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3.2 
 

 
EU_CD_GW  Rex Rex 

 

GR1300011  0.09 0.25 

GR1300012  0.00 0.00 

GR1300021  1.32 1.03 

GR1300022  1.33 0.95 

GR1300023  1.65 1.02 

GR1300031  0.04 0.07 

GR1300032 -  0.00 0.01 

GR1300033 -  0.01 0.01 

GR1300034  0.00 0.00 

GR1300035  0.11 0.18 

GR1300041 - - -  0.07 0.14 

GR1300042 -  0.13 0.16 

GR1300043  0.00 0.00 

GR1300044  0.00 0.00 

GR1300051  0.10 0.11 

GR1300052 -  0.60 0.53 

GR1300053  0.27 0.16 

GR1300054  0.06 0.05 

GR1300055  0.03 0.03 

GR1300061  0.02 0.02 

GR1300062  0.00 0.00 

GR1300063  0.01 0.01 

GR1300064 -  0.01 0.01 

GR1300065  0.04 0.05 

GR1300071 -  0.37 0.31 

GR1300072  0.44 0.71 

GR1300081  3.31 2.01 

GR1300082  0.92 1.27 

GR1300083  2.09 1.47 
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EU_CD_GW  Rex Rex 
 

GR1300084 - -  0.63 0.27 

GR1300085  0.64 0.65 

GR1300086 - 0.59 0.64 

GR1300091 -  0.35 0.17 

GR1300092 - -  0.06 0.05 

GR1300093  0.06 0.05 

GR1300101  0.45 0.51 

GR1300102  0.67 0.99 

GR1300111  0.03 0.03 

GR1300112 -  0.05 0.06 

GR1300113  0.07 0.07 

GR1300114 -  0.43 0.34 

GR1300115 -  0.03 0.03 

GR1300116 - -  0.06 0.06 

GR1300117 -  0.09 0.08 

GR1300121 -  0.48 0.25 

GR1300122 -  0.76 0.49 

GR1300123 -  0.62 0.60 

GR1300124  0.71 0.39 

GR1300131  0.05 0.05 

GR1300132 -  1.17 1.11 

GR1300133  0.16 0.11 

GR1300134 -  0.10 0.08 

GR1300141 - -  0.56 0.42 

GR1300142 -  0.26 0.23 

GR1300143 -  0.55 0.46 

GR1300144  0.30 0.29 

GR1300151  0.02 0.01 

GR1300152  0.13 0.17 

GR1300153  0.01 0.01 

GR1300154  0.00 0.00 
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EU_CD_GW  Rex Rex 
 

GR1300161  1.01 0.63 

GR1300162 - -  0.41 0.29 

GR1300171  0.09 0.18 

GR1300172  0.01 0.01 

GR1300173  0.00 0.00 

GR1300180  0.18 0.33 

GR1300190  0.47 0.23 

GR1300200  0.06 0.11 

GR1300210  0.58 0.55 

GR1300220  0.77 0.33 

GR1300231  0.05 0.03 

GR1300232 -  1.97 1.50 

GR1300233  0.60 0.33 

GR1300234 -  0.33 0.20 

GR1300240  1.07 1.28 

GR1300250  0.47 0.68 

GR1300260  0.14 0.13 

GR1300270  0.01 0.14 

GR1300280  0.01 0.02 

GR1300290 - -  0.16 0.15 

GR1300301  0.00 0.00 

GR1300302 -  0.00 0.00 

GR1300311 -  0.04 0.03 

GR1300312 - -  0.07 0.20 

GR1300320 -  0.43 0.40 

GR1300321  0.00 0.00 

GR1300322  0.00 0.00 

GR1300323  0.01 0.01 

GR1300324  0.00 0.00 

GR1300330  0.05 0.05 

GR1300340  0.00 0.00 
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4. 
-  

 

4.1  

 

wild fires Ivan Ray Tannehill 

(Tannehill
Vlachos, 1982; Wilhite, 1993; Tsakiris et al
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 Guha-Sapir et al., 2004). 
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4.2  

 

Palmer 

drought
Yevjevich (1967) 
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Wilhite & 
Glantz  

 

(Tate and Gustard, 

Beran 
and Rodier

Correia et al

Mishra and Singh World 
Meteorological Organisation, WMO

Food and Agriculture Organization, 
FAO
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Paulo and Pereira 
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-
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Wilhite and Glantz

(NDMC
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4.3 -  

Glantz & Katz 

 

 

 

aridity
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(desertification water scarcity water 
shortage

water scarcity
water shortage). 

flash floods
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Tsakiris et al

Tsakiris et al., 2007). 

 

Tsakiris et al
Tsakiris, 2008). 
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risk

reliability resilience
(vulnerability Hashimoto et al., 1982; Jino, 1995; Rossi et al., 2005). 

 

 

4.4  
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Heim (2002), Hayes et al. (2007), Niemeyer 
Cloppet 

WMO & GWP

(2013). 

 
Rainfall Anomaly Index 

(RAI; van Rooy Bhalme and Mooley Drought Index (BMDI; Bhalme & Mooley, 
Standardised Anomaly Index (SAI; Katz and Glantz, 198

Standardised Precipitation Index (SPI; McKee 
et al Hayes 
et al., 1999; Tsakiris & Vangelis, 2004; Edossa et al., 2010; Zhai et al., 2010). 

Palmer Hydrological Drought Index (PHDI

Surface Water Supply Index (SWSI; Shafer & Dezman Regional Streamflow 
Deficiency Index (Stahl Streamflow Drought Index (SDI; Nalbantis & 
Tsakiris, 2009). 

Palmer Drought Severity Index (PDSI; Palmer

Crop Moisture Index (CMI; Palmer
Soil Moisture Drought Index (SMDI; Hollinger et al Crop Specific Drought 
Index (CSDI; Meyer et al Soil Moisture Deficit Index (SMDI
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Evapotranspiration Deficit Index (ETDI) (Narasimhan & Srinivasan
Agricultural Standardised 

Precipitation Index (aSPI Effective Reconnaissance Drought Index (eRDI
Tigkas et al., 2017, 2019). 

Normalised Difference 
Vegetation Index (NVDI; Tucker

 

 

 

4.4.1 Standardised Precipitation Index (SPI) 

Standardised 
Precipitation Index SPI. O McKee 

Colorado
Palmer

Colorado
Palmer (McKee et al., 1993). 

Edwards & McKee
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SPI 

Wilhite et al., 2000). 

C.T. 
Agnew -

 

 

4.1  

 
> 2.00  

  
  

- 49  
- -0.99  
- -1.49  
- -1.99  

< -2  
 

Colorado

 
European Drought Observatory 
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(EDO World Meteorological Organization (WMO SPI 
 

4.4.2 Reconnaissance Drought Index (RDI) 

SPI Palmer, 
Tsakiris & Vangelis 

SPI

Reconnaissance Drought Index RDI RDI 

RDI. 

k 

 

 

Pj PETj 
j 

(k=1  

k 

k k
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Normalised RDI Standardised RDI Standardised RDI 
(RDIst k 

RDIst SPI. 

k 
st 

k st 

 

SPI
st  

 

4.4.3 Standardized Precipitation-Evapotranspiration Index (SPEI) 

O Standardized Precipitation-
Vicente-Serrano et al. 

 

Di = Pi  PETi  

Pi PETi 
i. 

Di

SPI RDI
Begueria et al

SPI RDI 
SPEI 

D 
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D log-logistic, 
Vicente-Serrano et al. 

2010). 

SPEI 
SPI RDI. 

 

4.4.4 Precipitation Deciles 

Percent of Normal 
Precipitation Hayes et al Gibbs & Maher 
Precipitation Deciles

 

 
deciles 

-

 

 
4.2 ation 

Deciles 

Deciles  

deciles 1-2:  20%  
deciles 3-4:  
20%  

deciles 5-6:  20%  
deciles 7-8:  
20%  

deciles 9-10:  20%  
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4.4.5 Agricultural Standardised Precipitation Index (aSPI) 

Agricultural Standardised 
Precipitation Index (aSPI SPI 

 Tigkas et al
aSPI

Kumar and Panu 1997, Tigkas and 
Tsakiris 2015). 

Tigkas et al U.S. 
Bureau of Reclamation (USBR U.S. Department of Agriculture (USDA) 

Food and Agriculture Organisation (FAO
aSPI. 

4.4.6 Effective Reconnaissance Drought Index (eRDI) 

Effective Reconnaissance Drought Index 
(eRDI RDI

 Tigkas et al., 
eRDI 

k e). 
aSPI eRDI 

 

e 

Tigkas et al
(standardised eRDIst
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4.5  

Yevjevich

runs

 

L
tb te

D
T(c) (Bonaccorso et al

 
Dracup et al

Rossi et al., 1992). 
 

4.1 

T(c) (Peters et al. 2003) 
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Markov 
Fernandez and Salas, 1999). 

4.6  

Tsakiris et al. 2007a). 

Wilhite 2005, Morid et al. 2006). 

Keyantash & Dracup 

Redmond robustness
(tractability transparency sophistication

extendability dimensionality
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WMO, 

(Tigkas et al., 2015):  

 

 

SPI Precipitation Deciles aSPI
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 Asimi 
 Achentria 
 Vagionia 
 Voni 
 Vorizia 
 Gergeri 
 Gortis 
 Demati 
 Zaros 
 Kalivia 
 Kapetaniana 
 Kassanoi 
 Kasteli 
 Kapsali 
 Kroussonas 
 Lagolio 
 Metaxochori 
 Moroni 
 Partira 
 Pompia 
 Pretoria 
 Profitis Ilias 
 Sternes 
 Tefeli 
 Tympaki 
 Foinikia 
 Agia Galini 
 Anogia 
 Garazo 
 Gerakari 
 Kavousi 
 Lefkogia 
 Melabes 
 Spili 

 Sitia 
 Katsidoni 
 Neapoli 
 Ekso Potami 
 Kalo Chorio 
 Malles 
 Maronia 
 Mithi 
 Palekastro 
 Pachia Ammos 

 

DrinC  Drought 
Indices Calculator (Tigkas et al DrinC 
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5.  
 

5.1  

 

 

3 
(1000m3  - 

m3/c/y). 

 

5.1  
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>1700  
1000- 1700  
  500- 1000  
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5.2  

 
 

 

5.2.1  

  
[MWA ( Mean Water  Availability)]:  
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5.2.3 Water Poverty Index (WPI) 
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6. 
 

 

6.1  
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6.2  

drought monitoring

Bordi and Sutera 2007). 
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(Rossi 2003). 

 

 

UN 
2006): 

-  

-  

- 
 

-  
 

 

- 

 

- 
 



 

232 

 

- -
 

 

- 
 

- 
- 

 

- 
 

- 
 

- 

 

- 

 
 

Rossi 
 

- 

 

- 



 

233 

 

 

-  
 

- 

 

- 

 

- 

alert conditions
emergency conditions). 

6.3  

Wilhite

SPI RDI. 

 (precipitation
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km2 2

Mean Areal Precipitation  
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APEX-
Barbe 1997). 

(Nalbantis et al. 2006):  

1. 
 

2.  

3.  

4.  

5. 

 
 

xi  xj) 
xi xj

MSE 
 

 

1. 
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2. MAP  

3. 
MSE  

 
Lebel and Le Barbe 1997): 

1. 
 

2. 

 

3.  

4.  

5. 
 

 
 

Nalbantis and Tsakiris (2006). 

SEDEMED II. 
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6.4  

 

 

 
WMO 2006). 

 

6.4.1  

National Drought Mitigation Center - NDMC
United States Department of Agriculture

National Oceanic and Atmospheric Administration) (USDM 
2014)

NDMC 
2014a). 



 

238 

 

(USDM 2014). 

-

(USDM 
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6.1 
  

6.4.2  

 
Botterill 2005): 
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rainfall deciles

 

  

  

6.2 -
 

http://www.bom.gov.au/climate/drought) 
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6.4.3  

Instituto Nacional de Meteorologia

Deciles SPI  

 

6.3 -  
 

 

 

- Centro de Monitoramento, 
Hidro-  - INFOSECA

Sao Paulo

PDSI SPI CMI
6.4). 
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6.4 - 
 

6.4.4  

Southern African Development 
Community - -

SADC 

Drought Monitoring Centre 
- DMC SADC 

 

 

DMC
(World Meteorological Organization  WMO
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-

 

 

6.5 
 

6.4.5  

 (European Drought Observatory - EDO
European 

Commission s Joint Research Centre - JRC

Vogt et al. 
2013). 
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6.6 
http://edo.jrc.ec.europa.eu) 

 

Combined Drought
Indicator (CDI SPI 
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Designing a drought monitoring network 

I. Nalbantis and G. Tsakiris 

National Technical University of Athens 

Laboratory of Reclamation works and Water Resources Management 

 

1  Introduction 

1.1  Information needs 

In-depth description of drought indices as this is given in other articles of the project 

show that the main variables involved in drought assessments are the following:  

Precipitation in all its forms (rainfall, snowfall etc.)  

Potential evapotranspiration  

The second variable is assessed only indirectly through measuring other variables 

such as air temperature, air humidity, wind speed, surface roughness etc. 

The time scale of measurement varies from a few minutes for modern electronic 

sensors to one day for conventional manual practices. The time scales of interest in 

this study are monthly, seasonal no matter how season is defined- and annual. 

Consequently, processed aggregated data are expected to be used. The lowest time 

scale being one month, the hydrological variables of interest are: 

1. Total monthly precipitation (mm) 

2. Total monthly potential evapotranspiration (mm) 

The latter is calculated through the Penman method or its extensions. In cases of 

lack of the necessary data, one could accept the Thornthwaite method which makes 

use of the mean monthly air temperature only. Consequently, in the worst case the 
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analyst will have to design a meteorological network for monthly precipitation and 

monthly air temperature.  

1.2  The problem of designing networks for drought assessments 

Design of meteorological networks has long been a field of active research. It 

involves both technological and economic aspects. Traditionally, meteorological 

networks have been multi-purpose ones. First, weather forecasting has guided 

network design towards serving special needs such as aviation and agriculture, or 

informing the general public. Second, climatic studies are served for two purposes: 

research and information to be disseminated to wide audiences. Here the focus is 

on drought assessments in a context which implies the following constraints: 

3. No new meteorological stations are allowed to be installed; thus, selection 

from the existing meteorological network will be the only alternative.   

4. The meteorological stations serve multiple purposes so that their features and 

operation cannot be fully dictated by drought assessments.  

5. Due to the above complexities, no economic optimisation is possible. 

6. The type of any station in regard to its technical features cannot explicitly be 

taken into account since this factor cannot be modified within the frame  of 

drought assessments.  

Since spatial variability of precipitation generally exceeds that of temperature, the 

key variable for network design is precipitation. This is the reason why we have 

restricted our research to the design of precipitation networks. 

2  Methodologies for designing precipitation 

networks 

2.1  Background - Definitions 

In section 1 we concluded that monthly precipitation is our variable of interest. At 

this point, the problem of choosing the spatial scale becomes critical. We start from 

the idea that drought assessments are needed at spatial scales from a few km2 to 

a few hundreds km2. Hence, mean areal precipitation (referred to as MAP) will be 

our key variable. To help posing the problem of designing a precipitation network 

for assessing MAP we define some quantities: 

7. K is the number of stations in network, 

8. B(K) is the benefit from network operation which is an increasing function of 

the accuracy of MAP, 
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9. C(K) is the cost of the network (installation, operation, etc.), 

10. NB(K) is the net benefit given as B(K)  C(K) 

Naturally, the network design problem is reduced to the optimisation problem  

 Maximise NB(K) (1) 

s.t.  

 accuracy of MAP  required accuracy (2) 

However, such optimisation is impossible since: 

11. Most networks are designed or become later- as multi-purpose ones. 

12. No direct relation between benefits and the accuracy of MAP can be 

established for many of the purposes served. 

13. Even if this were possible the question how to aggregate those relations 

remains open. 

Obviously, the above preclude estimating net benefits. Then only equation 2 is left 

and the network design problem is reduced to two computational steps: 

14. Estimation of MAP accuracy of a trial network.  

15. Definition of the MAP accuracy requirement by the user (here the analyst 

performing drought assessments). 

The problem of estimating the MAP accuracy has been extensively studied in the 

last three decades of the past century. We examined only well tested methodologies 

which at the same time rely on rigorous mathematical; treatment of the spatial 

variability of precipitation. These requirements precluded early empirical 

approaches such as pure trial-and-error ones based on Thiessen polygons. Methods 

with clear and reproducible analytical solutions are only selected. Among 

methodologies meeting this criterion we preferred to search the related literature 

for the first appearance of the each methodology without considering later 

extensions as separate methodologies. Finally, we selected three methodologies 

which meet the entire set of criteria: 

Methodology A:  Researchers from the MIT, USA were the first to pose the problem 

of MAP estimation within a rigorous mathematical framework (Bras and 

Rodriguez-Iturbe, 1976). Undoubtedly, the contribution of this research was 

catalytic for later developments.  

Methodology B: Based on research results of methodology A, researchers from 

the Institute of Hydrology, UK (Jones et al., 1979) formulated the problem of 
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network design in a more application-oriented context before applying the 

methodology developed to an extensive study aiming at restructuring the whole 

precipitation network in the UK.  

Methodology C: Based on the above research results and the power of new 

geostatistical tools, a research team from the National Polytechnic Institute at 

Grenoble, France (Lebel et al, 1987) developed a methodology for network 

design based on data from a French experimental basin before attempting a 

large-scale application within the global-scale experiment HAPEX-Sahel in West 

Africa.  

The basic features of the above methodologies are outlined next. 

2.2  Methodology A 

The central idea in this methodology consists in the following:  

16. The problem of network design is posed as an optimisation problem with an 

objective function which trades off the MAP accuracy and the network costs.   

17. MAP is estimated in two stages: first the true integral of precipitation over the 

area of interest is approached by a sum of point precipitation values at a finite 

set of specified points; second, the precipitation at these points is estimated as 

a linear function of point precipitation measurements possessing measurement 

errors also.  

18. As shown below, MAP accuracy is represented by the mean square error of 

estimation from all estimation steps. 

19. The MAP estimation problem requires a measure of the spatial variability of 

point precipitation which is chosen to be the field covariance.  

20. A theoretical model for covariance is required.   

21. Systematic research on idealised networks was performed.   

Next, the main features of the methodology are discussed by keeping rigorous 

mathematical treatments to a strict minimum.   

First, the network design is reduced to an optimisation problem completely 

analogous to that given in equations 1 and 2. The benefit is taken as the mean 

square error (MSE) of MAP estimate and the cost is transformed into a quantity 

commensurate with MSE through a trade-off sensitivity parameter.             

The region of interest with an area A is discretised into n rectangular cells or a grid 

of n points (centres of cells). At some of these points stations are assumed to exist 

(K in number).  For each station j measured point precipitation is Zj. No reference 
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to time is needed. At each point i (i = 1, 2, ..., n) we define the true point 

precipitation Yi, and the estimated point precipitation Xi based on erroneous point 

precipitation measurements. A linear model is assumed, i.e. 

  (3) 

where Vj is the measurement error and hij are coefficients (zero or unknown).   

The estimated MAP PE is obtained as 

  (4) 

the approximate MAP PA is 

  (5) 

while the true MAP is given as  

  (6) 

where x are coordinates in two dimensions.  

In passing from P to PE we commit two errors: first, model error defined as 

  (7) 

and second, the estimation error given by 

  (8) 

Analytical treatment allowed for decomposing the mean square error (MSE) of the 

MAP estimate into three terms as  

  (9) 

where terms 1, 2 and 3 are numbered according to their order of appearance in the 

above equation. These are defined as follows: 

22. Term 1 is due to estimation error related to estimating point precipitation 

throughout the whole grid based on erroneous point measurements.   

23. Term 2 is due to model error or else the replacement of the continuous spatial 

integral with a finite summation.    

24. Term 3 is due to the linear dependence of the above two errors.  

PAPE1e
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Extensive studies on idealised but realistic network problems showed that: 

25. Term 1 is generally dominant and accounts for almost the total MSE with the 

exception of cases with very high density of stations.     

26. Terms 2 and 3 remain always smaller than term 1 being of the same order of 

magnitude and of opposite sign.  

The above conclusions allow ignoring model error and estimating MAP as a linear 

combination of measured point precipitations only. In Figure 1 we depicted an 

example where the three terms of MSE and the total MSE are compared for a broad 

spectrum of the number of stations. We observe that Term 1 accounts for almost 

the totality of the MSE.    

 
Figure 1:  Terms of MAP MSE from a trial network of 30 grid points (Bras and 

Rodriguez-Iturbe, 1976).  

 

The representation of the spatial variability of the precipitation field through 

covariance leads to very complex analytical expressions for the MSE terms. These 

will not be given here.   

2.3  Methodology B 

Research results of methodology A have been exploited by the Institute of 

Hydrology (IH), UK to formulate a methodology which is more practicable than 

methodology A. Many assumptions remain the same as in methodology A while 

others are modified to increase applicability. The modified assumptions are the 

following: 
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27. The problem is not posed as an optimisation problem since MAP accuracy and 

the network costs are non-commensurate quantities. As mentioned in 

subsection 2.1, this leads to estimating MAP accuracy only.   

28. Opposite to methodology A, MAP is estimated in a single stage: the true 

integral of point precipitation over the area of interest is estimated as a linear 

function of point precipitation measurements which possess measurement 

errors also.   

The two dimensional space is considered continuous without any discretisation. At 

each point x with coordinates (x1, x2) the true point precipitation Y(x) is defined 

together with measurements Z(x) at some points. The number of measurement 

points is K. The true MAP is given by equation 6 and the estimated MAP by 

  (10) 

where i  are unknown coefficients.  

The mean square error of MAP estimate is defined as  

  (11) 

while the bias of estimation is defined as  

  (12) 

The following optimisation problem is solved 

  (13) 

This allows for estimating parameters i and  (Lagrange multiplier) through the 

system of equations 

  (14) 

where cov(.) is the covariance of the true precipitation field.  

At the same time MSE is obtained analytically as 

   (15) 
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To keep homogeneity in presenting all methodologies the above equations are 

somewhat simplified in respect to those given by Jones et al. (1979).   

Covariance of the true precipitation field is defined as 

  (16) 

where x and x A, (x - x

and m(x), m( ) are mean values (drift).   

An analytical expression or model of covariance is calibrated based on data. The IH 

team applied the exponential model enhanced with anisotropy 

   (17) 

with 2 the field variance, and a, b, c1, c2 and  parameters.  

The problem of network design in an area with a pre-existing dense network is 

posed as follows: 

29. First, a candidate network is selected based on an arbitrary criterion. 

30. The MSE of MAP is estimated.  

31. The MSE estimate is compared to a minimum required. 

32. If the network is not satisfactory another network is selected in a predefined 

way and the procedure restarts from point 1.  

As an example among numerous applications by the IH team in the UK we give that 

from the Bristol Avon water basin in Wessex Water Authority, UK with an area of 

2200 km2 and time scale equal to one month. The existing network comprised of 

51 stations. Various reduced networks were evaluated following two steps: 

33. For a fixed number of stations K a random selection of stations was 

performed.  

34. The root mean square error (RMSE) of MAP estimation for the whole area is 

calculated based on the methodology outlined above.  

Results are shown in Figure 2 in terms of root mean square error (RMSE) of MAP 

estimate as a function of the number of stations in network. From this figure it 

becomes clear that networks with more than 20 stations would not add much 

information in regard to MAP. Also, a test with 20 stations and regular spacing 
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showed a slight improvement in regard to the case with 20 stations randomly 

selected.  

 
Figure 2: Root mean square error of MAP estimate (RMSE) versus number of 

stations in network for the study in the Bristol Avon water basin, UK (adapted 

 

 

2.4  Methodology C 

Methodology C exploits advancements made in geostatistics by researchers from 

the School of Mines, at Fontainebleau, Paris, France. More precisely, the kriging 

method and its variants formed the basis for studying precipitation fields.  

The spatial structure of the precipitation field is represented by the semi-variogram 

defined as 

   (18) 

where Var[.] means variance and x and x  in 2-D space.  

Introducing semi-variogram leads to adopting assumptions on precipitation which 

are fundamentally different from those of the case of using covariance. With the 

exception of these assumptions the rest of the features of methodology B remain 

unchanged.   

MAP is estimated through the kriging system  
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   (19) 

where i and  are the unknown parameters.  

At the same time MSE of MAP estimate is obtained analytically as 

  (20) 

Dividing the semi-variogram of each realisation by the variance of the field the 

scaled semi-variogram is obtained. The average of the scaled semi-variograms over 

the total number of field realisations is defined as the scaled climatological semi-

variogram (Lebel and Bastin, 1985).  Applying kriging with the scaled climatological 

semi-variogram yields the scaled variance of MAP error which is the key criterion 

for network design since: (a) it depends on the average behaviour of the 

precipitation field in the area of interest, and (b) it is linked to the configuration of 

the network only.  

For testing a specific network, the following steps are involved: 

35. Equation 19 gives parameters for the scaled climatological semi-variogram. 

36. MSE of equation 20 now represents the scaled variance of the MAP error.   

37. The latter is multiplied by the field variance to yield the MSE of MAP 

As in methodology B, analyses start with fitting a theoretical model to the 

-variogram obtained from data. A variety of 

such models can be found in textbooks on kriging.   

The methodology has been tested in a heavily equipped region of  Southern France, 

34 recording rain gauges. Results in the Cevennes region for a small sub-basin are 

basin. Time scale was one hour.   

At a later stage, the methodology was extensively tested within the frame of the 

Hydrologic-Atmospheric Pilot Experiment in Sahel (HAPEX  Sahel) in West Africa. 

This was carried out in a domain of 1o 1o equipped with 107 stations in total. The 

main time scale was the rainy event (up to a few hours) while larger time scales 

were used also. An example of results at the event time scale is given in Figure 5 
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where the scaled standard deviation of MAP is the square root of the scaled variance 

of MAP.  

 

Figure 3: Scaled variance of MAP as a function of number of stations in network 

for the 1-h time scale of the Cevennes study (adapted from Lebel et al., 1987) 

 

 

Figure 4: Scaled variance of MAP as a function of number of stations in network 

for the 1-h time scale of the Cevennes study (adapted from Lebel et al., 1987) 
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Figure 5: Scaled standard deviation pf MAP as a function of number of stations in 

network for the event time scale of the HAPEX-Sahel experiment and an area of 

100 km2 (adapted from Lebel and Le Barbe, 1997) 

 

3 Methodology proposed 

3.1 Conclusions from previous work 

In Section 2 three existing methodologies for designing precipitation networks were 

analysed. They possess common methodological steps which are: 

Fitting theoretical models for the spatial structure of precipitation fields, 

MAP estimation through a linear combination of point precipitations, and      

analytical estimation of the MSE of MAP.     

We believe that any of the methodologies tested would do.  

Methodology A involves a procedure of discretising the domain of interest which is 

tedious and is shown to be unnecessary. Methodology B could be fully satisfactory 

for our needs. Nevertheless, difficulties in its use arise from: (a) the lack of related 

software, (b) the high complexity of the covariance model utilised, (c) the lack of 

published research results in areas close to the Mediterranean, and (d) the 

consideration of measurement errors which in our case of monthly time scale is 

unnecessary. 
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We believe that, for our needs, Methodology C is equivalent to Methodology B as 

far as the desired output and the computational effort involved. We preferred 

keeping Methodology C for a number of reasons: 

38. It is based on the kriging method which is included in many general-purpose 

software packages.  

39. It can exploit a wide variety of extensions of the kriging method. 

40. Published results of its application exist for areas close to the Mediterranean.  

41. No measurement errors are considered which is absolutely realistic for time 

scales used in this work.    

42. It has been more intensively applied to wide spectrum of spatial and temporal 

scales such as the domain of the HAPEX  Sahel experiment.  

Typical methodological steps for network design via Methodology C would be:  

43. Estimation of empirical semi-variogram based on data from a pre-existing 

network 

44. Fitting a theoretical analytical model to the empirical semi-variogram.  

45. Selection of station sites for a candidate network. 

46. Estimation of the MSE of MAP. 

47. If this is not adequate return to step 3, else accept the network design 

concept of 

scaled climatological semi-variogram is applied as exposed in subsection 2.4. 

However, at the first stage of network design no estimates of MAP are required. 

Consequently, Methodology C need not be applied as is. The necessary network 

density (number of stations per km2) is sufficient for network design and the 

methodological steps can be simplified. This is discussed next.   

3.2 Adaptation of existing methodology  

Experience from applications of Methodology C in France and West Africa is 

summarised by Lebel and Le Barbe (1987) as follows: 

2, or so, the same number of gauges (ten) is needed, 

meaning that as long as the gauge spacing is larger than half the decorrelation 

length the prime criterion to consider is the absolute number of gauges present in 

the surface of estimation rather than the network density. For still smaller areas the 

number of gauges in the surface of estimation can be assessed by imposing a gauge 

spacing of half the decorrelation length, that is one gauge every 15 km.  
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However, below 10 km2 the spatial variability linked to the convective cells is no 

 

In light of these findings, typical methodological steps 1 to 5 of sub-section 3.1 

were simplified into: 

48. Estimation of empirical semi-variogram based on data from a pre-existing 

network 

49. Fitting a theoretical analytical model to the empirical semi-variogram and 

estimation of the decorrelation length which is typically equal to the range of 

the semi-variogram.  

50. Selection of station sites for a candidate network. 

51. Estimate the maximum inter-  

52. If this is less than half the decorrelation length, then accept the network 

design, else return to step 3.  

The spherical model was used. This is given by 

   (21) 

where c0 is the nugget, c+c0 is the sill, a is the range and u is distance. The model 

has three parameters (c, c0 and a).  

The methodology proposed is based on two drastic assumptions 

The average point precipitation does not vary in space. 

The precipitation field is isotropic, 

These assumptions, although very useful, should be put in question when dealing 

with geographical areas such as the Mediterranean since: 

wild variation of elevation due to rugged topography is expected to induce variation 

into the average point precipitation also which is called the drift, and. 

persistence in the occurrence of moisture carrying weather patterns with specific 

trajectories can lead to anisotropic behaviour of precipitation fields. 

The problems of drift and anisotropy were tackled with the aid of pre-existing 

methodologies which are not analysed in detail.         

simple procedure which involved: 

Calibrating a linear regression model with time-averaged precipitation depth as the 

dependent variable and elevation as the independent variable. 
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Detrending all data by reducing them to a common reference elevation H0 (e.g., the 

sea level) using the above regression model. 

Applying the methodological steps 1 to 5 above based on detrended data. 

The problem of anisotropy was tackled via modifying methodological step 2 as 

follows: 

The circle around each station is divided into four sectors each corresponding to one 

prevailing direction (1 = West-East, 2 = Southwest-Northeast, 3 = Northwest-

Southeast, 4 = North-South). 

A specific direction is selected. 

All calculations on semi-variograms are limited to station pairs satisfying the 

definition of the direction selected.    

To avoid confusion, application of all the above methodological variants needs 

systematic definition of tests. So: 

A series of tests without detrending is first performed based on the isotropy 

assumption 

This is followed by a series of tests on detrended data again with the isotropy 

assumption. 

o test anisotropy both series were repeated for each one of basic directions. 

4 Case study 

4.1 The study area 

The study area was the eastern part of the island of Crete which covers the areas 

of two out of four prefectures of the island (Heraklion and Lasithi). A more detailed 

description of the area is given elsewhere in this series of papers. What is interesting 

for our analyses is that the existing network for measuring precipitation in the area 

is comprised of 44 stations which are more of less uniformly spaced. Unfortunately, 

the network does not fully cover high-altitude areas where snow is not infrequent. 

Forty stations are owned by the Ministry of Agricultural Development and Food while 

the remaining four belong to the National Meteorological Service. The latter are 

situated in the coastal zone. A map of the existing precipitation network is presented 

in Figure 6.    
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Figure 6: Network of existing precipitation stations in Eastern Crete.  

 

4.2 Data collection and pre-processing 

Raw daily precipitation depths were aggregated to yield monthly and annual totals 

which were checked for data quality. After initial checks (e.g., range checks) data 

are checked for consistency though the following four-step procedure    

53. The whole study area was divided into sub-areas (Northern Heraklion, 

Southern Heraklion, Western Lasithi, Eastern Lasithi).  

54. Within each sub-area all cross-correlations are calculated between annual 

totals of point precipitation; this helped selecting a base station per sub-area 

which possesses most reliable data.  

55. Double mass curves of all stations in relation to their base stations are 

constructed for each sub-area. 

56. Slope changes in these curves helped identifying inconsistencies.   

Application of the above methodology did not reveal significant innconsistencies in 

the data of Eastern Crete. Only in six cases slope changes are encountered in double 

mass curves. This allowed us to disregard these inconsistencies in general and avoid 

data corrections. An example with a well discernible change in the slope of the 

double mass curve is shown in Figure 7.   



 

263 

 

 

Figure 7: Example of double mass curve with slope change in hydrological year 

1992-93. 

4.3 Results 

The proposed methodology given in section 3.2 was applied at various time scales. 

First, the annual time scale was chosen. This is expected to yield the most reliable 

results since annual totals are closer to being normally distributed than totals at 

any smaller time scale. The fact that in the Mediterranean, the distinction between 

a dry and a wet season is clear led to selecting wet period totals as well. For this a 

six-month time scale was used comprising totals from October to March. In moving 

to a three-month scale, the wet period was divided into two three-month periods 

(October to December and January to March). Finally, the monthly scale was tested 

where we kept months of the wet season only (October to March). In summary, the 

following time periods within the hydrological year were examined. 

57. Annual 

58. Wet season (October to March) 

59. October to December 

60. January to March 

61. October 

62. November 

63. December 
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64. January 

65. February 

66. March 

First, a series of numerical tests was based on data without detrending. For each 

time period the semi-variogram range was estimated. The results are depicted in 

Figure 8. For large time scales (annual to three-month) the range (parameter a of 

equation 21) is found slightly below 30 km while for the monthly time scale it 

fluctuates around 30 km.  

When passing to detrended data the range increases to values slightly higher than 

35 km for annual and six-month scales and starts fluctuating for smaller scales. 

These fluctuations are rather mild for the three-month scale but become wild for 

monthly data. This is the reason why in Figure 8 only scales from annual to three-

month are shown.              

  

Figure 8: Semi-variogram range (km) for various time periods (1 = Annual, 2 = 

Wet season  from October to March, 3 = October to December, 4 = January to 

March,  5 = October, 6 = November, 7 = December, 8 = January, 9 = February, 

10 = March) and isotropic precipitation fields. 

 

Checks for anisotropy in precipitation fields following the methodology of subsection 

3.2 revealed large variations in semi-variogram range between different directions. 

The uncertainty of the results is high due to two reasons: 

The number of station pairs used in calculations is significantly restricted for any 

specific direction as compared to taking all pairs. 
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The shape of the study area (elongated in the East-West direction and of small 

dimension in the North-South direction) proved very restrictive in obtaining any 

reliable estimation of the empirical semi-variogram.   

Results with the smallest variation between directions correspond to the annual 

time scale. For not detrended data the range of 28 km for all directions rises to 55 

km for the West-East direction and further to 76 km for the Southwest-Northeast 

direction. Conversely, it drops to 24 km for the Northwest-Southeast direction and 

further to 15 km for the North-South direction. Ranges based on detrended data 

are generally higher.       

High uncertainty in the results of anisotropy tests led us accept these results only 

for qualitative statements about network design. Hence, we adopted the case with 

the isotropy assumption as the basis for network design. We preferred considering 

large time scales (annual and six-month) for which the methodological assumptions 

are better suited. We also preferred keeping results of detrended data since the 

orographic effect is expected to undoubtedly play a role in Eastern Crete. Based on 

the above assumptions the semi-variogram range for network design is 35.5 km for 

the annual scale and 35.3 km for the six-month scale. These two values being 

practically equal to each other, the maximum station distance for network design is 

(35.3/2)  17.6 km. The related fitted semi-variogram for the annual time scale is 

given in Figure 9. Having in mind the final design criterion various networks were 

numerically constructed 

station sites was followed by selection of the nearby existing station site which 

acing could be larger in the East-West 

direction. This is, however, not taken into account in designing networks within the 

frame of this project. An example of a network with 10 stations is given in Figure 

 is 15.2 km.  

Last, a final network was selected based on other criteria also: the accessibility to 

stations, the data quality, and the coverage of hypsometric zones.  
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Figure 9: Fitting of theoretical semi-variogram to the empirical one for detrended 

data, all directions and the annual time scale. 

          

 

Figure 10: Example of a precipitation network in Eastern Crete with 10 stations 

which is designed through random spatial sampling. 

Concluding remarks 

Analysis of information needs for drought assessments allowed posing the 

monitoring problem as a design problem for precipitation networks. Related 

methodologies were reviewed with the aim to select some of them for further 
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analysis.   Rigorous criteria were applied for this selection. Three methodologies (A, 

B and C) fulfilled those criteria. These possess common features which are: 

67. They are based on the theory of random fields. 

68. The spatial structure of precipitation fields is represented through the field 

covariance or the semi-variogram.  

69. Mean areal precipitation (or MAP) is the key variable whose estimation 

accuracy is the sole criterion for design.  

70. MAP accuracy is represented by the Mean Square Error (MSE) of MAP estimate 

through a linear model.   

71. The estimation problem is solved analytically.  

72. Also, analytical estimation of MSE of MAP is obtained. 

73. Analytical treatment requires modelling of the spatial structure of precipitation 

fields.  

Close examination of all three methodologies showed that anyone would do. 

Methodology C was finally chosen mainly because: (a) it is based on kriging which 

is a well-known and thoroughly tested method, and (b) it has been developed 

through application in areas close to the Mediterranean.  

Methodology C was adapted to our needs. To this end, we first took advantage of 

the idea of using the scaled climatological semi-variogram and, second, we 

exploited results from previous studies which allowed limiting our analyses to the 

estimation of the range of the theoretical semi-variogram thus avoiding the 

estimation of MSE.    

Also, the adapted methodology was enhanced to cope with the problems of drift 

and anisotropy in the precipitation fields.  

Application to Eastern Crete showed that: 

. 

Based on this design criterion the existing 44-station network is too dense.  

A subset of stations should be used in drought assessments. 

Candidate networks fulfilling the design criterion and numerically constructed via 

random spatial sampling showed that the required number of stations is in the 

order of 10 to 15.  
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