rain gauge angrocessing within a common validation code, which will be
the nearest neighbour, averaged over all the instruments comssed in the H-SAF second operational phase.
sidered in the network, is assumed as a measure of the rain The wide range of AMD values reported in Table 3 poses
gauge density, hereafter referred to as the average minimurthe problem of selecting a common strategy to interpolate
distance (AMD). The AMD for thé&th rain gauge is defined and up-scale rain gauge data: the quality of the interpolation
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S. Puca et al.: The validation service of the hydrological SAF geostationary products 877

Table 4.Characteristics of the national radar networks.

Country Number Scan Maximum Range
of frequency range distance resolution
radars (min) (km) (m)
Belgium 1 5 240 250
Germany 16 (plus 1 in France) 5 240
Hungary 3 15 240 250-500
Italy 18 5-15 80-120-240 250-340-500
Poland 8 10 240 125-250
Slovakia 3 5 200-240 500-1000
Turkey 6 10 80-120-240 250
g7 — 17— 200812 using interpolation overcome the drawbacks. Three differ-
a 200901 ent interpolation techniques have been proposed and tested
06 . 200902 here: the Barnes method (Barnes, 1964), Ordinary Kriging
. ;ggggi (based on the works following Krige, 1951) and the Random
L 04T —] 200905 Generator of Spatial Interpolation from uncertain Observa-
C a 200906 tions (GRISO). The GRISO (Pignone et al., 2010) is an im-
02— - 200907 proved Kriging-based technique implemented by the Interna-
B = 200908 : . L
L = 200909 tional Centre on Environmental Monitoring (CIMA Research
00 - ‘ . 200910 Foundation). The GRISO technique preserves the values ob-
— 2‘0 — ‘4‘0 %0 80 200911 served at the rain gauge location allowing for a dynamical
km definition of the covariance structure associated with each

Fig. 2. Correlation coefficient between rain gauge pairs as a func- &N 9auge by the interpolation procedure. Each correlation

tion of the distances between the rain gauges. Colours refer to thgtructure may _depgnd both _on the rain gauge location a”O_' on
months of the year 2009. the accumulation time considered. GRISO may also provide

probabilistic maps of the variance of the interpolation and the
probability of rain/no-rain areas.

The comparison of these three different spatial interpola-
tion techniques was performed on a data set of 50 hourly
measurements (referring to six meteorological events in dif-
4.2 Rain gauge spatial interpolation ferent seasons throughout the year 2009) from 340 rain

gauges located in Tuscany, central Italy (Porcu et al., 2014).
Rain gauge measurements used for validation derive fronThe original network density was gradually reduced to sub-
networks having different geographical distributions, densi-networks with AMD ranging between 7.5 and 27.5km (the
ties and quality. After a first phase of the project, when eachsame densities of the coarsest and densest H-SAF networks).
partner used its own approach (see Table 3), the PPVG delhe ability of each technique to reconstruct the original rain
cided to apply a common interpolation strategy to all the 9auge measurement field is evaluated by comparing the in-
rain gauge national networks. In order to obtain a regu|arterp0|ated field obtained from each reduced sub-network to
field for comparison with satellite products, the rain gaugethe one obtained with the same interpolation technique, but
measurements are interpolated onto a unique European gri§onsidering the whole rain gauge network. A subset of sta-
with grid cell size of 5km (similar to the SEVIRI resolu- tistical scores (POD, FAR, RMSE) was calculated as a func-

tion). The spatial interpolation of the measurements of ation of the network density, and compared among the three
rapidly variable quantity (such as the rainfall rate) is prob- different methods. The results show a better performance of
lematic because it is difficult to model the relationship amongthe GRISO method, which was then adopted (Fig. 3). Note
the rain rate at a given grid point and those measured byhat this analysis aims at selecting the more stable interpola-
the nearby gauges. Other approaches, such as single gautf with respect to AMD variations, and not to evaluate the

nearest neighbour or weighted average of gauges within ®€rformances of the different techniques.

satellite instantaneous field of view (IFOV), attempted by In particular, the POD comparison shows the attitude

the PPVG during the years, present similar shortcomings0f the GRISO technique to better reconstruct the original

assuming that a single gauge correctly represents the raiffin gauge information even for the coarsest grids. The
field within a satellite IFOV, which is several tens of km lower FAR indicates that false reconstruction occurs less

wide. The PPVG finally assumed that the advantages ofhan it does with the other techniques. The quantitative

algorithms generally depends on AMD, terrain physiography
and precipitation climatology.
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Fig. 3. Comparison between statistical scores of the ability to reconstruct the original rain gauge measurement field for the different interpo-
lation techniques: Barnes, Kriging and GRISO. Scores presented here are: POD (left), FAR (centre), and RMSE (right).

reconstruction of the original rain field is also better using tivity in each pixel column among all of the radar eleva-
GRISO, as the RMSE plot shows. These results induced théons). However, the rest of the countries chose different ele-
PPVG to adopt the GRISO technique as a common spatiabations for the CAPPI product, which provides the basis for

interpolation of rain gauge data in the H-SAF area. rain rate estimations. Moreover, the countries apply differ-
ent techniques for radar data composition. The composition
4.3 Characteristics of the national radar networks technique is important in areas covered by more than one

radar measurement. Also, the geographical projection varies

The inventory of radar data, networks and products usecjrom one country o the other.

by the PPVG has pointed out that all thg m_stltutes de-4.4 Quality evaluation of radar data
clared that the radar systems are well maintained and pe-

riodically checked. In Figure 1 the map of the 59 C-band p)| radars available to the PPVG are regularly maintained
radars available to the H-SAF PPVG is shown. They aregng calibrated, which is a good indicator of the continuous
distributed throughout the countries as follows: Belgium supervision of radar data quality: only the radar data pass-
(1 radar), Germany (16 radars plus 1 in France), Hunganing the quality control of the owner institute are used by
(3 radars), Italy (18 radars), Slovakia (2 radars), Polandhe ppyG for validation activities. However, each country
(8 radars), Turkey (10 radars). These radars cover a widgas jts own criteria to evaluate the data quality, depending
range geographical area: the westernmost radar is in Widelsn, the radar characteristics and main sources of error in the
mont, Belgium (S3020"E), the easternmost in Trabzon, yadar measurements. Moreover, the rainfall rates are com-
Turkey (392806"E), the northernmost in Gdak, Poland  yted with different algorithms, so that the estimation of
(54°2303"N), and the southernmost one in Antalya, Turkey radar data quality provided by the different countries is not
(36°1559"N). - . homogeneous. To mitigate this problem, the PPVG has de-
All radars have Doppler capability, which means that fineq a surface rain intensity (SRI) product and quality index
ground clutter can be effectively removed from the radar datadirecﬂy from the available radar raw data, in order to unify
measurements. However, not all of them have dual polarizayne precipitation field and quality index generation.
tion, which would be important to correct rain path attenua- |t is well known that there is no unique way to evaluate

tion. o ) radar quality as well as to deal with radar error sources. How-
The characteristics of the national radar networks are sUmMgyer, it is possible to provide a theoretical definition of data

marized in Table 4. The number of scanned plan position in-quality that might require a specific set-up for every radar

dicator (PPI) maps ranges between 4 and 15, with an averaggstem (Vulpiani et al., 2012).

of around 10 for all countries. _ Quantitative precipitation estimation from ground-based
Radar-based rainfall products are obtained after processyeather radars is a cumbersome task considering it is af-

ing the measured radar reflectivity at different elevations (Ri-fected by several error sources. They might be classified into
nollo etal., 2013). After each elevation, the PPI products andye main classes (Wilson and Brandes, 1979):

the constant altitude PPl (CAPPI) products are calculated.
The institutes involved in the PPVG use mostly CAPPI prod-  — system characteristics, i.e. maintenance, frequency,
ucts for calculation of rainfall intensities, except for Hun-

gary, which uses the CMAX data (maximum radar reflec-  ~ topographic effects, i.e. ground clutter, beam blocking,
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Fig. 4. Reflectivity Z measured by DPC radar “Il Monte”, on 21 June 2009, at 14:00 UTC, elevation 0.4 (left); clutter quality map associated
with the image (centre); reflectivity image with clutter quality field appliggd tier < 0.6) (right).

— distance-related effects, i.e. distance from the radarwherey is the difference between the height of the terrain
height of measurement, beam broadening, non-and the height of the centre of the radar beam &nda is
uniform beam filling, the radius of the beam cross section. The height of the centre

. . . of the radar beam at a distance can be written as (Doviak
— propagation-related effects, i.e. attenuation, anoma 4 Zrme, 1993)

lous propagation,

®)

whereR is the Earth’s radiusj the antenna elevatior]y
The effects taken into account in the elaboration of thethe radar antenna height akd= 4/3 (assuming the wave

radar quality information inside the PPVG are clutter, beampropagation of the standard atmosphere).

blocking, distance from the radar, and attenuation. If Qvis is above 0.3 (PBB below 0.7), the partial beam
The height of measurement is also taken into account byplocking effect is corrected as in Tabary (2007) ahgs for

correcting the estimations of the mean vertical profile of re-the corrected data reset to 1 (Fig. 5).

flectivity. After such correction, the quality index associated ~Qrangd) is the partial quality index associated with the

with the height of measurement is considered equal to 1.  beam broadening with the distancdrom the radar. It can
For every value of the measured reflectivityr, azimuth, ~ be expressed (Friedrich et al., 2006) as

elevation), the associated quality index is expressed as

1)

— inversion effects, i.e. microphysical variability result- » = \/VZ + (ke R)?+ 2rk. Rsind — k. R + Ho,
ing in inappropriate Z-R relations.

0 fOI’r > I'max

1 forr < rmin
rmax—1
"max—"min

Q (r, azimuth elevation = QOrange= (4)
Qclutter (r, @zimuth elevation
x Qvis (r, azimuth elevation x Qrangdr)

x Qatter(r, azimuth elevation,

for rmin <7 < rmax

wherermax can be set to 150 km anghin = Ar/2 (Ar is the
radar range resolution). Figure 6 shows the quality associated
with the range distance for the sample radar image.
whereQutter (7, @azimuth, elevation) is the partial quality in- Qatten(r, azimuth, elevation) is the partial quality index as-
dex associated with ground clutter, calculated as the convosociated with the path-integrated attenuation when the beam
lution of different parameters (static clutter map, radial ve- passes through rain (see Vulpiani et al., 2008). It is evaluated
locity, texture of differential reflectivity, texture of co-polar as
correlation coefficient and texture of differential phase shift).

. . . 1 for PIA < PlAni
The data withQutter < 0.60 are rejected. Figure 4 shows an = [ min
example of aradar image, the correspondihgiter map and PlAmacPIA  f0r PIA- — PIA < PIA
the clutter-filtered image. PlAmax—P1Amin min max

Qvis (r, a_zimuth,_ elevation) is th_e partial quality index as- where PlAnin =1dB, PlAnax=5dB and PIA is the path-
sociated with partial beam blocking, calculated as 1-PBB,integrated attenuation that can be computed from the radar

where PBB is the partial beam blocking proposed by Bech eteflectivity Z (expressed in mhm—23) as follows:
al. (2003)

r

PIA(r) = 2/a(s)ds,

Ta? 0

2 . 2
N a2 — y2 + a?arc sin’ + T4~ (6)
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Fig. 5. Quality map associated with partial beam blocking for radar “Il Monte”, on 21 June 2009, at 14:00 UTC, elevation 0.4 (left), and
the corresponding reflectivity (see Fig. 1) corrected for clutter, filtered with a two-dimensional median filter and corrected for partial beam
blocking (PBB< 0.7) (right).

where specific attenuatianin rain can be estimated witha 5 Up-scaling of ground data vs. satellite native grid and

recursive formula, based on Le Bouar et al. (20013 a x time matching

(ng ") 2, witha = 1.08x 1076, ng = 0.8x 10, b = 0.798

and Since the beginning of the project the PPVG has decided to
validate each satellite product on its native grid in order to

Zpia = Z(r) +PIA(r —dr). (7) evaluate the accuracy of the product as it is available to the

users, and to avoid remapping and local smoothing. Thus,
The specific attenuation is considered equal to zero abovéhe radar data, which have resolutions higher than all the
the freezing level height, and also in the 500 m immediatelyH-SAF satellite products, are always up-scaled to a prod-
below it. uct’s native grid. For the interpolated rain gauge data, in-
A median filter is applied t& before evaluating the atten- stead, when the resolution of the satellite product is compara-
uation, in order to filter out unrealistic values. Figure 6 showsble to 5 km (PR-OBS-3, PR-OBS-4 and PR-OBS-5), nearest-
the path-integrated attenuation for the sample radar image. neighbour matching is performed, while for coarser satellite
As already stated above, the overall quality is the productproduct resolutions (PR-OBS-1, PR-OBS-2) the interpolated
of the partial qualities. Figure 7 shows the overall quality rain gauge data are up-scaled. The PPVG members that do
index for the sample radar image. not use interpolation (see Table 3) simply average the values
The quality index described above was agreed upon amongeasured by the rain gauges within the given satellite IFOV.
all the PPVG members and the implementation of its inges-
tion in the common validation procedure is in progress. A5.1 Microwave-based products
preliminary impact study of the introduction of the quality in-
dex in the validation of satellite products using radar data has®R-OBS-1 is based on data from SSMIS conical scanners,
pointed out that introducing this quality information as a fil- while PR-OBS-2 is based on data from the AMSU cross-
ter has a substantial impact on the statistical score evaluatiorirack scanner. The conical scanners provide images where
and even influences the process of reaching the user requireach IFOV is observed with the same viewing angle, which
ments by the precipitation products (Rinollo et al., 2013). Inimplies a constant optical path in the atmosphere and a ho-
fact, the test cases considered for this impact study showethogeneous impact of the polarization effects (see Kunkee
an improvement in the statistical indicators such as the fracet al., 2008). Conical scanners provide constant resolution
tional standard error and the relative RMSE of a factor evenacross the image, though changing with frequency. In SS-
greater than 2, when threshold on quality index is increasedIS, the IFOV has a constant elliptical dimension, with the
from 0.0t0 0.8. major axis elongated along the viewing direction and the mi-
Thus, the introduction of a filter based on the quality in- nor axis along scan, approximatelyS3of the major. Its size
dex can help to avoid a marked overestimation of the products dictated by the antenna diameter (actually, the antenna
error. is slightly elliptical, to partially compensate for panoramic
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Fig. 6. Range distance (left) and attenuation (right) quality map associated with radar “Il Monte”, on 21 June 2009, at 14:00 UTC, elevation
0.4.
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Fig. 7. Reflectivity measured by radar “ll Monte”, on 21 June 2009, at 14:00 UTC, elevation 0.4 (left), and overall quality map associated
with it (right). The dominant component in quality is the range distance.

distortion), but also by the portion of the antenna effectively PR-OBS-2 follows the scanning geometry and IFOV res-
illuminated. As to the footprint, the area subtended as a conelution of the MHS scan, so that each pixel along the scan
sequence of the bi-dimensional sampling rate, the samplindpas a precipitation value representative of an elliptical region.
distance along the satellite motion, i.e. from scan line to scarPlease refer to Bennartz (2000) for the analytical expressions
line, is invariably 12.5 km, determined by the satellite veloc- of AMSU-A and MHS radiometer IFOV resolutions.
ity on the ground and the scan rate. In both cases (conical and cross-track scanners) the sen-
The AMSU/MHS cross-track scanners provide imagessor measurement refers to an elliptic area and the measured
with constant angular sampling across tracks, which impliesvalue can be interpreted as the weighted average of the val-
that the IFOV elongates as the beam moves from nadir toues in the ellipse, with a two-dimensional Gaussian function

ward the edge of the scan. The elongation is such that: approximating the antenna pattern, as sketched in Fig. 8. The
—_ for AMSU-A the IEOV at nadir is 48 48 ki atthe  Same applies for the derived rainfall product, so that the 2-
edge of the 2250 km swath it is 80150 kn?; ’ D Gaussian function is used in the validation to weigh the

ground data measurement falling into the ellipse, and the ob-
— for MHS the IFOV at nadir is 16< 16 kn?; at the edge  tained weighted average is compared with the product value
27 x 53 knr?.
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Table 5. Classes for instantaneous rain rate. Table 6. Classes for cumulated rain.

CLASS RAIN RATE (RR) PRODUCTS CLASS CUMULATED RAIN (CR)

Class 1 (no-rain class) RRO0.25mmir? Class 1 (no-rain class) CR1mm

Class 2 0.25mmhl <RR<1mmh1 Class 2 1mnx CR<8mm

Class 3 1mmhl <RR<10mmh1 Class 3 8 mmx CR< 32mm

Class 4 10mmhl <RR Class 4 32mm CR< 64mm
Class 5 64 mm< CR< 128 mm
Class 6 128 mmx CR

corresponding to the ellipse. Figure 9 shows an example of a
microwave-based product image (PR-OBS-1 detecting rain-
fall over Hungary).
All the satellite products (apart from PR-OBS-5) have to

5.2 Infrared-based products be intended as “instantaneous” measures: the satellite sensors

measure the radiance upwelling from the actual IFOV in a
The infrared-based products PR-OBS-3, PR-OBS-4 and PRvery short time, thus the rain rate inferred by the estimation
OBS-5 have higher spatial resolution compared to that of mi-techniques has to be referred properly to the exact time of
crowave products. The radar data, in this case, are up-scalegbservation.
by simply averaging the rain rates of the radar cells contained The validation using rain gauges forces us to compare such
in the satellite pixel. Regarding the interpolated rain gaugeinstantaneous measures with time-integrated measures, over
data, the resolution of the interpolation grid is nearly the different time intervals (see Table 2). For PR-OBS-1 and PR-
same as that of IR-based satellite products. Thus, the sate@BS-2, each overpass is compared with the rain gauge map
lite pixels and the interpolated rain gauge field grid pointscumulated over the time interval that contains the satellite
are matched following a nearest-neighbour approach. In botloverpass time. PR-OBS-3 and PR-OBS-4, based on geosta-
cases, errors due to the displacement between satellite aritbnary IR data, provide more instantaneous estimates each
ground data are neglected. Figure 10 shows an example dfour (four data files for PR-OBS-3 and two for PR-OBS-4):
an IR-based product image (PR-OBS-4 detecting a rainfalin this case, an hourly cumulated value is estimated by aver-
nucleus over Belgium), together with the corresponding up-aging the measurements within the validation hour, and it is

scaled ground data. compared with the corresponding rain gauge value. Since the
nominal acquisition time of the SEVIRI sensor is at 12, 27,
5.3 Temporal matching 42 and 57 min of each hour, a weighted average of the five

slots is performed to compute hourly cumulated PR-OBS-
Once the ground reference rain maps are obtained an8 rain amounts. PR-OBS-5 provides cumulated precipitation
remapped onto the proper satellite grid, temporal matchingand is matched with the rain gauge values over the cumula-
is needed in order to compute the statistical indicators. tion intervals which correspond in time.
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01 (mam/h) 11 June 2000 15:34 UTC For radar validation an image every 5min (sometimes 10
or 15min) is normally available. Thus, every satellite in-
stantaneous product is compared with the closest-in-time up-
scaled radar image, while the cumulated PR-OBS-5 product
is validated using cumulated radar products (in some cases
gauge-adjusted) having the same cumulation time, and refer-
ring to the same time span.

6 Statistical scores and case studies

Once the ground data are up-scaled onto satellite grids and
the temporal matching is applied, the validation is performed
on satellite ground data pairs. The statistical scores are eval-
uated on a monthly basis for “land”, “sea” and “coast” pixels
in each country of the PPVG.

Precipitation below 0.25 mm for rain intensity prod-
ucts and 1 mm for cumulated rainfall products is classified
as no-rain. For the measurements above this threshold, pre-
cipitation classes are introduced. Three precipitation classes
(Table 5) are defined for instantaneous rain rate products, five
precipitation classes for cumulated products (Table 6).

The following statistical scores are calculated (Nurmi,
2003):

— continuous statisticsmean error (ME), standard de-
viation (SD), mean absolute error (MAE), multiplica-
tive bias (MB), correlation coefficient (CC), root mean
square error (RMSE), relative (percent) root mean
square error (PR-RMSE);

— multi-category statisticscontingency table, probabil-
ity of detection (POD), false alarm ratio (FAR), critical
success index (CSI).

ungarian radar on original resolution (mm/h) 15:30 UTC

Moreover, rain rate probability distribution functions are
computed on a monthly basis to evaluate the capability of
the satellite products to describe the range of precipitation
rates.

Each institute calculates statistics over its country area fol-
lowing the common validation procedure. Overall statistics
for the entire H-SAF area are calculated by the DPC, as co-
ordinating institute, using the up-scaled ground data and sta-
tistical scores provided by the participating members. Some
examples of the validation results are reported in Sect. 7.

Each institute, in addition to the common validation
methodology, developed a more specific validation method-
Fig. 9. Precipitation rate map of PR-OBS-1 (top), precipitation rate ology based on the local knowledge and experience. This ac-
map from the Hungarian radar network up-scaled at the PR-OBS-}jyity is focused on case study analysis. Each institute decides
gri_d resolution (centre), Hungarian radar map at its original reso-\yhether to use ancillary data such as lightning data, SEVIRI
lution (bottom) of 11 June 2009 at 15:30 UTC. We can see that the]mages, the output of numerical weather prediction and now-

radar rain intensities up-scaled onto satellite grids are smoothed and_ >
casting products.

the convective cells are aggregated. The PR-OBS-1 detects the con- Th in st for th tudi .
vective spots well, even though an intensity overestimation and false € main steps for the case studies are:
alarms are observed in the southeastern part. Note that the grey area _ description of the meteorological event,

is a no-data area not covered by the satellite path.

— comparison between ground data and satellite
products,
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Table 7.Continuous indicators for PR-OBS-1: NS (number of considered satellite product samples); NR (number of reference field samples);
ME (mean error); SD (standard deviation of ME); MAE (mean absolute error); RMSE (root mean square error); MB (multiplicative bias).

PR-OBS-1 RADAR RAIN GAUGE

Summer  Autumn Winter  Spring  Summer YEAR  Summer  Autumn Winter  Spring  Summer YEAR

2011 2011 2011-2012 2012 2012 2011-2012 2011 2011 2011-12 2012 2012 2011-2012

NS 74922 42927 53822 38511 24205 234387 38664 81411 60412 59820 12929 253236
NR 24331 12278 15913 15020 8556 76098 21734 66190 74009 51340 7054 220327
ME [mmh~1] 0.25 0.14 0.19 0.71 0.57 0.35 -0.36 —0.38 —-0.34 -0.03 -0.14 —0.28
SD [mmh1] 2.54 1.24 0.91 1.89 2.97 191 3.60 2.89 1.15 1.86 2.68 213
MAE [mmh~1] 1.31 0.93 0.82 1.39 1.50 1.18 1.68 151 0.82 1.15 1.40 1.21
RMSE [mm 1] 2.77 1.38 1.05 2.15 3.02 2.09 3.63 2.92 1.21 1.88 2.69 2.16
MB 1.26 1.24 1.39 1.79 1.50 1.42 0.79 0.76 0.65 0.98 0.91 0.78

Table 8.Continuous indicators for PR-OBS-2: NS (number of considered satellite product samples); NR (number of reference field samples);
ME (mean error); SD (standard deviation of ME); MAE (mean absolute error); RMSE (root mean square error); MB (multiplicative bias).

PR-OBS-2 RADAR RAIN GAUGE
Summer  Autumn Winter  Spring  Summer YEAR  Summer  Autumn Winter  Spring  Summer YEAR
2011 2011 2011-2012 2012 2012  2011-2012 2011 2011 2011-2012 2012 2012 2011-2012
NS 59726 47990 21778 46849 38472 214815 18844 57596 32220 59736 13276 181672
NR 37779 24737 35964 33548 21673 153701 19727 72124 146918 88593 11315 338677
ME [mmh~1] -026  —0.36 -049 -024 021 -032  -095 -108 -078 -083 114 -0.88
SD [mmhr Y] 1.48 1.03 072 086 1.74 113 2.43 1.90 089  1.34 2.34 1.36
MAE [mmh~1] 0.83 0.69 0.66  0.60 0.82 0.72 1.37 1.33 0.86  0.96 1.45 1.04
RMSE [mmhr]] 1.53 1.09 090 092 1.65 1.20 2.62 2.20 119 160 2.62 1.64
MB 0.86 0.64 031  0.69 0.89 0.66 0.41 0.30 017 022 0.33 0.23
— analysis of ancillary data, product or reference field) is 0.25mmh?, to avoid the
] . ] contribution of the dominant amount of zero—zero samples.
— discussion of the satellite product performances, The validation results of the PR-OBS-1 product show

a yearly RMSE~2.1mmh?! and MAE=1.2mmh? ob-
tained in comparison with both radar and rain gauge data (Ta-
— preparation of the ground data for satellite product de-Pl€ 7). There is an overall tendency to overestimate the radar
velopers. (ME=0.35mmh?) and to underestimate the rain gauge
rates (ME=-0.28 mm It1) at the European scale.

The case study analysis highlights the behaviour of the Similar results are obtained for PR-OBS-2, based on
satellite products in specific situations (convective or strati-AMSU-A and MHS data (Table 8). Yearly statistical
form precipitation, snow over land, coastal effects, etc.), pro-scores show a better agreement with reference rain rates:
viding useful support to the developers for further improve- RMSE= 1.2 mm ! (using radar as a ground reference) and
ments to the algorithms. 1.6mmh? (using rain gauges as a ground reference), and

Examples of continuous and multi-categorical statistical MAE = 0.7 mmh! (radar) and 1 mmtt (rain gauges). In
scores evaluated for one year of data are reported in the folthis case, an underestimation with respect to both radar and
lowing section. rain gauge precipitation fields is observed (MB). MW-

based products reached the best performances during the
o winter period, meaning that the cold atmosphere and the
7 Validation results frozen surfaces did not affect the product performance sig-
nificantly, and the filters introduced in the algorithms to dis-

The analysis presented hereafter was performed on one Ye@liminate snow-covered surfaces are working properly. A

of data (July 2011—June 2012), aggregated at the Seasonlalrther reason could be the higher rain rates and larger vari-

2r|]qd ggnsu_gl Sﬁﬁée’szgiéﬁglrs;s ?2 Z?o(r?BsSdlorF\)eRaosiilltza ag' ility of rain patterns found during summer: this makes
JuIy—Auguét (summer 2011) gSgeptgen:ber-IOctober_Novem\tl)veghe error indicators grow more rapidly than in cold seasons,
(autumn 2011), December-January-February (winter 2011_yvhen lighter rain rates and less variability of precipitation

2012), March-April-May (spring 2012) and June (summer Intensity oceur.

. s S The overall seasonal tendency is confirmed by the coun-
2012). The continuous statistical |nd|catqrs are compu'_ced[ries, statistical evaluation. Figure 13 shows that the worse
only over the IFOV where at least one rain value (satellite

— indications to product developers,
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PR-OBS-1: RMSE
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Fig. 10. Satellite (PR-OBS-4 on the left) and radar (on the right) |
images observed at 01:00 UTC on 26 May 2009. The radar image Belgiu: Hungary: l:iz:gnuge raoi:;:;ge Stovatia: rt;;rr‘kgeay;ge

on the right is the result of the up-scaling of the Wideumont, Bel-

gium, radar data onto the PR-OBS-4 grid. It is possible to observerig, 11. The seasonal RMSE of PR-OBS-1 evaluated by the PPVG.

here that the PR-OBS-4 product was able to detect the main preThe product reaches the best performances during the winter period
cipitation zone. However, the area with the high precipitation ratesin all the countries.

appears to be shifted to the northeast, surrounded by a more ex-

tended precipitation zone than in the radar case. The small and big

circles indicate the area respectively with a radius of 160 km andprecipitation estimations. As for the MW products, the better

240 km. performances are obtained for cold months and the analysis
of the ME and the MB confirms the general rain intensity un-

. . . derestimation already highlighted for PR-OBS-1 (when re-
results, in term of RMSE, are obtained in summer over allgo o 1 rain gauges) and generally for PR-OBS-2. Rain rate
th_e pountrles using both radar anq rain gauge as re.fer.ence‘;ame distribution within the contingency tables for PR-OBS-
Similar behaviour is observed for different statistical indices: 3 (see tables 14 and 15) demonstrates the ability of the prod-
ME, MAE, SD and MB, for both PR-OBS-1 and PR-OBS-2. 1 giscriminate rain/no-rain conditions comparable to that

Multi-categorical statistics were also performed on the ot e My products, and the underestimation problem is still
same validation period, both with radar and rain gauge dataevident

Contingency tables are obtained by dividing precipitation The overall tendency is that MW-based products show

events into four classes, as reported in Table 5. The tablefe e scores than IR/MW-based products: it means that the
classify in each column the events detected by the radar/rai; . information is not always correctly maintained by the

gauges falling into each class, while each row reports thg, e qeq algorithm, especially during time periods not cov-

rain rate classification of the satellite product. The percent-g o by MW sensor overpasses.

ages shown in a given cqlumn are computed with respect to In comparing these results, one has also to remember that
the total number of satellite samples and represent how thg" comparisons are performed with respect to the native

satellite product classifies the events assigned to that class Ry jite grids, and the IFOV size is very different between
the radar/rain gauges. The ideal condition should be 100 %\/IW—based pr,oducts and the combined IR/MW one. Thus
of events in th_e m_aln_d|a_gor!al of the te_lble. ground data are treated in very different ways (Gaussian up-
Rain intensity distribution in the contingency table demon- scaling for PR-OBS-1 and PR-OBS-2, simple up-scaling or
strates that both algorithms are able to discriminate rain fro”hearest-neighbour for PR-OBS-3). Fir;ally note that contin-

no-rain events. More than 90 % (91-94 %) of no-rain events, , ¢ statistical scores evaluated for PR-OBS-3 using rain
are correctly identified by PR-OBS-1 (tables 9 and 10) andgauge data as a reference are better than MW-based prod-

97 % by PR-OBS-2 (tables 11 and 12). However, the percenty, s This could be an effect of the hourly precipitation inte-

ages are als_o \(ery_high in the other cells of the fi.rst row in a"gration adopted to validate PR-OBS-3 with rain gauge data
the tables, indicating that a large number of rain pixels aredifferently from MW-based products.

missed by the satellite products. Both satellite products tend

to underestimate rain rate classes, especially when compared

with rain gauges. PR-OBS-2 seems to resolve low intensityg  Conclusions and future plans

classes better, with higher percentages in the first two cells

of the main diagonal, while PR-OBS-1 is more effective in This paper documents the efforts of a group of precipita-

classifying higher rain rate classes. tion experts belonging to eight European countries to work
The main statistical scores were also evaluated for theogether in setting up an unprecedented continental-scale

combined IR/MW product PR-OBS-3. In Table 13, seasonalvalidation exercise, aiming to assess the error structure of

and annual values of the considered continuous indicators aréhe instantaneous and cumulated satellite precipitation prod-

reported for PR-OBS-3, compared with radar and rain gaugeucts generated by H-SAF. The PPVG relies on about 4100
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Table 9. Contingency table for the multi-categorical statistics for Table 11.Contingency table for the multi-categorical statistics for
PR-OBS-1 as compared with radar-derived rain fields. PR-OBS-2 as compared with radar-derived rain fields.

PR-OBS-1 Radarl Radar2 Radar3 Radar4 Radartot PR-OBS-2 Radarl Radar2 Radar3 Radar4 Radar tot

Sat1 91% 38% 19% 8% 1986592 Sat 1 97 % 53% 26% 4% 4030864
Sat 2 6% 23% 14% 10% 162227 Sat 2 3% 37% 32% 11% 180121
Sat3 3% 39% 64% 55% 93180 Sat 3 0% 10% 41% 4% 34374
Sat4 0% 0% 3% 26% 1006 Sat 4 0% 0% 1% 11% 320
Sat tot 2160958 58226 23449 372 2243005 Sat tot 4091985 114398 38959 337 4245679

Table 10. Contingency table for the multi-categorical statistics for Table 12.Contingency table for the multi-categorical statistics for

PR-OBS-1 as compared with rain gauge-derived rain fields. PR-OBS-2 as compared with rain gauge-derived rain fields.
PR-OBS-1 RG1 RG2 RG3 RG4 RG tot PR-OBS-2 RG1 RG2 RG3 RG4 RG tot
Satl 94 % 64 % 38% 20% 2859481 Satl 97 % 80 % 53% 27% 3486006
Sat 2 3% 12% 11% 12% 148073 Sat 2 3% 16 % 30% 24% 154010
Sat 3 2% 23% 49% 52% 138213 Sat 3 0% 4% 17% 45% 43297
Sat4 1% 1% 2% 16% 27484 Sat4 0% 0% 0% 4% 508
Sat tot 2904004 137550 80071 1496 3123121 Sat tot 3345144 220663 116530 1484 3683821

rain gauges and 59 meteorological radars to derive reference The second objective, introduced during CDOP-1, the op-
ground data for the validation, and carries out all the steps okrational phase of the project (started in 2010), is to imple-
an agreed upon validation procedure, from the ground datanent a validation service working on the statistics of the pre-
pre-processing to the final computation of the error indica-vious month. The efforts undertaken for this goal will result
tors. in the delivery of an improved validation common code that,
Since 2007 monthly statistical scores (continuous andoy ingesting the raw ground reference data, performs all the
multi-categorical) have been regularly evaluated for all thesteps of the validation procedure, including the ground data
satellite precipitation products over land, sea, and coastal arquality index evaluation, leading to the calculation of statis-
eas following a common validation methodology applied to tical indicators. The improved common code will also in-
the space and time resolution of the satellite products. Eaclklude the interpolation tool (for rain gauge data) presented
year more than 450 000 satellite—ground data pairs for PRin Sect. 4.2, and the quality map of the ground data (for both
OBS-1 and PR-OBS-2, and nearly 100 000 000 data pairs foradar and rain gauges), to be used to bring across the valida-
PR-OBS-3, are processed for product evaluation, and arounton results better.
twenty/thirty case studies representing the main meteorolog- It is foreseen that during CDOP-2, with the generation
ical events which have crossed the European area are analf satellite products for the MSG full disk and collabora-
ysed using different ground data, satellite products, lightningtion with international groups and programmes such as the
detection and numerical models. International Precipitation Working Group (IPWG) and the
Moreover, a ground data service within the project was setGlobal Precipitation Measurement (GPM) mission, PPVG
up by the PPVG: radar and rain gauge data, up-scaled ontactivity will be extended to available sites in Africa with
satellite native grids, are available to developers for speciakxperts from non-European countries (in particular, from
testing and possible calibration of new product versions.  Africa and the Americas). By the same token, during CDOP-
Since the beginning of the project, the first objective of 2 the H-SAF validation infrastructure will be used for vali-
the PPVG has been to perform the validation activities indation and quality assessment of precipitation products de-
order to highlight the main characteristics (weaknesses angeloped by or shared with other SAFs, such as Climate Mon-
strengths) of the satellite products, and to give useful feeditoring (CM-SAF). The PPVG also plans to use data from
back to the precipitation product developers. The intense colsatellite-borne radars (from the TRMM precipitation radar
laboration between the PPVG and the developers has led tover the African area and then from the dual-frequency pre-
a parallel improvement in the validation methodology and cipitation radar onboard the GPM core satellite over both the
satellite precipitation product performance. Examples of val-H-SAF and African areas) as a reference for the validation
idation results are presented in this paper, highlighting theactivity.
general characteristics of the products in terms of seasonal An intercomparison study of H-SAF MW and combined
behaviour and the product capability in classifying precipita- MW/IR precipitation products with TRMM products and
tion rates correctly. ground measurement was recently started, with the objective
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Table 13.Continuous indicators for PR-OBS-3: NS (number of considered satellite product samples); NR (number of reference field sam-
ples); ME (mean error); SD (standard deviation of ME); MAE (mean absolute error); RMSE (root mean square error); MB (multiplicative
bias).

PR-OBS-3 RADAR RAIN GAUGE

Summer Autumn Winter Spring Summer YEAR Summer  Autumn Winter Spring  Summer YEAR

2011 2011 2011-2012 2012 2012  2011-2012 2011 2011 2011-2012 2012 2012 2011-2012

NS 30303500 22548587 20824788 25878046 19354152 118909073 1285939 6164828 15010658 12538885 1365499 36365809
NR 13802977 11056996 14461961 16702526 7508889 63533142 1998766 8131615 26116190 9617232 1191322 47055125
ME [mmh~1] -0.57 -0.71 -0.74 —0.56 —0.37 —0.61 -1.27 -0.73 —0.50 -0.81 —1.26 —0.66
SD [mmh1] 5.40 2.42 1.54 2.30 3.10 2.89 291 1.71 0.94 2.28 2.73 1.47
MAE [mmh—1] 1.64 1.40 0.94 1.32 1.60 1.35 1.48 113 0.77 1.28 1.49 0.98
RMSE [mmH1] 5.48 2.55 1.74 2.42 3.15 3.02 3.22 1.87 1.07 2.44 3.02 1.63
MB 0.70 0.54 0.28 0.59 0.81 0.56 0.13 0.39 0.40 0.45 0.13 0.39

Table 14.Contingency table for the multi-categorical statistics for Table 15.Contingency table for the multi-categorical statistics for
PR-OBS-3 as compared with radar-derived rain fields. PR-OBS-3 as compared with rain gauge-derived rain fields.

PR-OBS-3 Radar 1 Radar 2 Radar3 Radar 4 Radar tot PR-OBS-3 RG1 RG2 RG3 RG4 RG tot
Satl 95% 63 % 52% 37% 1661231077 Satl 87% 79% 61% 48% 199531152
Sat 2 3% 19% 20% 17% 71674821 Sat 2 8% 12% 18% 14% 21091652
Sat 3 2% 18% 27% 42% 50926 064 Sat 3 5% 9% 21% 34% 15639632
Sat4 0% 0% 1% 4% 650836 Sat4 0% 0% 0% 4% 81879

Sat tot 1719465568 41264961 23141297 610972 1784482798 Sat tot 189093728 32973012 14072305 205270 236344315

of identifying a validation strategy for H-SAF precipitation

products on the MSG full disk. microwave measurements, Part 2: Overcoming database profile

selection ambiguity by consideration of meteorological control

on microphysics, |IEEE Trans. Geosci. Remote Sens., 51, 4650—
Acknowledgementsie are grateful to all the referees of the 4671, 2013.
H-SAF reviews for their fruitful comments and suggestions Chandrasekar, V., Hou, A., Smith, E., Bringi, V. N., Rutledge, S. A.,
that have allowed us to define an European common validation Gorgucci, E., and Petersen, W. A.: Use of dual polarization radars
methodology inside the project. We wish to thank EUMETSAT for validation of spaceborne precipitation measurements: ratio-
and all the involved national agencies, which supported the project hale and opportunities, Bull. Amer. Meteorol. Soc., 89, 1127—
and the validation activities. The suggestions and the criticisms of 1145, 2008.

an anonymous reviewer contributed to improving the quality of the Dinku, T., Ceccato, P., Grover-Kopec, E., Lemma, M., Connor, S.
paper. J., and Ropelewski C. F.: Validation of satellite rainfall prod-

ucts over East Africa’s complex topography, Internat. J. Remote
Sens., 28, 1503-1526, 2007.

Doviak, R. J. and Zridi, D. S.: Doppler Radar and Weather Observa-
tions. Academic Press, Cambridge University Press, Cambridge,
562 pp., 1993.

Duchon, C. E. and Biddle, C. J.: Undercatch of tipping-bucket
gauges in high rain rate events, Adv. Geosci., 25, 11-15, 2010,

Barnes, S. L.: A technique for maximizing details in numerical  http://www.adv-geosci.net/25/11/2010/
weather map analysis, J. Appl. Meteor., 3, 396-409, 1964. Duchon, C. E. and Essenberg, G. R.: Comparative rainfall observa-

Bech, J., Codina, B., Lorente, J., and Bebbington, D.: The sensitiv- tions from pit and aboveground gauges with and without wind
ity of single polarization weather radar beam blockage correc- shields, Water Resour. Res., 37, 3253-3263, 2001.
tion to variability in the vertical refractivity gradient, J. Atmos. Ebert, E. E.: Methods for verifying satellite precipitation estimates,

Edited by: G. Boni
Reviewed by: two anonymous referees

References

Oceanic Technol., 20, 845-855, 2003.
Bennartz, R.: Optimal convolution of AMSU-B to AMSU-A, J. At-
mos. Oceanic Tech., 17, 1215-1225, 2000.

Capacci, D. and Porcu, F.: Evaluation of a satellite multispectral

in: In: Measuring Precipitation from Space: EURAINSAT and
the Future, edited by: Levizzani, V., Bauer, P., and Turk, F.
J., Adv. Glob. Change Res., 28, Springer, Dordrecht, 345—-356,
2007.

VIS-IR daytime statistical rain-rate classifier and comparison Friedrich, K., Hagen, M., and Einfalt, T.: A quality control concept

with passive microwave rainfall estimates, J. Appl. Meteor. Cli-

matol., 48, 284-300, 2009.

for radar reflectivity, polarimetric parameters, and Doppler ve-
locity, J. Atmos. Oceanic Technol., 23, 865-887, 2006.

Casella, D., Panegrossi, G., Sano, P., Dietrich, S., Mugnai, A.Habib, E. and Krajewski, W. F.: Uncertainty analysis of the

Smith, E. A., Tripoli, G. J., Formenton, M., Di Paola, F., Le-
ung, H. W.-Y., and Mehta, A. V.: Transitioning from CRD to

CDRD in Bayesian retrieval of rainfall from satellite passive

www.nat-hazards-earth-syst-sci.net/14/871/2014/

TRMM ground-validation radar-rainfall products: application to
the TEFLUN-B field campaign, J. Appl. Meteor. 41, 558-572,
2002.

Nat. Hazards Earth Syst. Sci., 14, 8349; 2014


http://www.adv-geosci.net/25/11/2010/

888 S. Puca et al.: The validation service of the hydrological SAF geostationary products

Habib, E., Larson, B. F., and Graschel, J.: Validation of NEXRAD  with raingauge operational network, Atmos. Res., in press,
multisensor precipitation estimates using an experimental dense doi:10.1016/j.atmosres.2013.12.0@D14.
rain gauge network in south Louisiana, J. Hydrol. 373, 463-478,Rinollo, A., Vulpiani, G., Puca, S., Pagliara, P., fiék, J., Labo,
20009. E., Okon, L., Roulin, E., Baguis, P., Cattani, E., Laviola, S.,

Joyce, R. J., Janowiak, J. E., Arkin, P. A., and Xie, P.. CMORPH: A and Levizzani, V.: Definition and impact of a quality index for
method that produces global precipitation estimates from passive radar-based reference measurements in the H-SAF precipitation
microwave and infrared data at high spatial and temporal resolu- product validation, Nat. Hazards Earth Syst. Sci., 13, 26952705,
tion, J. Hydrometeor., 5, 487-503, 2004. doi:10.5194/nhess-13-2695-2012013.

Kitchen, M. and Blackall, R. M.: Representativeness errors in com-Sano, P., Casella, D., Mugnai, A., Schiavon, G., Smith, E.A., and
parisons between radar and gauge measurements of rainfall, J. Tripoli, G. J.: Transitioning from CRD to CDRD in Bayesian
Hydrol., 134, 13—-33, 1992. retrieval of rainfall from satellite passive microwave measure-

Krige, D. G.: A statistical approach to some basic mine valuation ments, Part 1: Algorithm description and testing, IEEE Trans.
problems on the Witwatersrand, J. Chem., Metal. Mining Soc. Geosci. Remote Sens., 51, 4119-4143, 2013.

South Africa, 52, 119-139, 1951. Schwaller, M. R. and Morris, K. R.: A ground validation network

Kunkee, D. B., Poe, G. A., Boucher, D. J., Swadley, S. D., Hong, Y., for the Global Precipitation Measurement mission, J. Atmos.
Wessel, J. E., and Uliana, E. A.: Design and evaluation of the first Oceanic Technol., 28, 301-319, 2011.

Special Sensor Microwave Imager/Sounder, IEEE Trans. GeosciSmith, E. A., Leung, H. W.-Y., Elsner, J. B., Mehta, A. V., Tripoli,
Remote Sens., 46, 863—-883, 2008. G. J., Casella, D., Dietrich, S., Mugnai, A., Panegrossi, G.,

Kursinski, A. L. and Mullen, S. L.: Spatiotemporal variability of and Sano, P.: Transitioning from CRD to CDRD in Bayesian
hourly precipitation over the Eastern Contiguous United States retrieval of rainfall from satellite passive microwave measure-
from Stage IV multisensor analyses, J. Hydrometeor., 9, 3-21, ments, Part 3: Identification of optimal meteorological tags, Nat.
2008. Hazards Earth Syst. Sci., 13, 1185-1208, imb194/nhess-13-

Labg, E.: Validation studies of precipitation estimates from different  1185-20132013.
satellite sensors over Hungary — Analysis of new satellite-derivedSohn, B. J., Han, H.-J., and Seo, E.-K.: Validation of satellite-based
rain rate products for hydrological purposes, J. Hydrol., 468/469, high-resolution rainfall products over the Korean peninsula using
173-187, 2012. data from a dense rain gauge network, J. Appl. Meteor. Climatol.,

Le Bouar, E., Testud, J., and Keenan, T. D.: Validation of the 49, 701-714, 2010.
rain profiling algorithm 460 ZPHI from the C-band polarimet- Sugiura, K., Yang, D., and Ohata, T.: Systematic error aspects
ric weather radar in Darwin. J. Atmos. Oceanic 461 Technol., of gauge-measured solid precipitation in the Arctic, Barrow,
18, 1819-1837, 2001. Alaska, Geophys. Res. Lett., 30, 1-5, 2003.

Leitinger, G., Obojes, N., and Tappeiner, U.: Accuracy of winter Surussavadee, C. and Staelin, D. H.: Global millimeter-wave pre-
precipitation measurements in alpine areas: Snow pillow versus cipitation retrievals trained with a cloud-resolving numerical
heated tipping bucket rain gauge versus accumulative rain gauge. weather prediction model, Part I: Retrieval design, IEEE Trans.
EGU General Assembly 2010, held 2-7 May, 2010 in Vienna, Geosci. Remote Sens., 46, 99-108, 2008a.

Austria, p. 5076, 2010. Surussavadee, C. and Staelin, D. H.: Global millimeter-wave pre-

Mugnai, A., Smith, E. A., Tripoli, G. J., Bizzarri, B., Casella, cipitation retrievals trained with a cloud-resolving numerical
D., Dietrich, S., Di Paola, F., Panegrossi, G., and Sano, P.. weather prediction model, Part II: Performance evaluation, IEEE
CDRD and PNPR satellite passive microwave precipitation re- Trans. Geosci. Remote Sens., 46, 109-118, 2008b.
trieval algorithms: EuroTRMM / EURAINSAT origins and H- Tabary, P.: The new French operational radar rainfall product. Part
SAF operations, Nat. Hazards Earth Syst. Sci., 13, 887-912, [: Methodology, Wea. Forecasting, 22, 393-408, 2007.
doi:10.5194/nhess-13-887-2012013a. Tokay, A., Wolff, D. B., Wolff, K. R., and Bashor, P.: Rain gauge and

Mugnai, A., Casella, D., Cattani, E., Dietrich, S., Laviola, S., Lev-  disdrometer measurements during the Keys Area Microphysics
izzani, V., Panegrossi, G., Petracca, M., Sano, P., Di Paola, Project (KAMP), J. Atmos. Oceanic Technol., 20, 1460-1477,
F., Biron, D., De Leonibus, L., Melfi, D., Rosci, P., Vocino, 2003.

A., Zauli, F., Pagliara, P., Puca, S., Rinollo, A., Milani, L., Torricella, F., Levizzani, V., and Turk, F. J.: Application of a blended
Porcu, F., and Gattari, F.: Precipitation products from the hy- MW-IR rainfall algorithm to the Mediterranean, in: Measuring
drology SAF, Nat. Hazards Earth Syst. Sci., 13, 1959-1981, Precipitation from Space: EURAINSAT and the Future, edited

doi:10.5194/nhess-13-1959-2012013b. by: Levizzani, V., Bauer, P., and Turk, F. J., Advances in Global
Nurmi, P.. Recommendations on the verification of local weather Change Research, 28, Springer, Dordrecht, The Netherlands,
forecasts, 11 ECMWF Tech. Memo. N. 430, 19 pp., 2003. 497-508, 2007.

Pignone, F., Rebora, N., Silvestro, F., and Castelli, F.: GRISOTurk, F. J. and Miller, S. D.: Toward improving estimates of
(Generatore Random di Interpolazioni Spaziali da Osservazioni remotely-sensed precipitation with MODIS/AMSR-E blended
incerte)-Piogge. Relazione delle attivita del | anno inerente la  data techniques, IEEE Trans. Geosci. Remote Sens., 43, 1059—
Convenzione 778/2009 tra Dipartimento di Protezione Civile e 1069, 2005.

Fondazione CIMA (Centro Internazionale in Monitoraggio Am- Turk, F. J., Rohaly, G., Hawkins, J., Smith, E. A., Marzano, F. S.,
bientale), report no. 272/2010, p. 353, 2010. Mugnai, A., and Levizzani, V.: Meteorological applications of

Porcu, F., Milani, L., and Petracca, M.: On the uncertain- precipitation estimation from combined SSM/l, TRMM and geo-
ties in validating satellite instantaneous rainfall estimates stationary satellite data, in: Microwave Radiometry and Remote

Sensing of the Earth’s Surface and Atmosphere, edited by: Pam-

Nat. Hazards Earth Syst. Sci., 14, 871889 2014 www.nat-hazards-earth-syst-sci.net/14/871/2014/


http://dx.doi.org/10.5194/nhess-13-887-2013
http://dx.doi.org/10.5194/nhess-13-1959-2013
http://dx.doi.org/10.1016/j.atmosres.2013.12.007
http://dx.doi.org/10.5194/nhess-13-2695-2013
http://dx.doi.org/10.5194/nhess-13-1185-2013
http://dx.doi.org/10.5194/nhess-13-1185-2013

S. Puca et al.: The validation service of the hydrological SAF geostationary products 889

paloni, P. and Paloscia, S., VSP Int. Sci. Publisher, Utrecht, 353-Vulpiani, G., Montopoli, M., Delli Passeri, L., Gioia, A., Giordano,

363, 2000. P., and Marzano, F. S.: On the use of dual-polarized C-band radar
Turk, F. J., Sohn, B.-J., Oh, H.-J., Ebert, E. E., Levizzani, V., and for operational rainfall retrieval in mountainous areas, J. Appl.

Smith, E. A.: Validating a rapid-update satellite precipitation = Meteor and Climatol., 51, 405-425, 2012.

analysis across telescoping space and time scales, Meteor. AWilson, J. W. and Brandes, E. A.: Radar measurement of rainfall —

mos. Phys., 105, 99-108, 2009. A summary. Bull. Amer. Meteor. Soc., 60, 1048-1058, 1979.
Vulpiani, G., Tabary, P., Chatelet, J. P. D., and Marzano, F. S.: ComWolff, D. B., Marks, D. A., Amitai, E., Silberstein, D. S., Fisher,

parison of advanced radar polarimetric techniques for operational B. L., Tokay, A., Wang, J., and Pippitt, J. L.: Ground validation

attenuation correction at C band, J. Atmos. Oceanic Technol., 25, for the Tropical Rainfall Measuring Mission (TRMM), J. Atmos.

1118-1135, 2008. Oceanic Technol., 22, 365—-380, 2005.

Zawadzki, I. I.: On radar-raingauge comparison, J. Appl. Meteor.,
14, 1430-1436, 1975.

www.nat-hazards-earth-syst-sci.net/14/871/2014/ Nat. Hazards Earth Syst. Sci., 14, 8349 2014



