
7th International Symposium on Spatial Accuracy Assessment in Natural Resources and Environmental Sciences. 
Edited by M. Caetano and M. Painho. 

 851 

Precipitation measurement and the analysis of hydrological 
resources in a river basin 

Arminda Manuela Gonçalves1 and Teresa Alpuim2 
1 Department of Mathematics for Science and Technology, University of Minho,  
Campus de Azurém 4800-058 Guimarães, Portugal 
Tel.: +351 253510433; Fax: +351 253510401 
mneves@mct.uminho.pt 

2 Department of Statistics and Operations Research, University of Lisbon 
Campo Grande, Edifício C5, 1148-016 Lisboa, Portugal 
Tel.: +351 21750047 
mtalpuim@fc.ul.pt  

Abstract 
The spatial and temporal measurement of precipitation on a geographical area, is essential 
when calculating hydrological balance for the indirect estimation of water flow and for the 
development of the study of the watershed charge. It is also very important for modelling many 
environmental phenomena, for example the variation of the water quantity of a hydrological 
basin of a river. The quality of water, in a certain location, is the reflex of the dominant 
conditions in the source basin of that location, namely the hydro-meteorological factors. The 
variation of a spate-time quality variable is associated to the variation of the flow (variable 
dilution effect) which in term is related, in general, to the seasonal variation of rainfall. We 
present the problem of area precipitation measurement in order to estimate a hydro-
meteorological factor that will be used in the modelling of the surface water quality of river 
basins. In our study we need monthly measurements of rainfall averages in area, which 
influence a certain area of the River Ave basin (located in the north-west of Portugal) and 
which represent the hydro-meteorological factor in the modelling of the quantity of water. Our 
main goal is to identify models which estimate well monthly average rainfall in places where 
there are no observed values (in the monitoring points of quality of water), with the help of the 
spatial distribution of the rainfall and measurements in other locations. Due to the large space 
and time variability of rainfall, the precise evaluation, in real time, of mean area estimates 
poses a difficult problem. These estimates are obtained from a set of rain gages, located at 19 
points in the area of the Ave River hydrological basin. We estimate the monthly values of 
rainfall per area flowing into each monitoring site. To accomplish this, we propose a 
methodology combining both deterministic (Thiessen’s polygons) and stochastic (Kriging) 
processes. 

Keywords: hydrological basin, hydro-meteorological factor, area rainfall estimation, 
Thiessen’s polygons, Kriging 

1 The area under study 
The geographical region under study is the Ave river basin located in the north-west of 
Portugal. The Ave River basin has an approximate area of 1390 km2. Its main route is the Ave 
River, which runs 101 km, from its source to its mouth. 
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The data set used refers to monthly values of variables of water quality measured in a quality 
monitoring net of 20 sites and monthly values of rainfall obtained from a set of rain gauges, 
located at 19 points in the area of the Ave River hydrological basin. 

The data are available under Cartesian (X, Y) co-ordinates (X – distance to meridian (km) and 
Y – distance to the perpendicular (km)) coincident with those of the military maps under a 
1/25 000 scale.  

The goal of this study is to obtain accurate monthly estimates of the mean area precipitation 
over a certain geographical region D, which includes the area of the Ave River hydrological 
basin. Figure 1 shows a schematic representation of D, which includes the 2x2 km resolution 
square grid obtained with the 19 gauge locations. The adopted measuring unit is millimetres 
(or, equivalently, litres per square metre).  

Table 1 Co-ordinates (X, Y) and time records of each rain gauge location within the Ave River basin. 

Metereological monitoring 
points 

Co-ordinates 
X (km) 

 
Y (km) 

Time records 

Brancelhe (Bran) 199,864 518,083 Out 32 - Jan 01 

Vilar Chão (VChão) 203,638 516,264 Jun 80 - Jan 01 

Guilhofrei (Guil) 200,953 511,543 Out 39 - Ago 95 

Gontim (Gont) 202,344 506,422 Jun 80 - Jan 01 

Póvoa de Lanhoso (PLan) 188,882 511,490 Mai 80 - Jan 01 

Fontela (Font) 190,773 504,298 Jun 80 - Jan 01 

Moreira do Rei (MRei) 201,511 501,362 Jun 80 - Dez 00 

Sameiro (Same) 180,277 507,929 Out 32 - Jan 01 

Fafe (Fafe) 193,132 497,416 Out 32 - Jan 00 

Arada (Arad) 192,428 490,167 Abr 32 - Jan 01 

Loureiro (Lour) 198,888 490,718 Jun 80 - Dez 00 

Taipas (Taip) 182,534 502,031 Mai 80 - Jan 01 

Vilaça (Vila) 170,784 504,753 Mai 80 - Dez 00 

Escudeiros (Escu) 175,550 501,465 Mai 80 - Dez 00 

Castelões (Cast) 175,290 493,351 Out 79 - Dez 00 

Lordelo (Lord) 180,854 489,386 Mai 80 - Jan 01 

Viatodos (VTod) 165,049 498,607 Out 32 - Jan 01 

Parada (Para) 158,142 488,123 Out 79 - Dez 00 

Vila Chã - Mindelo (VChã) 151,190 480,917 Out 79 - Jan 01 

 

This arrangement corresponds to a mean density of 73 km/gauge, which can be considered 
good when compared to what is usual across the Portuguese mainland territory. In fact, in this 
area 30% of the monitoring points of precipitation have more than 30 years and all have more 
than 15 years of records. 
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2 Thiessen’s polygons method 
Our main goal is to identify models which are able to give a good estimate values for the 
monthly average rainfall in places where there are no observed values (in the 20 monitoring 
points of quality of water), with the help of the spatial distribution of the rainfall and 
measurements in other locations. We decided, in an initial stage, to apply the Thiessen’s 
polygons method (Thiessen’s interpolation) to subdivide the spatial domain in areas influence 
by the monitoring points of precipitation measurements. The space is made discrete by centred 
polygons in each sample. This method is still used by the Portuguese Institute of Meteorology. 

Figure 1 show the hydrological basin of the river Ave with the delineated of the areas 
influence, with the monitoring points of precipitation, obtained by the Thiessen’s polygons 
method. 

We defined a neighbourhood around each monitoring point of Quality in order to estimate 
monthly measurements of rainfall averages in area in order to apply a stochastic interpolation 
method – Kriging, to the series of rainfall of the meteorological monitoring point. Only the 
values of the meteorological monitoring points within the neighbourhood are used in the 
evaluation of the estimation. These neighbourhoods represent homogeneous areas in the 
hydrological basin Ave river. 

 

 
Figure 1 Thiessen’s polygons superposed with the limits of the hydrological basins definite by the 

monitoring points of Quality water. 

The application of the Thiessen’s method was realized with the collaboration of Eng.ª Cláudia 
Brandão responsible for the Division of Portuguese Institute National of Water. All the kindly 
given information was essential to the development of this study. 
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Although the study of the 20 sub-basins of monitoring points of Quality has been done we only 
present here the sub-basin of Ave river - Caniços. Table 2 presents the drained area of this sub-
basin and influence areas of the meteorological monitoring points to which is related. 

Table 2 Influence areas ( 2m ) obtained by Thiessen’s Polygons method (sub-basin of Ave river-Caniços). 

Meteorological Monitoring Points  

Guilhofrei 54106213 

Gontim 29558773 

Brancelhe 48530502 

Vilar Chão 51638257 

Parada  

Vilaça  

Viatodos  

Castelões 27131808 

Escudeiros 5389574 

Fontela 72279532 

Fafe 73761306 

Sameiro 25458692 

Póvoa de Lanhoso 77706118 

Taipas 74319977 

Lordelo 100218773 

Arada 54705931 

Moreira do Rei 69731903 

Loureiro 42082641 

Total drained area ( 2m ) 806620000 

 

3 Kriging’s method 
The application of the stochastic process Ordinary Kriging is used in order to first estimate the 
missing values to complete the precipitation series (point estimation) and then to obtain, for 
each monitoring points of Quality (with the area A-global estimation), the mean area 
precipitation (estimator which will represent the hydro-meteorological factor in the modelling 
of the quantity of water in our study). 

For all j=1,…,19 e t=1,…,69 or 69 (68 is the number of observations in the months of 
February and March; 69 is the number of observations in the remainder 10 months of the year), 

( )t jZ s  represent the variable corresponding to the measurement obtained in the 

meteorological monitoring point jS , in the month t. The set of observations of precipitation on 

local jS  used is concerned to periods between October of 1932 and January of 2001 (Table 1). 

However these observations were not always collected in a systematic way. The series of data 
have missing values, which means that in certain months no values of precipitation were 
registered. 



7th International Symposium on Spatial Accuracy Assessment in Natural Resources and Environmental Sciences. 
Edited by M. Caetano and M. Painho. 

 855 

The area of the Ave River hydrological basin can be totally embedded in cells with 2x2 km2 

resolutions covering an area defined by a rectangle grid obtained with the monitoring points of 
Meteorological and of Quality for that region (which includes the river Ave basin region). This 
can be schematically represented as in Figure 2.  
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Figure 2 Schematic representation in (X, Y) Cartesian co-ordinates of the monitoring points 

(Meteorological and of Quality) within the river Ave basin region. 

Relatively to the model of spatial continuity resulting from the observations of rainfall in the 
19 Meteorological monitoring points, let us assume some hypothesis of homogeneities of the 
processes: the processes in the region under study is second-order stationary, therefore is 
intrinsically stationary (for a certain fixed time t*) and is isotropic. 

Therefore, the data was studied using different spatial continuity measurements (the 
covariogram, the semivariogram and the correlogram empirical), but only are presented the 
semivariograms because the spatial continuity analyse of the processes gave us better results 
working with semivariograms rather than the covariograms. 

The method used for the calculation of the empirical semivariogram is the method of moments 
(Matheron G., 1963), modified for a random spatial-temporal process 

{ }2( , ), , 1, 2,...,∈ =Z s t s IR t T . The process, in our case, it will be a random spatial 

process{ }2( ), ∈Z s s IR  isotropic and second-order stationary. 

The processes sample is { }( ), 1,..., ; 1,...,= =t iZ s i n t T , data collected at n  point locations 

on D (n=19 Meteorological monitoring points) in the region considered in 2IR , for T equally 
spaced time instants (T months). 

For a fixed time instant t*, the empirical isotropic semivariogram is  
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( )
( )

2

, ( )

1( , ) ( ( )
2 ( )

γ ∗ ∗

∧
∗

∈

⎡ ⎤= −⎣ ⎦∑Z i jt t
i j N h

h t Z s Z s
N h

 (1) 

where 

( ){ }( ) , : ,1= − = ≤ ≤ ≤i jN h i j s s h i j n  (2) 

that is, ( )N h  is the set of all pairs of gauge locations which are h  distant from each other 

and ( ) # ( )=N h N h . 

The final estimator is obtained averaging ( , )γ
∧

∗
Z h t  over the T months, a procedure that 

corresponds to considering the spatial-temporal process as a collection of T independent 
temporal replicates of a purely spatial process{ }( ), ∈Z s s D , in which case the purely spatial 

semivariogram ( )γ
∧

Z h  characterises all the space-time variability. Under such hypothesis, two 
realisations to two different but close time instants may differ substantially, since they are 
independent, although their spatial variability pattern remains the same (Kyriakidis e Journel, 
1999). This is an usual way of estimating the semivariogram in meteorological applications. 

Henceforth, the final estimator, the empirical semivariogram, is given by 

( )
( )

2

1 , ( )

1( ) ( ( )
2 ( )

γ
∧

= ∈
⎡ ⎤= −⎣ ⎦∑ ∑

T

Z t i t j
t i j N h

h Z s Z s
T N h

 (3) 

with T ≤ 69 (since rainfall series might have missing values). 

Sometimes, like our case, in order to obtain an analysable empirical semivariogram, it is 
necessary to specify a “tolerance” value l  for calculations, meaning that no distance 
distinction is made between locations within a real distance less than or equal l . 

In this case, the empirical semivariogram is given by the more general formula  

( )
( )

2

1 , ( )

1( ) ( ( )
2 ( )

γ
∧

= ∈
⎡ ⎤= −⎣ ⎦∑ ∑

l

l
l

T

Z t i t j
t i j N h

h Z s Z s
T N h

 (4) 

with T ≤ 69, where  

( ){ }( ) , : ; 1i jN h i j s s h i j n= − − ≤ ≤ ≤ ≤l l  (5) 

and ( ) # ( )=N h N h . Note that, as it was expected, ( ) ( 0)Z Zh hγ γ
∧ ∧

= . 

The empirical semivariograms of the 12 months was obtained using the estimator defined in 
(4). 
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For each month, the empirical semivariograms (covariograms) were calculated for the 
tolerance 2=l , 3=l  e 4=l  km, in order to define the sets ( )N h  and, therefore, the 

number of pairs of data that are needed to estimate ( )Z hγ
∧

l . The only case presented here is 

the most efficient model using 3=l  km tolerance, corresponding to the month of June.  

Table 3 Values of the rain gauge semivariogram estimates of June; ( )∗
N h  represents the number of 

observations based on which the estimate ( )Zγ
∧

h  has been obtained. 

h  ( )∗
N h  ( )Zγ

∧
h  h  ( )∗

N h  ( )Zγ
∧

h  

0,00 671 0,000 34,50 126 739,043
4,50 98 312,562 37,50 204 844,432 
7,50 357 587,647 40,50 110 1001,607 
10,50 350 533,126 43,50 42 983,916 
13,50 287 509,224 46,50 83 1317,450 
16,50 527 585,789 49,50 60 1435,549 
19,50 408 571,057 52,50 42 746,228 
22,50 554 669,314 55,50 20 1407,666 
25,50 167 589,584 58,50 39 2118,813 
28,50 449 670,544 61,50 21 1252,156 
31,50 224 657,800 64,50 21 2228,663 
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Figure 3 Graphical representations of estimated semivariograms and adjustments of several transition 

(stationary) models. 
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Figure 4 Graphical representation of estimated semivariogram and adjustment of Gaussian model. 

Table 4 Least squares adjustment results obtained with the several models; SSE denotes the residual sum 
of squares. 

Model 
SSE 

(
4mm ) 

0c  - Nugget effect 

(
2mm ) 

1c  - Range 

( km ) 

2c  - Sill 

(
2mm ) 

Exponential 1,734E+06 85,267 109,667 3285,696 

Gaussian 1,270E+06 384,822 82,623 2986,140 

Rational Quadratic 1,395E+06 360,709 74,055 3010,254 

Spherical 1,572E+06 131,016 203,505 3239,946 

 

The least squares adjustments to all the transition models have been performed with an 
additional condition, enforcing the adjusted variances (the models sill value) to be equal to the 
empirical variance, since this is known to be the best variance estimator. The semivariogram 
model that has best performed has been the Gaussian with a nugget effect, at it can be analysed 
in Table 4. 

Figure 5 show the area A of the sub-basin associated to the Caniços monitoring point of 
Quality with 806620000 m2 of total drained area with the 15 meteorological monitoring points 
who influences (see Table 2), where the respectively region A was discredited by a set of 280 
points regularly spatied in the region A. 
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Figure 5 Set of points used in global estimation (Caniços). 

The estimator of the mean area precipitation ( )
t

Z A
∧

∗  is a linear combination of the values 

oberved in the Metereological monitoring points which influences the total drained area at the 

moment t∗ , that is  

15

,
1

( ) ( )A j jtt j
Z A Z sλ ∗

∧

∗
=

= ∑  (6) 

and the value of ordinary Kriging estimation error variance is given by 2
KO A A

Τ
Ασ φ+= vλ , 

where Av  is the semivariogram vector between ( )Z A  and ( )jZ s , 1, 2, ,15j = K , that is 

( ),Aj Z jv A sγ= , 1, 2, ,15j = K  an AΦ  represents the Lagrange multiplicator. 

The estimated semivariogram model to describe the spatial continuity of the process, in 
the month of June, it was the isotropic semivariogram Gaussian with a nugget effect is 

2

0, 0

( )
384,822 82,623 1 exp , 0

2986,140
Z

h

h h
h

γ

=⎧
⎪⎪ ⎛ ⎞⎛ ⎞= ⎛ ⎞⎨ ⎜ ⎟⎜ ⎟+ − − ≠⎜ ⎟⎪ ⎜ ⎟⎜ ⎟⎝ ⎠⎪ ⎝ ⎠⎝ ⎠⎩

 (7) 

Have been build the matrix Λ  with dimension 15 15×  and the vector Av  with dimension 15 

using the semivariogram model (6). 

In the table are presented the weight values associated for each Metereological monitoring 

points of influence and that were obtained by the methodology of ordinary Kriging, by solving 

the ordinary Kriging. 
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Table 5 Weight values obtained with the application of ordinary Kriging (month of June). 

Weight values ( ,A jλ ) 

Guil Gont Bran VChão Cast Escu Font Fafe 

0,05 0,06 0,05 0,05 0,08 0,07 0,06 0,07 

Same PLan Taip Lord Arad MRei Lour  

0,07 0,06 0,07 0,08 0,08 0,06 0,07  
 

Using these weight values we calculate the estimates of mean area precipitation in the region 
associated to the monitoring point of Quality Caniços, in the period between 1988 for 2000, in 
the month of June (Table 6). 

Table 6 Area precipitation estimations measurements (in mm) in the neighbourhood of the monitoring 
point of Quality – Caniços. 

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 

188,2 60,0 27,5 48,2 64,1 61,8 20,2 31,8 4,7 134,1 31,1 19,8 15,0 
 

The value of ordinary Kriging estimation error variance and the correspondent square-root 

have been equal to, respectively, 2 4807,07KOσ =  and 4807,07 69,33KOσ = = . 

4 Conclusions 
We can only state that we have established a possible method for obtaining a mean value of 
“precipitation” in locations of the Ave River basin in the considered period. This mean value 
represents the approximate measure of the average volume of water that passes, per month, in 
the section of this location (monitoring points of Quality), i. e., in the section of reference 
(hydrological sub-basin) of a certain monitoring points of Quality and which represent the 
hydro-meteorological factor in the modelling of the quantity of water. 
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