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Abstract  

Rainfall data provide a fundamental input to the hydrological models for effective planning, design, and 
operation of water resources projects. Hydrologists are often required to estimate areal average and/or 
point rainfall at unsampled locations from observed data at neighbouring locations over the catchment. 
This task can be accomplished accurately with an optimally designed rain gauge network and is, 
therefore, regarded as an indispensable component of any hydrological study. However, rain gauge 
network used in most hydrological studies are often sparse and thus incapable of providing adequate 
rainfall estimates necessary for effective hydrological modelling and water resources management. 
Increasing network density with additional rain gauge stations has been the main underlying criterion 
in the past to reduce the uncertainty in rainfall estimates. However, installing and operating additional 
stations in a network involves large cost. Hence, the objective of this study was to present a 
methodology for optimal positioning of additional stations as well as optimally relocating of existing 
redundant stations using the kriging-based geostatistical approach. The proposed methodology was 
applied to design an optimal rain gauge network for a case study catchment, namely the Middle Yarra 
River catchment in Victoria, Australia. Reduction of kriging standard error was considered as an 
indicator for optimal spatial positioning of the stations. Daily rainfall records of 1997 (an El Niño year) 
and 2010 (a La Niña year) were used for the design of rain gauge network. Ordinary kriging was 
applied to interpolate mean daily rainfall for estimating the kriging standard error of the network. The 
results indicated that significant reduction in the kriging standard error, and therefore improved rainfall 
estimates were achieved by the optimal spatial positioning of the additional as well as redundant 
stations. The obtained optimal rain gauge network is expected to be appropriate for providing high 
quality rainfall estimates over the catchment. The proposed methodology is equally applicable to any 
other catchment.  

1. INTRODUCTION  

Rainfall data are essential for many hydrological analyses and water resources projects including 
water budget analysis, flood frequency analysis, streamflow forecasting, and design of hydraulic 
structures. Rain gauge networks are generally installed to obtain the accurate rainfall data in field. 
However, even though modern rain gauges can provide real-time rainfall information with very fine 
resolution, the spatial variability of rainfall is still difficult to be characterized without having a rain 
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gauge network of enough density in space (Cheng et al, 2008). Thus, a well-designed rain gauge 
network with adequate gauge densities should exist in a catchment in order to characterize the spatial 
and temporal variations of rainfall (Yeh et al, 2011).  
 
Hydrologists are often required to estimate areal average rainfall over the catchment and/or point 
rainfall at unobserved locations from observed measurements at neighboring locations. However, the 
available networks are often sparse and thus incapable of providing satisfactory rainfall estimates for 
efficient hydrological analysis. Thus, the rain gauge network should be designed in such a way that it 
can have optimum number of rain gauges with appropriate locations to yield accurate rainfall 
information with minimum uncertainty and cost (Pardo-Igúzquiza, 1998). Mishra & Coulibaly (2009) 
indicates that one can approach the problem either by expanding the network with additional gauges 
to reduce the uncertainty or by eliminating redundant gauges from the network to minimize the cost. 
 
Optimal design of rain gauge network is associated with numerous aspects, which has received 
considerable attention from the researchers and thus many approaches have been developed. Among 
others, one type of approach is a kriging-based geostatistical approach that finds widespread 
applications in the rain gauge network design (Shamsi et al, 1988; Loof et al, 1994; Papamichail & 
Metaxa, 1996; Tsintikidis et al, 2002; Cheng et al, 2008; Yeh et al, 2011). An important feature of this 
approach is the provision of kriging standard error. The approach involves a methodical search for the 
optimal combination of appropriate number and locations of rain gauges that minimize the kriging 
standard error of areal and/or point rainfall estimates to get the optimal network. In most of the past 
studies, the optimal network has been obtained by expanding the existing network with additional 
stations. However, installing and operating additional rain gauges in a network involves large cost. 
Furthermore, the placement and adjustment of stations significantly influence the quality of the 
obtained hydrological variable in a network (Yeh et al, 2011). Furthermore, an existing network may 
consist of redundant stations (Mishra & Coulibaly, 2009) that may have little or no contribution to the 
network performance for providing quality data. Hence, the objective of this study was to design an 
optimal rain gauge network through optimal positioning of additional stations as well as optimally 
relocating of existing redundant stations using the kriging-based geostatistical approach. Therefore, 
the optimal positioning of both additional and redundant rain gauge stations linked to the existing rain 
gauge network constitutes the main scope of this paper. 
 
In this study, a network design methodology was presented to determine the optimal locations of 
additional and redundant gauges in the current rain gauge network in the Middle Yarra River 
catchment in Victoria, Australia. The present work differs from the earlier works in two aspects: the 
best fitted variogram model from a set of commonly used variogram models was used for computing 
the kriging standard error and the likely presence of redundant rain gauge stations in the current 
network along with additional stations was considered to obtain the optimal rain gauge network.  

2. STUDY AREA AND DATA USED 

The Yarra River catchment in Victoria, Australia covering an area of 4,044 km2 has three distinctive 
sub-catchments, namely Upper Yarra, Middle Yarra, and Lower Yarra segments (Barua et al, 2012). 
The middle segment of the catchment was selected as the case study catchment (Figure 1) that 
covers an area of 1511 km2 consisting of three storage reservoirs. A decrease in rainfall will cause 
reduction in streamflows, which will lead to the shortage of reservoir inflows and hence impact the 
overall water availability. However, an increase in rainfall and the occurrence of extreme rainfall 
events will result in excess streamflows that may cause flash floods in the urbanized lower segment 
and makes it vulnerable to flood risk. The water supply in the urbanized Lower segment also depends 
on the water supply reservoirs mainly located in the middle and upper segments. Hence, accurate 
rainfall information in the Middle and Upper segments is vital to determine the future streamflows 
precisely for optimal reservoir operation and effective flood controls in the lower segment. Therefore, 
the design of an optimal rain gauge network is highly significant for the Middle Yarra River catchment.  
 
Bureau of Meteorology (BoM), Australia operates nineteen (1 to 19 in Figure 1) rain gauges in the 
study area (Middle Yarra River catchment), in which two stations namely, Monbulk (Spring Road) 
(station 18) and Ferny Creek (station 19) were installed in 2011. The rain gauge network thus 
consisted of 17 stations before 2011 (will be called as the ‘network before 2011’) and consists of 19 
stations after 2011 (will be called as the ‘network after 2011’) in this paper. This study attempts to 
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identify the optimal location of the two additional gauges (stations 18 and 19) in the network after 2011 
as well as the likely presence of redundant stations in the network before 2011. Daily rainfall data for 
all the rain gauge stations in the current network were collected from the SILO climate database 
(http://www.longpaddock.qld.gov.au/silo/) for the period of 1980-2012. 

 

 
Figure 1 Yarra River catchment showing the study area with rain gauge stations 

 
Several studies have reported that the rainfall variability in the eastern parts of Australia (including the 
study area) is strongly influenced by the El Niño Southern Oscillation (ENSO) effect (Dutta et al, 2006; 
Chowdhury & Beecham, 2010). The ENSO phenomenon is defined by the Southern Oscillation Index 
(SOI), which is composed of El Niño and La Niña processes. Persistent negative values of SOI define 
the El Niño process that indicates a decrease in rainfall. The La Niña process is opposite to El Niño 
process and corresponds to an increase in rainfall than normal (Chowdhury & Beecham, 2010). The 
spatial variability of rainfall due to the ENSO effect was considered in the rain gauge network design in 
this study by using rainfall data from El Niño and La Niña years. The collected SOI values from BoM 
for 1980-2012 period indicated that maximum negative and positive SOI occurred in 1997 and 2010, 
respectively. Therefore, mean daily rainfall was computed from the daily rainfall records of 1997 (an El 
Niño year) and 2010 (a La Niña year), which was used for the design of rain gauge network. Using 
rainfall records of the selected El Niño and La Niña years in the network design will be a better 
representation of the rainfall variability in the Middle Yarra River catchment.  

3. KRIGING-BASED GEOSTATISTICAL APPROACH  

3.1. Ordinary kriging 

Kriging technique was primarily developed to solve mining and geological engineering problems. 
However, it has found wide applications in other areas such as environmental, hydrological, 
radiological and medical applications in last decades. This is a surface interpolation technique based 
on spatially dependent variance. Kriging refers to a family of generalized least-square regression 
methods in geostatistics that estimates variable values at desired locations in space using the known 
sampling values. In this study, ordinary kriging (OK) was used for interpolation of the rainfall data and 
estimation of the kriging standard error (KSE). OK is a spatial interpolation estimator, which gives the 
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best linear unbiased estimate of a second-order stationary random field at unsampled location with an 
unknown constant mean is given by:   
 

 ( 0) ∑  i ( i)

 

i 1

                                                                                                                               (1) 

 
Where  ( 0) refers to the kriging estimate at desired location  0,  ( i) is the sampled value at location 
 i and  i represents the kriging weights associated with  ( i) and N indicates sampled observations. 
  
The kriging variance,   

2( 0) is obtained as follows:  
 

  
2( 0)      ∑  i (h0i)

 

i 1

                                  for ∑  i

 

i 1

  1                                                                 (2) 

 
where,  (h) is the variogram value for the distance h;    is the Lagrangian multiplier; h0i is the distance 
between the unsampled location  0 (where estimation is desired) and sample locations  i; N is number 
of sample locations. The square root of the kriging variance gives the KSE value that forms the basis 
for the design of rain gauge network in the kriging-based geostatistical approach. By minimizing the 
KSE value, the optimal rain gauge network can be achieved. 
 
The kriging technique highly depends on variogram model that defines the spatial structure of the 
data. The variogram model gives variogram values for any distance and allows a unique and stable 
solution for kriging weights. Initially, an experimental variogram was derived based on the observed 
rainfall data and then a variogram model was fitted to the experimental variogram. Three most 
commonly used variogram models in hydrology namely, exponential, gaussian, spherical models were 
considered in this study. Fitting of variogram model was performed using GS+ software (Robertson, 
2008). The model fitted with the lowest root-mean-square error (RMSE) and mean absolute error 
(MAE), and the highest coefficient of determination (R) was chosen as the best variogram model.   

3.2. Rain gauge network design 

An optimal rain gauge network should neither suffer from lack of rain gauge stations nor be over-
saturated with redundant rain gauge stations. In this study, reduction of the KSE was used to achieve 
the optimal network. The underlying principle is that the KSE will be minimized at a certain stage with 
optimal positioning of additional as well as redundant stations in the high variance zones to achieve 
the optimal network. The following sequential steps were carried out for the rain gauge network 
design: 

 
a) Perform kriging analysis to compute the kriging standard error (KSEOld) for the network before 

2011 (BoM’s base network with 17 stations). Generate KSE map for the network and identify low 
variance areas in the KSE map to detect the presence of redundant stations. 

b) Consider the network after 2011 with additional two stations (BoM’s augmented network with 19 
stations) and perform kriging analysis to calculate the corresponding error (KSENew).  

c) Determine the relative error (RE) reduction to check network performance for error minimization 
using the relationship: 
 

  ( )   (
    ld       ew

    ld
)    100                                                    (3) 

 
d) Generate KSE map for the network after 2011 and identify high variance areas in the KSE map. 

Place additional stations in the high variance areas whereas move the redundant stations from 
the low variance areas into the high variance areas. 

e) Place either a single or set of rain gauges in the high variance areas from the group of additional 
and redundant stations. Calculate the corresponding RE by repeating the steps from (b) to (d).  

f) Plot RE values against different combinations of existing, redundant and additional stations. 
g) Select the optimal combination producing the maximum RE value to achieve the optimal rain 

gauge network. 
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4. RESULTS AND DISCUSSION 

4.1. Spatial interpolation by kriging 

In variogram modelling, directional variograms were initially computed in the X and Y directions using 
El Niño and La Niña year rainfall data for the network before 2011 and network after 2011. However, 
they were found to be noisy due to lack of sufficient data points in these directions. Therefore, effect of 
anisotropy on variogram parameters was ignored and an isotropic experimental variogram was 
computed and three different variogram models (i.e. exponential, gaussian and spherical) were fitted 
with it. Isotropy refers to a property that indicates the spatial autocorrelation between two locations 
changes only with the distance. The variogram parameters (i.e., nugget, range, and sill) were 
iteratively changed to obtain the best fitted model. Both manual (visual) and automatic fitting methods 
were performed using GS+ software to obtain the optimal parameters for all three variogram models. 
The gaussian model was found as the best variogram model based on the RMSE, MAE and R values 
for both the network before 2011 and the network after 2011, which was finally used in kriging. 
 
In this study, OK was implemented using ArcGIS software and its geostatistical analyst extension 
(Johnston et al, 2001). KSE was estimated through spatial interpolation of El Niño and La Niña year 
rainfall data for the network after 2011 and presented in Figure 2. It can be seen from the figure that 
there are few rain gauge stations in the eastern and south-eastern part of the study area where high 
variance zones are identified. Figure 2 also shows that areas close to the existing rain gauge stations 
show lower KSE values whereas areas having less or no rain gauge stations show higher KSE values. 
For example, nearby areas of stations 4, 5, 6, and 7 exhibit lower KSE values because the network 
density is relatively 
high in that area. It 
indicates the likely 
presence of redundant 
stations in that area of 
the network. It is 
important to note that 
KSE values adjacent 
to stations 5 and 6 in 
the network before 
2011 (i.e. BoM’s base 
network) for both El 
Niño and La Niña year 
were very low (result 
is not shown) like the 
results presented in 
Figure 2. Therefore, 
stations 5 and 6 are 
identified as the 
redundant stations in 
the BoM’s base 
network. However, in 
the north-western, 
eastern and south-
eastern part of the 
study area, the 
network density is 
comparatively poor. 
Thus placement of the 
additional rain gauge 
stations is necessary 
in that area in order to 
minimize the kriging 
standard error, which 
will lead to an optimal 
rain gauge network.  

 
Figure 2 KSE map for (a) El Niño year, and (b) La Niña year with 
provisional placement of additional stations (station 18  at A, B, C 
and station 19 at D, E, F) and redundant stations (station 5 at P and 
station 6 at Q) in the high variance zones 
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Based on the aforementioned discussions, two cases were considered in this study and further kriging 
analysis was performed for the network:  
 
• Case-A: In this case, placement of the additional stations (stations 18 and 19 in the network after 

2011) in the high variance areas of the KSE map and finding optimal locations of the additional 
stations in the network were explored. 

• Case-B: In this case, eliminating or relocating of redundant stations (stations 5 and 6 in the 
network before 2011) from low to high variance areas of the KSE map and finding their optimal 
locations in the network were explored. 

 
According to the aforementioned two cases, the additional and redundant stations were placed in the 
high variance zones of the network after 2011 (Figure 2). Based on these proposed trial positions, 
fifteen possible combinations of stations were formed (Figure 3) by which the best combination of the 
number and location of stations giving maximum reduction of network KSE were identified to achieve 
the optimal network. It is worth mentioning that the remaining 17 rain gauge stations in the BoM’s base 
network (i.e. network before 2011) were not relocated because it is not practically feasible to relocate 
all existing rain gauge stations. Rainfall values for both El Niño and La Niña year were estimated by 
kriging interpolation for all the proposed trial positions of stations in the high variance zones of the 
network. Predicted rainfall values of the additional and redundant stations for case-A and case-B were 
combined with observed rainfall datasets of the remaining stations to have individual rainfall datasets 
for each combination. Variogram modelling and kriging interpolation of rainfall dataset for each 
individual combination was repeatedly carried out and the corresponding KSE map was generated.  

4.2. Optimal design of rain gauge network 

For the design of optimal rain 
gauge network, KSE values 
were computed for the network 
before 2011 (BoM’s base 
network) and network after 2011 
(BoM’s augmented network). It 
was found that the error was 
reduced in some parts of the 
network but a number of areas 
with higher KSE values were still 
present. Therefore, rain gauge 
stations (additional and 
redundant) were placed in those 
high variance areas with higher 
KSE values, and the process 
was repeated for each 
combination until further 
reduction of the KSE values. The 
locations that resulted in the 
most significant reduction in KSE 
values were selected as the 
locations for placing additional 
as well as redundant stations.   
 
In the methodical search 
procedure to obtain the optimal 
network for case-A, initially an 
attempt was made by one 
additional station (either station 
18 or 19) and then with both additional stations (stations 18 and 19 together). Similarly, the optimal 
network search procedure for case-B followed the relocation of one redundant station (either station 5 
or 6) and then with both redundant stations (stations 5 and 6 together). The network performance was 
evaluated for both the El Niño and La Niña year rainfall data and the corresponding KSE values for the 
network were determined to compute the reduction KSE values (Figure 3). Figure 3 shows that the 

 
Figure 3 Relative error reduction (RE) for different 
combinations of stations in the network after 2011 

796



Kriging-based Geostatistical Approach for Optimal Design of RG Network………… Adhikary et al. 

HWRS 2015 SK Adhikary, AG Yilmaz, N Muttil  7 of 8 

KSE values were reduced as expected since the network was optimized with different combination of 
additional and redundant stations. In this way, at a certain stage the number of stations was optimally 
combined that resulted in the maximum reduction of KSE values to give the optimal network.  
 
The case-A analysis results shown in Figure 3 
indicate that high variance areas in the KSE map was 
defined by station combination of trial 7, which gave 
the maximum reduction of KSE values. As seen in 
Figure 3, the maximum reduction in the KSE was 
achieved for this particular combination for both El 
Niño and La Niña year rainfall data. Therefore, the 
optimal locations of the additional two stations in the 
network after 2011 can be represented by the station 
combination of trial 7. However, the case-B analysis 
results presented in Figure 3 show that relocation of 
only one redundant station (station 5) defined by 
station combination of trial 13 in the high variance 
area results in the maximum reduction in the KSE 
values. It is also seen that relocation of both 
redundant stations (stations 5 and 6 together) defined 
by station combination of trial 15 in high variance 
areas yields similar KSE reduction. However, this 
alternative is less preferred and was not selected 
since relocation and re-installing of a rain gauge 
station is associated with cost and manpower. Thus, 
the accepted feasible solution is the station 
combination defined by trial 13 for case-B, which was 
selected as the optimal positioning of redundant 
stations. In this way, the optimal rain gauge network 
was achieved for the Middle Yarra River catchment, which is shown in Figure 4. Thus, the optimal rain 
gauge network consists of 19 stations that consist of the original sixteen stations (stations 1-4, 6, 7-
17), one redundant station (station 5) from the network before 2011 and two additional stations 
(stations 18 and 19) from the network after 2011 with their corresponding identified locations. 
 
The estimation error was calculated based on the 
estimated areal average rainfall for the BoM’s 
present rain gauge network (Figure 1) and the 
optimal rain gauge network achieved in this study 
(Figure 4), and results are shown in Figure 5. As 
can be seen from Figure 5, the optimal rainfall 
network provides better estimates of areal average 
and point rainfalls in the Middle Yarra River 
catchment. Although the improvement is 
insignificant in terms of mean daily rainfall scale as 
compared to actual datasets, the devised optimal 
rain gauge network gives better performance. 
Therefore, the network can be applied for relevant 
hydrological applications. 

5. CONCLUSIONS 

This study presents a methodology for rain gauge network design using the kriging-based 
geostatistical approach. The main objective of this study was to design an optimal rain gauge network 
in the Middle Yarra River catchment of Victoria, Australia through optimal positioning of additional 
stations as well as optimally relocating of existing redundant stations. Based on the results obtained in 
this study, the following conclusions can be drawn:  
 
• Kriging standard error map produced by ordinary kriging showed that the areas adjacent to the rain 

gauge stations exhibit lower error, whereas comparatively higher error was found in areas having 

 
Figure 4 Devised optimal rain gauge 
network in the Middle Yarra River catchment 

 
Figure 5 Comparison of errors in areal average 
rainfall estimation between the BoM’s present 
network and the optimal network 
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less or no stations. It can be concluded that additional stations are necessary in areas lacking 
required stations and should be positioned accordingly to minimize the kriging standard error. 

• It was found that if the additional stations (stations 18 and 19 together) installed in the network by 
BoM after 2011 were optimally located (as indicated in Figure 4), then the network could give 
improved performance for the areal average and point rainfall estimates for the La Niña year only, 
whereas no improvement could be achieved for the El Niño year.  

• It was also found that if BoM’s installed additional stations (stations 18 and 19 together) were 
considered to be in their original positions in the network after 2011, and only one redundant station 
(station 5) was optimally located without relocating other stations, the network could give significant 
improvement in areal average and point rainfall estimates for both El Niño and La Niña years.  

• The optimal rain gauge network designed in this study consists of an optimal combination of rain 
gauge stations with the capability of providing better areal average as well as point rainfall 
estimates in the Middle Yarra River catchment. 

• Based on the obtained results, the study recommends that the additional and redundant rain 
gauges should be re-located in the Middle Yarra River catchment according to Figure 4. It is not 
necessary to relocate the other existing stations in the present network due to the associated costs. 
The methodology proposed in this study for optimal design of rain gauge network is equally 
applicable to any other catchment. 
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