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Abstract

Global daily precipitation analyses are mainly based ogll#at estimates, often calibrated with monthly
ground analyses or merged with model predictions. We arguethat an essential improvement of their ac-
curacy is only possible by incorporation of daily ground sw@aments. In this work we apply geostatistical
methods to compile a global precipitation product basedaily dain gauge measurements. The raw ground
measurements, disseminated @iwbal Telecommunication Systé@®TS), are corrected for their systematic
measurement errors and interpolated onto a global 1 degieeFgr interpolation ordinary block kriging

is applied, with precalculated spatial auto-correlationctions (ACFs). This technique allows to incorpo-
rate additional climate information. First, monthly ACHe @alculated from the daily data; second, they are
regionalised according to the five main climatic zones olbppen-Geiger climate classification. The inter-
polation error, a by-product of kriging, is used to flag gra@ms as missing if the error is above a predefined
threshold. But for many applications missing values coutstia problem. Due to a combination of the ground
analyses with the daily multi-satellite product of the GlbBrecipitation Climatology Project (GPCP-1DD)
not only these missing values are replaced but also theasptticture of the satellite estimates is considered.
As merging method bivariate ordinary co-kriging is appli€de ACFs necessary for the gauge and the satel-
lite fields as well as the corresponding spatial cross-tatiom functions (CCFs) are again precalculated for
each of the five main climatic zones and for each individuahthoAs a result two new global daily data sets
for the period 1996 up to today will be available on the Ingrfwww.gmes-geoland.info): A precipitation
product over land, analysed from ground measurements; gtabal precipitation product merged from this
and the GPCP-1DD multi-satellite product.

Zusammenfassung

Globale tagliche Niederschlagsanalysen basieren halnittd auf Satellitenmessungen, oft kalibriert mit
Analysen monatlicher Niederschlagsbeobachtungen vore®Badier kombiniert mit Modellvorhersagen.
Eine wesentliche Verbesserung ihrer Genauigkeit ist nuglicl, wenn tagliche Bodenmessungen mitein-
bezogen werden. In dieser Arbeit wenden wir verschiederisssche Methoden an um ein globales Nieder-
schlagsprodukt auf Basis von Ombrometermessungen zllemstéuerst werden die viglobal Telecommu-
nication SystenfGTS) empfangenen Niederschlagsbeobachtungen hinslcitites systematischen Mess-
fehlers korrigiert und auf ein globales 1 Grad Gitter intdigrt. Zur Interpolation wird Ordinary Block
Kriging mit vorberechneten rdumlichen Autokorrelatiansftionen (AKFen) verwendet. Diese Technik er-
moglicht es, zusatzliche Klimainformation in die Analysezeibringen. Zum einen werden monatliche
AKFen aus den taglichen Daten berechnet; zum anderen weidemach den finf Hauptklimazonen der
Kdppen-Geiger Klimaklassifikation regionalisiert. Detdrpolationsfehler, ein Nebenprodukt des Krigings,
wird verwendet um Gitterpunkte mit Fehlern tber einem deftein Grenzwert mit Fehlwerten zu belegen.
Fur viele Anwendungen stellen Fehlwerte jedoch ein Probdiam Durch Kombination der Bodenanaly-
sen mit dem taglichen Multi-Satelliten Produkt des Globadipitation Climatology Project (GPCP-1DD)
werden nicht nur diese Fehlwerte abgedeckt, sondern esawuitl die rdumliche Struktur der Satelliten-
niederschlage bertcksichtigt. Als Kombinationsmethodle Wwivariates Co-Kriging verwendet. Die dafir
bendtigten AKFen der Bodenanalyse- und Satellitenfeldeiesderen raumliche Kreuzkorrelationsfunktio-
nen (KKFen) werden wieder flr jeden individuellen Monat diaddie funf Hauptklimazonen vorberechnet.
Als Ergebnis werden zwei neue, globale, tagliche Daterdétzdie Periode von 1996 bis zur Gegenwart im
Internet (www.gmes-geoland.info) verflgbar sein: Eind¢ieschlagsprodukt tiber Land analysiert aus Bo-
denmessungen und ein globales Niederschlagsprodukt kéertéaus ersterem und dem GPCP-1DD Multi-
Satelliten Produkt.

1 Introduction tural sciences (e.g. DWIT et al., 2005), hydrology

. - L : .g. MARGULIS et al., 2006) and meteorology (e.g.
High accuracy global daily precipitation estimates arg 9 :
needed as input for various applications in agricu_OTTSCHALCK et al., 2005). Despite the efforts under-

taken in the last decade, a (near) real-time global daily
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still missing today. One can expect, that compared to egional coverage and with temporal resolutions of up to
isting satellite estimates such a precipitation product wadlhours ($IEFFIELD et al., 2006), which have been de-
have an improved accuracy at least over the land aresigned for studies on the terrestrial hydrological cycle
Therefore, within the Core Service bio-geophysical Peather than for real-time applications.
rameters (CSP) of the European Commission’s FP6 In- Today modern computer and network techniques,
tegrated Project GEOLANDan initiative was launched automatic precipitation gauges as well as new satel-
to develop a global daily precipitation product basddes accelerate the progress of improving global pre-
on bias-corrected rain gauge measurements and existiitation estimates. HFFMAN et al. (2001) presented
multi-satellite estimates of precipitation. the first operational daily precipitation product, the so-
Over the past 100 years, substantial progress dalled Global Precipitation Climatology Project 1 De-
global precipitation estimation was made. Based on tgeee Daily (GPCP-1DD) product, available for the pe-
first world-wide precipitation maps, compiled at the beiod 1996-present. As the GPCP-V2 product, the GPCP-
ginning of the 28 century, it needed about 50 yeardDD is delivered in near real-time and calibrated by
until the German climatologist Mdller published higauge data on a monthly basis. Nevertheless, except for
seasonal precipitation maps for the globe. Further 2&rious satellite estimates for the tropical belt, a real-
years later, as a milestone, another German climattine global daily precipitation product based not only on
ogist, Jaeger, published his global monthly precipitaatellite estimates but also on operational ground mea-
tion maps. Although Jaeger compiled his precipitati‘durements is still missing today. Main reason is that it
maps still by hand, he was the first to provide numeiis difficult to compile a real-time precipitation product
cal gridded precipitation values. For that reason his pteased on rain gauge measurements to have either a pure
cipitation climatology was widely used for a long timeyauge product over the land areas or a ground truth to
(for a more detailed historical overview as well as retalibrate satellite estimates on a daily basis. A daily cal-
erences see BOLF and RUBEL, 2005). Another 10 ibration leads to a significant quality improvement of
years later EGATESand WILLMOTT (1990) evaluated the satellite estimates at least over the continents as it
climatic long-term mean data from world-wide 25 00Will be shown in the second part of this papern@L
rain gauge stations. Using this data set they compiled #ned KOTTEK, in preparation). With the paper presented
first objectively analysed global precipitation climatolhere we want to set a first step contributing to the devel-
ogy based on bias-corrected rain gauge measuremeopsnent of a global daily real-time precipitation product
So far, all global precipitation estimates represent longased on gauges and satellites. Emphasis lies in the op-
term climatic conditions only. With the establishment adrational analysis of the gauge data by incorporating ad-
the Global Precipitation Climatology Project (GPCP) bglitional climate information, the application of a gauge-
the World Climate Research Programme (WCRP) tisatellite merging algorithm and the verification of this
era of time series of global gridded precipitation estirew global daily precipitation product by high resolu-
mates began. In 1993 the GPCP delivered the first digit@n continental scale gauge networks over the European
global monthly precipitation maps using gridded gaudénion, East Asia and Australia (part 1l of this paper,
data for the land surface and multi-sensor satellite estee RIBEL and KOTTEK, in preparation). A verification
mates for the oceans. Today, the GPCP-V2 precipitatiomer North America has been performed in the recently
climatology comprises nearly 30 years (1979-presemblished study from MPHEE and MARGULIS (2005).
of global data fields for individual months by applyindn this study the authors demonstrated a relatively high
a technique to combine various satellite products apdrformance of the GPCP-1DD product over the con-
gauge data (HFFMAN et al., 1995; MLER et al., 2003). tiguous United States, although verification scores have
These monthly precipitation estimates are calculated dyeen calculated only for annual and seasonal aggregated
erationally on a 2.5x 2.5 grid in near real-time (about data.
3 months time delay). Parallel,1X and ARKIN (1997) Section 2 of this paper gives an introduction to the
compiled the CPC (Climate Prediction Center) Mergagtound-based and satellite-based observations used in
Analysis of Precipitation (CMAP) data set also availabkhis study. In section 3 an overview of the statistical
with monthly resolution on a 2°8atitude/longitude grid structure of precipitation is given. It comprises the cal-
for the period 1979-present. Opposite to the GPCP-¥Rlation of point and block correlation coefficients as
product CMAP uses also NCEP/NCAReanalysis and well as the fitting of auto-correlation functions (ACFs)
is therefore not model independent. Similar approachasd cross-correlation functions (CCFs). The latter are
led to recent climatological data sets with global or réategral parts for the interpolation method introduced

, . . . . in section 4. Generally, a lot of more or less differ-
1GMES products & services, integratig® monitoring capacities, Y

to support the implementation of European directives and policig_glt mterpolatlon' methods haV(_a b_een propoge_d '_n the
related to fand cover and vegetation”, www.gmes-geoland.info  literature, especially for the gridding of precipitation.
2National Centers for Environmental Prediction / National Center fdrhese comprise traditional methods like Thiessen poly-
Atmospheric Research
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gons, inverse distance weighting or successive correc-The main input data are those of the synoptic mete-
tion methods as well as statistical methods. The latrological stations available via the Global Telecommu-
ter may be classified in splines (e.g. applied to precipication System (GTS) network, archived and dissem-
itation by HUTCHINSON, 1995) and optimum interpo-inated by the Global Precipitation Climatology Centre
lation or kriging methods (€essig 1990). However, (GPCC) at the German Weather Service. These observa-
from a theoretical point of view, spline and krigingions are based on about 7000 synoptic stations world-
methods are formally equivalent (MHERON, 1981; Wide. The precipitation measurements are corrected for
DUBRULE, 1983). Here we applied ordinary block krigSyStématic measurement errors by applying a statistical
ing and bivariate ordinary co-kriging, which have somgPrrection model developed within the framework of the

potential even when the precipitation data have not begftic Sea Experiment (BALTEX), a European contri-
transformed to normal distribution g&INSON and ution to the Global Energy and Water Cycle Experi-

LLOYD. 1998° RUBEL and HANTEL. 2001 G.EMENS ment (GEWEX). This bias-correction model, which is

and BUMKE, 2002). Several authors proposed more Sﬁiiesr?tg (c)éwvfjgltigg%ml__gzﬁgzE;net?glcngpgaGr!S%nogi(perl-
phisticated methods like log-normal kriging ERDU, ; ' ” "

) . ; 2 ISON et al., 1998) has been described byeRL and
1979; RVOIRARD, 1990) or disjunctive kriging (XTES e (1999) and was originally applied to global

et al., 1986), which account for non-Gaussian probabifzecinitation data sets by NsERSBOCKet al. (2001).

ity density functions. Such _methods have been apphﬁg main purpose is to correct for the wind-induced
to analyse parameters typically observed by a sing|gsses, which is the largest error. The correction formu-
realisation, but rarely applied to multiple realisations ghe use observed wind speed and temperature as well
precipitation (a study on artificial precipitation data hags estimated rain intensity. For evaporation and wetting
been presented bye® et al., 1999a, 1999b). On a globalosses, which represent the second largest error of the
scale, operational applications of these newer methqstecipitation measurements, climatological corrections
are still missing today, because of the problems occuaire applied. Further, the correction takes instrument-
ring during back-transformation and the high sensitivitypecific properties into account; these comprise differ-
to outliers and extreme values. Moreover, a stable impkmtiation between unshielded and shielded gauges. Sim-
mentation for daily, operational precipitation analysekar statistical bias-correction methods were recently ap-
needs further methodically investigations of these nopled by MICHELSON (2004), YE et al. (2004), and Xa
linear methods. (2006).

For that reason we selected robust ordinary kriging Indepenent of this synoptic precipitation database,
and focus on the main problems of global, daily precifecipitation measurements from about 20000 gauges
itation analyses. Firstly we perform the regionalisatioffithin the European Union have been collected, 17000
of the ACFs and CCFs. Typically, in meteorology corrdiustralian gauges are_prowded b_y Au_strallan Bureau of
lation functions are calculated for different parts of thi€teorology and a gridded precipitation data set over
world as, for example, was demonstrated for the 500 hpaSt Asia based on 2200 gauges was also available.
geopotential by BKER et al. (1987). We propose a ne eshe data s:ets_ arfe EOt avallaé)lfe n f‘??"t'me and there-
approach, namely the regionalisation according to tcgre ave exclusively been used for verification purposes
well known climate classification after K(‘jppen-Geige‘rr’l described in part Il of this Paper. ; .

. O . _The next data set used in this study is a gridded
Secondly the under-sampling of precipitation gaugesis

. . L ; “KoOppen-Geiger climate classification, which has been
considered by applying co-kriging, that is the merging, jsijed by KoTTEK et al. (2006). This climate classifi-

of gauge observations with satellite estimates. The ideion is based on recent precipitation fields provided by
behind co-kriging is to benefit from both, the relatively,e GPCC and temperature fields of CRU, the Climatic
high accuracy of the gauge observations as well as f3@search Unit of the University of East Anglia. It has
good spatial coverage of the satellite estimates. The ggen calculated for the period 19512000, provides for
kriging method applied follows the theoretical frameeach 2 x 1° latitude/longitude grid over the continents
work of KRAJEWSKI (1987), which provides free pa-one out of 5 main climate classes and was used to re-
rameters to optimise the merging procedure. Resultig@nalise the statistical structure of global precipitation
precipitation fields and corresponding fields of interpdyy means of these 5 climate classes.
lation errors (error variances) are depicted and discussedThe last data set is the GPCP-1DD multi-satellite
in section 5. product (HUFFMAN et al., 2001). It is available on the
Internet and provides long-record estimates of daily pre-
cipitation over the globe on & Ix 1° latitude/longitude
2 Data grid as a combination of different satellite estimates.
Within the 40 N-S belt data from geostationary satel-
Several data sets have been used for both, the compile’s infrared (IR) sensors are used to compute the
tion of the global daily precipitation fields as well as fothreshold-matched precipitation index (TMPI) to calcu-
their verification over selected continental scale regioriate gridded precipitation estimates at 3-hourly intervals,
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which are summed to produce the daily value. Estimatgs.., n, with multiple realisations = 1,..., T, the auto-
outside this belt are computed based on recalibratearelationRss (gauge-gauge) is defined as
Television Infrared Observation Satellite (TIROS) Op-

erational Vertical Sounder (TOVS) data from the polar- Raa(Ui,Uj) = (3.1)
orbiting satellites NOAA-12 and NOAA-14. These two T

satellites with 01:30/13:30 and 07:30/19:30 local time Zl[ZGt(Ui) —ma(ui)][Zg, (uj) — ma(uj)]
equator crossing times are flying simultaneously and t=

)

provide global precipitation estimates based on an em- T T

pirical relationship between rain gauge observations and \/Zl[ZGt(Ui) —mg(u;)]? Zl[Zq(uj) —mg(uj)]?
a function of the cloud-top pressure, fractional cloud t= t

cover and relative humidity profile. Beginning with MaXN
2005, Atmospheric Infrared Sounder (AIRS) precipita: s : o
tion estimates have replaced the TOVS estimates at haa%rﬁ urseec?ni]t?a(t?(l))n |srghc(eetlmiur3e§r;hoei“ gé;(;ilggtlons of
latitudes because of TOVS instrument termination. T Apssurﬁin fur?her tfg;t[ thle recipitation I'rocess is
new AIRS data have been adjusted to match the Iar[jég 9 brecip p

here the indexG indicates that gauge measurements

, S )ymogeneous and isotropic within the model domain
scale bias of the TOVS data to maintain homogenei ANDIN, 1993), the correlations depend only on the

across the data boundary. Additionally, the GPCP-1 Interstation distancg; they are independent of the ge-

product is scaled to match the monthly accumulatio . : , .
provided by the GPCP-V2 product for both data region%rbraph'cal locations of the stations. Especially on small

which combines satellite and gauge observations a ;?algssér;; ssosrupgr)téoré éﬁciéaéﬁ% igtligﬁgsmr:gﬁggéroﬂ
monthly time scale on a 225« 2.5° grid. 9 b ; ’

leads to acceptable results and provides an opportunity
.. to analyse precipitation fields even over regions with
3 Statistical structure of global poOr gauge coverage.
precipitation The result of the empirical analysis of the correlation
L L coefficients is a scatter plot of correlations versus dis-
The statistical structure of precipitation is usually dgance, To identify the structure of precipitation a hypoth-
scribed by space and time auto-correlation functioggjs apout the theoretical ACF has to be made. For the

(ACFs). Depending on the specific author equivalent crecinitation over the global land areas the non-linear
variance or variogram functions are usedh{®Hi and ,ction

KOTTEGODA, 1995). Precipitation is a complex physi- 5 _ G
cal phenomenon; it is not possible to fully describe pre- Roa(p) = 1 exp(—C2p™) (3.2)
cipitation processes by just one global ACF. Ideally, prevth the three coefficients;, c; andcg was fitted to the
cipitation events should be classified by type, e.g. stragcattergram of the correlation coefficielRgs(ui,u;).
form or convective type precipitation. Each type of preNote that this exponential correlation function has the
cipitation could then be assumed to be a part of an eequired property to be positive definite. In order to fit
semble of homogeneous realisations with defined statise parameters of the function to the empirically esti-
tical properties. However, large- and meso-scale precipated data the coefficients are determined according to
itation events on the globe contain stratiform and cothe maximum likelihood hypothesis by the use of the
vective components of different intensities and compteast square method. Fig. 1 depicts as an example the
sitions at the same time and it is hardly possible to saperthern hemisphere ACFs for January and July as fit-
arate them. ted to the corresponding correlation coefficients calcu-
Therefore, in this application the daily precipitatated from the irregularly spaced gauge observations.
tion measurements have been used to calculate spdi@l practical reasons the scatter plot of the correlation
ACFs for each individual month. This considers highewefficients has been replaced by their mean and stan-
frequencies of stratiform precipitation during Northerdard deviation within pre-defined distance classes (see
hemisphere winter and higher frequencies of conveBACCHI and KOTTEGODA (1995) for a more detailed
tive type precipitation during summer months as demodescription on methods to estimate the statistical struc-
strated by e.g. BRNDTSSON(1987). Additionally, in ture of precipitation). To ensure an adequate sample size,
order to take care of the structure of global precipitatiodaily precipitation measurements from the entire period
the spatial ACFs have been regionalised by applying th897 to 2003 have been used.
five main climate zones as defined by the well-known The ACFs depicted in Fig. 1 demonstrate typical
Kdppen-Geiger climate classification. winter and summer conditions of statistical precipitation
The following procedure describes the empirical estructure for the northern hemisphere separated by cli-
timation of spatial ACFs of precipitation, for each timenatic zones. ACFs for the other months are lying within
t, where zero values are generally excluded from thige range of the summer and winter ACFs. For consider-
calculation (BxccHI and KOTTEGODA, 1995). Assum- ations on the southern hemisphere, where the data den-
ing that there exish instantaneous gauge observatiorsity is too low to calculate accurate ACFs, simply the
of the precipitation procesdg, (Ui), Ui = (X,Yi), i = summer and winter months were switched. This implies
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Figure 1: Correlation coefficients estimated from multiple realisations (dots) of dicu@in gauge measurements with standard deviations
(vertical bars) and fitted auto-correlation functicﬁ?@e(p) (lines) for the five main climatic zones of the northern hemisphere faralgn
(left) and July (right). Temporal resolution 1 day, period 1997-2003.

the assumption that the ACFs depend only on the atif the correlation function is characteristic for convec-
mate zones. From the curve of the correlation functidive type precipitation. A weak decrease is typical for
one can infer the type of precipitation. A strong decreab@her amounts of stratiform precipitation. For the equa-
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Figure 2: Annual cycle of the decorrelation distances from block auto-correldtinctions of precipitation fields analysed from gauges
(solid line) and multi-satellite estimates (dashed line), separated for the divealimatic zones of the northern hemisphere. Period 1997—
2003.

torial zone both correlation curves for January and JuBtatistical structure of the precipitation fields analysed
respectively, show a strong decrease with distance drmn the gauge data and estimated from the satellites
almost no difference in both curves can be seen. Thisaise required. Both fields are available on°a<11° grid.
consistent with the fact that rainfall in the tropical zon€he ACFs determined from these gridded data, in the
is basically of convective type the whole year roundollowing referred to alock ACFs are characterised
The warm temperate climate shows a weak decreasdyjnthe fact that the correlations are higher than for com-
northern winter, typical for stratiform precipitation, conparable point ACFs. This is a consequence of the spatial
trary to a much stronger decrease in summer, charaggregation, which shows a similar effect as the tempo-
terised by convective type precipitation. A similar amal aggregation (BBEL, 1996b), e.g. annually accumu-
nual cycle is depicted for the snow climate. These twated precipitation measurements are higher correlated
climate zones are characterised by the highest cover#éggn hourly values. The block correlation coefficients
of synoptic rain gauges on the globe, resulting in smoadine again calculated according to eq. (3.1), where the
correlation functions. The opposite picture is shown fimdex S indicates for satellite. Furthermore, for the co-
the polar zones. Data availability is very rare as it is fariging method also the statistical correlation between
the equatorial zone too. The shape of the ACFs for theth precipitation fields is used. It is described by block
arid zone shows similar behaviour as for the warm teroross-correlation functions (block CCFs) fitted to the
perate and snow climate ACFs, but slopes much fastenoss-correlation coefficienRgs (gauge-satellite),
A complete compilation of the parameters describing
the 60 ACFs calculated from the synoptic precipitation Res(ui, uj) = (3.3)
gauges is given in Tab. 1. T

Until now it was assumed that the ACFs were deter-
mined fromin-situ observations; in the following these

[Za,(

&

ACFs will be referred to apoint ACFs For the co- T 2 T 2’

kriging method described in the next section also the ZL[ZQ(ui) — mg(Uj)] Z[ZS(UJ)—”B(Uj)]
t= =

t

Ui) — mg(ui)][Zs (uj) — ms(uj)]
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wheremG(u.) is the mean of the realisations of preCIpTable 1: Point auto-correlation functions (ACFs) of the bias-

itation observed by gaug%t( ) at the blocku; and corrected synoptic rain gauges for the five main climates on the

ms(uj) is the mean of precipitation observed by satellorthern hemisphere. The ACFs are of tfjip) = cyexp(—c2p*)

IitesZS( ) at the blocku;. Again, the block ACFSF@G with coefficientscs, ¢, andcs, characterised by the decorrelation
ZS\H A ' _ distancepq in km.

andRsg and block CCFsHKgs) are described by func- P

tions of the type given in eq. (3.2) and determined sepa-

rately for each month and main climatic zone. The cor- ACFs gauge
responding parameters describing these functional rela- el o s
tionships are summarised in Tab. 2. Jan 095 0.1029 0.534 64

Feb 0.95 0.0605 0.632 78
Mar 0.95 0.0539 0.644 86
Apr 0.95 0.1292 0.503 53
May 0.95 0.0388 0.711 89
Jun 0.95 0.0984 0.530 72
Jul 0.95 0.1191 0.520 54
Aug 0.95 0.0699 0.602 76
Sep 0.95 0.1716 0.445 47
Oct 0.95 0.1017 0.531 67

1
_ (log(c1)+1\ ¢ 34 Nov 095 0.0929 0.534 78
Pd = e ) (3.4) Dec 095 00749 0.559 94

Jan 0.95 0.0808 0.499 139

. . ; Feb 0.95 0.0215 0.750 156
Fig. 2 depicts the annual cycle of these decorrelation M. 05 DORTS - e . 194

distances for each of the climate zones as calculated Apr 095 00626 0553 136

Altogether 180 block correlation functions have been
calculated, which may be characterised by the so-called
decorrelation distancgy. It is commonly defined as the
distance at which the correlation decreases beltsw1
0.37 and follows from eq. (3.2) with

equatorial (A)

from gauge block ACFs (solid line) and satellite block @ May 095 00671 0561 112
ACFs (dashed line), respectively. Except for the polar re- o gaeoeae I e
gion_s, the decorrelation_distances calculated from satel- & Aug 095 0.0809 0562 80
lite fields are generally higher than those calculated from Sep 095 00870 0.537 86
gauge fields. Apparently, the satellite fields are much AR
smoother than the fields analysed from the gauge data, Dec 095 0.0314 0.659 176
resulting in higher spatial correlations. Further, the equa- Jan 095 00134 0753 285
torial and polar climates show basically no annual cycle G Feb 095 00130 0771 261
in its precipitation, whereas expectedly the arid, warm ca Xar ggg 88(1’23 8?21; f%
. . T . . .
temperate and snow climates have a more or Ies_s dis- ® M‘;y 095 00288 0710 137
tinctive annual cycle of summer (convective) and winter é Jun 095 0.0350 0.688 121
H ini H Jul 0.95 0.0355 0.690 117
(Stratlform) preC|p|tat|0n. d ll . 3 Aug 0.95 0.0358 0.680 124
_ The CCFS calculated from gauge an satellite precip- § Sep 095 00143 0807 181
itation fields demonstrate that the correlations between § Oct 095 0.0093 0841 244
these two precipitation fields are generally much lower Sl e T -
than those of the ACFs discussed above. As depicted in ' ' ;
- e : Jan 0.95 0.0312 0.636 215
Tab. 2, the coefficients;, describing the correlations Sob 00K Giklee 586 180
at zero distance, are in the range of 0.21-0.48. There- Mar 095 0.0227 0.703 201
fore, the concept of decorrelation distances holds for the A ﬁpr 0.95 0.0193 0.749 182
CCFs of warm temperate (C) and snow (D) climate. For i Gl
all other climate zones — equatorial (A), arid (B) and po- B Jul 095 00256 0763 114
lar (E) — the cross-correlations are below 1/e. These low & gug 83: ggi’g ggig igg
. . . ep B 1 K
crogs-gorrelatlons may be explal_ned_ by a general o_Ils- Oct 005 .0.0110 0819 933
similarity of the gauge and satellite fields in latter cli- Nov  0.95 0.0165 0.753 217
mate zones, caused by both, the undersampling of the Dec  0.95 0.0250 0.680 210
gauge data as well as by the relatively low variance Jan 095 00164 0749 226
of the satellite fields compared to the gauge data, re- i e B
spectively. By reason of reproducibility the coefficients _ Apr 095 00177 0826 124
C1, C; andcs of the applied ACFs and CCFs of type B May 095 00197 0776 148
= . c . Jun 0.95 0.0175 0.789 157
R(p) = ciexp(—c2p%) as well as the corresponding 2 Jul 095 00118 0859 166
decorrelation distances are given in Tab. 1 and Tab. 2. 2 Aug 095 00285 0.689 162

Sep 0.95 0.0105 0.865 182
Oct 0.95 0.0224 0.734 164

4 Geostatistical interpolation Nov 095 00286 0.693 157
Dec 095 0.0665 0.545 131

The irregular spaced, bias-corrected, synoptic rain gauge
measurements are interpolated onto ‘ax11° lati-
tude/longitude grid by the use of the well known method
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Table 2: Block auto-correlation functions (ACFs) of the gridded gauge data (tef)satellite data (middle) and cross-correlation functions
(CCFs) between gridded gauge and satellite estimates (right) for the fivectimates on the northern hemisphere. The ACFs and CCFs
are of typeR(p) = c; exp(—c, p©) with coefficientscy, ¢, andcs, characterised by the decorrelation distapgén km.

ACFs gauge ACFs satellite CCFs gauge/satellite

month c1 c2 cs3 pd c1 c2 cs3 Pd c1 c2 cs3 pd
Jan 0.95 0.0012 1.353 142 0.95 0.0020 1.075 308 0.25 5.8E-4 1.250 -
Feb 0.95 0.0011 1.362 143 0.95 0.0020 1.079 308 0.26 9.4E-4 1.167 -
Mar 0.95 0.0019 1.259 141 0.95 0.0021 1.062 311 0.27 7.2E-4 1.201 -

< Apr 0.95 0.0011 1.370 138 0.95 0.0022 1.054 315 0.26 1.3E-3 1.096 =
=~ May 0.95 0.0017 1.268 145 0.95 0.0018 1.099 294 0.25 9.6E-4 1.166 N
-g Jun 0.95 0.0022 1.219 144 0.95 0.0022 1.065 293 0.23 4.7E-4 1.285 .
g Jul 0.95 0.0015 1.300 145 0.95 0.0028 1.034 276 0.24 4.1E-4 1.323 -
g Aug 0.95 0.0015 1.300 145 0.95 0.0027 1.032 293 0.24 9.5E-4 1.161 -
2 Sep 0.95 0.0013 1.331 143 0.95 0.0025 1.042 297 0.26 6.8E-4 1.216 N
Oct 0.95 0.0015 1.301 144 0.95 0.0024 1.049 295 0.28 5.8E-4 1.248 N
Nov 0.95 0.0012 1.341 145 0.95 0.0020 1.070 322 0.29 4.9E-4 1.277 -
Dec 0.95 0.0025 1.186 149 0.95 0.0024 1.040 312 0.28 7.6E-4 1.196 N
Jan 0.95 0.0013 1.204 233 0.95 0.0076 0.824 351 0.25 1.0E-4 1.443 -
Feb 0.95 0.0010 1.277 221 0.95 0.0086 0.817 315 0.21 1.8E-5 1.769 =
Mar 0.95 0.0014 1.234 191 0.95 0.0051 0.908 316 0.24 9.4E-6 1.893 =
Apr 0.95 0.0026 1.111 201 0.95 0.0046 0.936 298 0.26 1.4E-4 1.450 -
m May 0.95 0.0007 1.379 178 0.95 0.0055 0.931 256 0.26 1.3E-5 1.896 =
~  Jun 0.95 0.0005 1.463 166 0.95 0.0056 0.947 228 0.25 1.8E-5 1.867 -
2 Jul 0.95 0.0002 1.689 153 0.95 0.0046 1.002 205 0.25 9.3E-6 2.000 -
S Aug 0.95 0.0005 1.478 160 0.95 0.0053 0.966 216 0.28 1.3E-4 1.527 -
Sep 0.95 0.0008 1.361 179 0.95 0.0042 0.992 233 0.29 1.5E-4 1.499 =
Oct 0.95 0.0022 1.145 201 0.95 0.0039 0.977 278 0.33 1.2E-4 1.468 =
Nov 0.95 0.0009 1.285 224 0.95 0.0055 0.922 268 0.24 1.1E-5 1.854 .
Dec 0.95 0.0008 1.287 239 0.95 0.0066 0.882 281 0.21 6.7E-6 1.928 .
Jan 0.95 0.0001 1.503 479 0.95 0.0019 1.018 458 0.42 3.8E-6 1.908 244
) Feb 0.95 0.0001 1.505 450 0.95 0.0016 1.027 489 0.45 2.6E-6 1.993 284
< Mar 0.95 0.0002 1.459 395 0.95 0.0017 1.040 438 0.40 2.5E-6 2.031 160
9 Apr 0.95 0.0004 1.339 323 0.95 0.0016 1.064 397 0.41 5.8E-6 1.936 163
8  May 0.95 0.0009 1.244 276 0.95 0.0018 1.066 353 0.38 1.3E-5 1.832 72
a Jun 0.95 0.0011 1.239 232 0.95 0.0020 1.080 307 0.40 1.7E-5 1.827 97
£ Jul 0.95 0.0011 1.259 211 0.95 0.0020 1.108 265 0.38 1.1E-5 1.921 67
3 Aug 0.95 0.0012 1.237 221 0.95 0.0017 1.125 277 0.40 9.4E-6 1.930 109
g Sep 0.95 0.0004 1.371 304 0.95 0.0015 1.103 355 0.46 1.1E-5 1.850 213
g Oct 0.95 0.0001 1.469 400 0.95 0.0011 1.111 434 0.48 5.0E-6 1.922 287
3 Nov 0.95 0.0002 1.407 399 0.95 0.0014 1.072 441 0.45 2.8E-6 2.006 260
Dec 0.95 0.0001 1.479 449 0.95 0.0015 1.049 476 0.42 1.9E-6 2.032 236
Jan 0.95 0.0003 1.423 320 0.95 0.0107 0.755 380 0.37 2.9E-5 1.639 =
Feb 0.95 0.0005 1.320 302 0.95 0.0092 0.778 386 0.37 2.5E-5 1.666 28
Mar 0.95 0.0003 1.424 302 0.95 0.0088 0.801 345 0.38 2.8E-5 1.674 60
Apr 0.95 0.0003 1.410 283 0.95 0.0057 0.870 355 0.41 1.7E-5 1.764 133
E May 0.95 0.0004 1.406 246 0.95 0.0061 0.889 292 0.39 24E-5 1759 95
~  Jun 0.95 0.0009 1.303 203 0.95 0.0067 0.900 244 0.38 2.6E-5 1.771 66
% Jul 0.95 0.0011 1.316 171 0.95 0.0058 0.938 229 0.36 3.6E-5 1.743 -
g Aug 0.95 0.0009 1.312 199 0.95 0.0042 0.972 261 0.38 2.5E-5 1.780 68
Sep 0.95 0.0003 1.430 271 0.95 0.0039 0.947 326 0.43 2.7E-5 1.717 156
Oct 0.95 0.0002 1.491 320 0.95 0.0052 0.876 385 0.45 2.6E-5 1.686 196
Nov 0.95 0.0002 1.437 330 0.95 0.0075 0.806 403 0.42 2.2E-5 1.687 174
Dec 0.95 0.0003 1.413 318 0.95 0.0089 0.785 382 0.37 1.4E-5 1.758 53
Jan 0.95 1.0E-6 2.401 304 0.95 0.0349 0.577 305 0.25 9.7E-6 1.903 -
Feb 0.95 8.5E-7 2.504 260 0.95 0.0401 0.570 257 0.24 1.8E-5 1.804 .
Mar 0.95 8.6E-7 2.534 243 0.95 0.0531 0.538 212 0.21 2.8E-3 0.943 -
Apr 0.95 8.6E-7 2599 211 0.95 0.0388 0.580 247 0.22 7.9E-6 1.862 -
&) May 0.95 1.1E-6 2.549 215 0.95 0.0623 0.523 182 0.25 1.5E-5 1.872 e
r Jun 0.95 9.9E-7 2512 240 0.95 0.0334 0.618 224 0.35 4.6E-6 2.055 -
= Jul 0.95 1.5E-6 2.420 246 0.95 0.0261 0.683 193 0.32 3.7E-6 2.095 =
& Aug 0.95 1.8E-6 2.403 238 0.95 0.0251 0.691 192 0.33 3.6E-5 1.726 =

Sep 0.95 1.6E-6 2.390 260 0.95 0.0192 0.703 256 0.33 4.2E-5 1.657 =
Oct 095 1.2E-6 2479 243 0.95 0.0268 0.623 307 0.30 2.8E-4 1.365 -
Nov 0.95 1.8E-6 2422 230 0.95 0.0251 0.643 284 0.31 4.0E-6 2.008 -
Dec 095 1.4E-6 2.534 200 0.95 0.0208 0.649 361 0.30 4.5E-6 1.964 =
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01.01.2005 [ I I I I I I Precipitation [mm/d]
no data 0.25 0.5 1 2 4 8 16 32 64
Source: Precipitation analysed from bias corrected gauge data Statistics: mean = 1.86, rms = 7.58, std = 7.34, min = 0.00, max = 199.(

—90 ~150 -120 -90 -60 -30 0 30 60 90 120 150

— I Precipitation [mm/d]
no data 0.25 0.5 1 2 4 8 16 32 64

Source: Precipitation merged from gauge and satellite fields Statistics: mean = 2.91, rms = 8.11, std = 7.57, min = 0.00, max = 199.C

01.01.2005

-150 -120 -90 -60 -30 O 60 90 120

Figure 3: Daily precipitation field analysed from bias corrected synoptic rain gauggsarements (top) and corresponding precipitation
field merged from the latter and the GPCP-1DD multi-satellite field (bottom). Laateary 1, 2005. Units mm/day.

called optimal averaging with normalised weightsluced some numerical experiments with artificial data to
(GANDIN, 1993) orordinary block kriging(CRESSIE merge rain gauge and radar measurements. Therefore, in
1993). Thus, a global precipitation product analyselis paper only a brief statement on ordinary block krig-
from ground measurements is produced on a regular grid and co-kriging methods is given while focus is on
over the continents. To fill the data gaps over the oceahsg application to global precipitation data.

and over regions, where the synoptic station density Ordinary block kriging estimates an unknown areal
is low, this product is combined with the GPCP-1DIprecipitationZa(up), defined by

multi-satellite product by applyinfield mergingor or-

dinary co-kriging Although both methods are discussed Za(ug) = 1 /Z(u)dA (4.1)

in detail in the geostatistical literature, applications to AJa

precipitation are sporadic. Kriging has been applied e ; L

by RUBEL (1996a) and RBEL and HANTEL (2001) ffom the linear combination

to analyse daily precipitation fields over the Baltic Sea - n

drainage basin. Co-kriging has been studied e.g. byZA(Uo) = .ZAG‘ Zg(ui), (4.2)
KRAJEWSKI (1987) and &0 et al. (1990a), who intro- =
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01.01.2005 I I [ [ [ \ [ ] Kriging variance [ ]
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Source: Kriging variance for analysed gauge data Statistics: mean = 0.70, rms = 0.77, std = 0.33, min = 0.06, max = 1.0

-90

90 ~150 -120 -90 -60 -30 0 30 60 90 120 150
01.07.2005 ] I I I I I I ] Kriging variance [ ]
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Source: Kriging variance for analysed gauge data Statistics: mean = 0.78, rms = 0.83, std = 0.30, min = 0.06, max = 1.0
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Figure 4: Daily kriging variance (interpolation error normalised with respect to thieamae) for January 1, 2005 (top) and July 1, 2005
(bottom).

WhereZA(uo) is the precipitation estimate of a grid areahere Ry are the correlations between the unknown

A represented by its central poiag = (Xo,Yo), the val- areal precipitation value and the rain gauge values ob-

uesZg(u;) are point precipitation measures from gaugegrved at the location of the statiomg are the cor-

at the locationsuj = (X;,¥i),i = 1,...,n, and A, are relations between the rain gauge observationsaisl

the appropriate weighting factors which have to be egwe Lagrangian multiplier. Additionally, for each precip-

timated. itation field the kriging variance (also called estimation
The statistically optimal determination of the weightvariance, error variance or normalised interpolation er-

ing factors follows from the linear system of equationsr),

written here in form of the empirically estimated spatial

- . = A~ n A~
auto-correlation functiof, 02g(Uo) = Roo(Uo,Ug) — Zl)\G‘ Roc (Uo, Ui) — U,
=
. R (4.4)
Zl)‘Gj Rea(Ui; Uj) + K = Roc(Uo, Ui) may be calculated. The kriging variance is a function
= of the size of the grid area, the station density and the
for i=1,..,n statistical structure of the precipitation field. Egs. (4.3)

. Ae — 1 (4.3) and (4.4) are valid for point kriging, i.e. the estimation
i; &= 7 of an unknown precipitation valu&(uo) at the pointg.
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01.01.2005 NN T ] Co-kriging variance [ ]
0.1 0.2 0.3 0.4
Source: Co-kriging variance for merged gauge and satellite fields Statistics: mean = 0.48, rms = 0.64, std = 0.42, min = 0.07, max = 1.C
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01.07.2005 EEEEEENNSNTTTET O [0 Co-kriging variance [ ]
0.1 0.2 0.3 0.4
Source: Co-kriging variance for merged gauge and satellite fields Statistics: mean = 0.52, rms = 0.66, std = 0.41, min = 0.08, max = 1.(
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Figure 5: Daily co-kriging variance (merging error normalised with respect to tiréamce) for January 1, 2005 (top) and July 1, 2005
(bottom). Regions where the co-kriging system was applied are maykgrelh and black areas, whereas over white areas only one data
set, mostly the satellite data, have been taken directly.

Here we want to estimate an unknown areal precipitearrelation functiorﬁGG(p). For the numerical integra-
tion Za(uo) for a grid area (block) with the central pointions of the ACFs in egs. (4.5) and (4.6) the grid area is
uo. Block kriging yields this by integrating the correla@pproximated by a 5-point operatorBeL, 1996a).

tions Rog andRgp over the grid ared, see e.g. GNDIN A well known problem of kriging applications are
(1993), negative weights, which may result in negative precipi-

tation values. Although negative weights are seldom, the
~ 1 /4 correction procedure proposed bguRNEL and RhO
Rog (Uo, i) - = Z\/AROG(U’ui)dA (4.5) (1996) was implemented to avoid them. The correction
N 1 N removes the sample with the largest negative weight; i.e.
Roo(Uo,Up) = ﬁ//, Roo(u,u’)dAdA.  (4.6) after solving the kriging system a positive constant equal
AR to the modulus of the largest negative weight (if any) is
As the correlations of the unknown (true) precipitatioadded to all weights.
values are not known, they are usually approximated by In the next step the areal precipitation measurements
the correlations calculated from the daRyd ~ Ry~ calculated with eq. (4.2) are merged with precipitation
Rsc). Thus, the optimal estimation of the weightg €Stimates from satellite data available on the same grid

depends only on the empirically estimated spatial auf®!0cks). Standardised ordinary co-krigingflaks and
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SRIVASTAVA, 1989) is used to calculate the merged pres

cipitation Za(up) from a linear combination of gauge R n N

and satellite blocks, 0&s(Uo) = Roo(Uo, Ug)  — Z)\Gi Rog (Uo, Uj) (4.9)
i=

Za(Ug) = 4.7)

n m — Y As Ros(uo,uj) — .
> AaZa(ui)+ 3 As (Zs(u)) ~ st o). =
i= =1

Again, the unknown correlations are approximated by
correlations calculated from the datyé ~ Roo ~ Rss
This approach uses only one nonbias condition, namelyd Rys ~ Rgg) and the method of JURNEL and Rao

> Ac + Y As = 1, which requires the adjustment of th1996) is applied to avoid negative weights.
satellite estimates in eq. 4.7 to make sure that their mean

is equal to the mean of the gauge values. The mean%of R It
the gauge value®i; and the satellite valuggs are com- esults

puted simply as arithmetic averages. Eq. 4.7 was Implgésults of this study comprise a new approach for the re-

mented by combining up to = 9 neighbouring blocks " > ! .
L N : . gionalisation of ACFs and CCFs of daily global precipi-
of gauge precipitatio (u;) linearly with appropriate tation by using of the Koppen-Geiger climate classifica-

weightsAg and up tam= 9 blocks of satellite estimates o .
Zs(u;) with appropriate weightas, as demonstrated bytlon, the application of these ACFs and CCFs to compile

i _ improved precipitation products from gauge and satel-
KRAJEWSKI(1987). The system is laid out to nine pre P precip P gaug

NS . Tite data as well as the resulting precipitation products
cipitation blocks of each field, but not all of the ”'n?ollowing from this procedure. g precip P

blocks have to be covered with precipitation values, i.e. T first new precipitation product introduced here
data gaps can occur over the oceans and deserts in ists of global daily precipitation fields on 2x11°

rain gauge fields or over regions with instrument mali,de/longitude grid as calculated from bias corrected
functions in the satellite fields. Then less than nine (bé%optic rain gauges. These precipitation fields have
at minimum one) blocks of precipitation of the considseen compiled by applying the ordinary block kriging
ered field serve as input to the linear system. Having Ruihod described above and the point ACFs listed in
available block in one field, the precipitation value frofg,, 1 1t covers the period Oct. 1996 to present. Fig. 3
the other field at the considered block is taken directhy, ‘gepicts as an example the precipitation field for Jan-
The weightsig, andAs, can be determined from the lin-,5ry 1 2005, in units of mm/day. Grey colours indicate
ear system of equations that no observations are available or the station density
is too low to perform a precipitation analysis. This is

n . m N the case over the oceans as well as over major parts of

Z A, Rea(Ui, Uj) + Z As; Res(ui, uj) the land regions within the 3ON-S belt. Over the mid-

J=1 N =1 latitudes however, the station density is high enough to
+ U=Ros(up,uj); i=1,...,n analyse daily precipitation with a spatial resolution of

n N m 1°. Combining this first precipitation product with the

Zl)\Gi Res(ui, uj) + Zl)\s Rsdq Ui, uj) GPCP-1DD satellite data leads to the second product,

i= i= the merged precipitation product, as e.g. depicted for
+ p=Rus(ug,uj); j=1,...,m January 1, 2005, in Fig. 3, bottom. It has been calculated

n m by applying ordinary co-kriging with the block ACFs

Zl/\Gi + Z As =1, (4.8) and CCFslisted in Tab. 2. Note that the calculated ACFs

i= j=1 and CCFs are very uncertain over the sparse gauged po-

lar regions. Therefore, the co-kriging system was not ap-
plied over the polar regions, where the merged product

ficients between the true block orocess and the aa has been determined directly from either the satellite es-
icients ru P SS 9augg;ififates or, if available, from the gauge values. Again, it

satellite blocks, respectivelﬁge are the correlation co- cgyers the period Oct. 1996 to present.

efficients of the gauge blockBssthe correlations ofthe  Additionally, the kriging variance, a kind of interpo-
satellite blocks andRgs the cross-correlations betweettation error within the interval 0 (no error) and 1 (max-
gauge and satellite blockgt is the Lagrangian multi- imum error = variance), is given for all precipitation
plier. Finally, the co-kriging variance may be calculatefields and depicted as example for January 1 and July

1, 2005 in Fig. 4. It demonstrates typical winter and

3Note, that KRAJEWSKI (1987) applied traditional ordinary 5-pointsummer Condltlons. In error (.:haraCtenStICS'. Genera!ly,
co-kriging with the two nonbias conditiorsAg = 1 andy As =0, lower errors occur in winter time due_ to mainly strati-
in which the second condition tends to limit severely the influend@'m precipitation corresponding to higher correlations
of the secondary (remote sensed) variable. and wider decorrelation distances (northern hemisphere

whereRys andRys are now (unknown) correlation coef-
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in Fig. 4, top, and southern hemisphere in Fig. 4, bqtart of this paper (BRBEL and KOTTEK, in preparation)
tom). The opposite picture is shown in summer. Whitbe sampling error of the satellite precipitations exceeds
areas in the figures indicate maximum errors identical tioe reporting time induced error of the gauges by far,
missing values. The kriging variance enables the usemtbereas this study is restricted to reporting time errors
decide whether or not a grid values interpolation errap to 6 hours (these are 85 % of all gauges except for the
is low enough to be used in a certain application. Th¢S. and South America). With increasing automation of
corresponding co-kriging variance is shown in Fig. 5. the gauge measurements one can expect also increasing
depicts the location of grid areas at which a merged piglobal coverage of 6 hourly gauge reports making it pos-
cipitation of different accuracy (black and grey areas)ble to adjust the accumulation period of the gauges to
was estimated by co-kriging and at which only one dathose of the satellite estimates.
set was available (white areas). Another important point is related to the applied
At least over land areas, the precipitation produdisterpolation method. Appearing from eq. 4.2 and eq.
presented here offer the possibility to continue the tinde7 the kriging and the co-kriging method, respectively,
series of global daily precipitation estimates, where tliemonstrate a statistically optimal procedure to calcu-
GPCP-1DD product failed due to operational problentgte a weighted mean. Note that in either case a weighted
with single satellites. Fig. 6 depicts the precipitatiomean implies a certain smoothing, what generally is not
time series for the period 1996-present. As shown in thesirable. This becomes apparent especially at the co-
figure, the global mean of precipitation varies betwedmiging with the used 9-point operator. The intensity of
2.5 and 2.7 mm/day (long-term mean 2.61 mm/dajye smoothing is objectively determined by the spatial
after ADLER et al., 2003), the global mean over th&CFs and CCFs. Practically, the smoothing is lower as
oceans between 2.7 and 3.0 mm/day (long-term mesupposed due to the fact that the weights rapidly de-
2.84 mm/day). The global mean of the land areas variggase with increasing distance from the central block.
within the range of 1.8 and 2.5 mm/day (long-term meddn the other hand, if several of the 9 blocks are not
2.09 mm/day) whereas differences between the GP@Bvered with precipitation values the remaining blocks
1DD and the merged product are marginal. Thus, locale weighted to a greater extent and the full potential
improvements do not influence the global values. of the used interpolation method arrives to bear. From a
comparison of global daily means and variances of the
6 Discussion satellite, gauge and merged precipitation products it ap-
pears that the daily means differ up to 20 % (on average
The gauge reporting times which are often not consi8-%). The variance of the gauge product is on average
tent with the accumulation period of the satellite prodbout 11 % higher than the variance of the satellite prod-
uct are an important point not addressed till now. Dut (see also the discussion in section 3). Therefore, the
to the fact that the synoptic network grew historicalljnerged precipitation field should have a mean adjusted
and was read off manually in former times the reporto the gauge product and additionally a higher variance
ing times are slanted toward the local time of the da§ompared to the mere satellite product. Contrariwise one
For example, following a study undertaken by the GPO®s to accept that the merged field will show a slightly
for January 23, 1999, a total of 4 209 synoptic statiof@wer variance (about 3 %) compared to the gauge field.
were reporting precipitation. Thereof 1057 stations réhus, the idea behind co-kriging is that the full spa-
ported at 00:00 UTC, located in Asia, on Pacific islandigl coverage of the GPCP-1DD precipitation product is
as well as in Mexico. Further 150 stations located gPmbined with the higher accuracy of the gauge analy-
Australia have reporting times at 23:00 UTC, thus 1 ho&fsS.
earlier. In Europe, Africa and Canada 2 388 stations re-
port 6 hours later namely at 06:00 UTC. The reporting Conclusions
time of the 568 synoptic stations in the U.S. is 12:00
UTC. The rest of 46 stations has other reporting timdglain goal of this work was to improve the quality of
From this it follows that only a bit more than 25 % ofxisting global daily satellite estimates of precipitation
the gauge reporting times coincide with the satellite esver land areas, where precipitation gauge observations
timates. Contrary the satellite precipitations in the outare available. Therefore, the most widely used GPCP-
tropics are merely based on 4 instantaneous measueb satellite product was merged with gauge analyses
ments per day from NOAA satellites with 01:30/13:30y applying kriging and co-kriging. This merged prod-
and 07:30/19:30 local time equator crossing times (seet shows a significant improvement in terms of veri-
section 2). Thus starting with 00:00 UTC the accumuléieation scores, compared to the original multi-satellite
tion time is an extrapolated one. Depending on the garoduct. For example, the verification over the entire
ographical location the first measurement to determig®iropean Union results in a rank-order correlation co-
the daily accumulated precipitation can occur hours afficient which increases from 0.49 (GPCP-1DD) to
ter 00:00 UTC. Hence the temporal allocation of th@.86 (merged product). The true skill score (TSS) in-
satellite estimates as well as the ground measuremearases from 0.36 (GPCP-1DD) to 0.67 (merged prod-
is a general problem. As will be shown in the secontt). Detailed verification results over Europe, East Asia
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Figure 6: Time series of monthly averaged global precipitation from the GPCP-1idBuygt for the oceans (upper curve), total (middle
curve) and land areas (lower thin curve) compared to the mergedgroder land (lower fat curve). Grey bars indicate days with TOVS
instrument malfunctions. Monthly averaged precipitations have beeulatd only for months without TOVS instrument malfunctions.
Period Oct. 1996—Oct. 2005.

and Australia will be presented in part Il of this papeELEMENS, M., K. BUMKE, 2002: Precipitation fields over

(RuBEl and KOTTEK, in preparation). the Baltic Sea derived from ship rain gauge measurements
The merged precipitation product presented here ison merchant ships. Boreal Env. R&s425-436.

distributed by the Core Service Bio-Geophysical Par&RESSIE N. A. C., 1990: The origins of kriging. — Math.

meters of the European Union FP6 Integrated ProjectGec"-zz 239-252.

GEOLAND (www.gmes-geoland.info). —'Nleﬁ%itagggcspf‘” Spatial Data. — John Wiley & Sons,
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