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ABSTRACT  
 

Accurate estimation of rainfall distribution is a key component in hydrologic modeling for flash 
floods runoff evaluation. Rainfall data is usually provided by rain gauge networks. Design parameters 
of such networks include number and location of rain gauges. Optimum design of these networks entails 
adding new gauges or removing existing redundant ones to reduce their capital and operation costs and 
to enhance their operation. In this paper, a method is proposed to assess the impact of reducing number 
of rain gauges of a network on the estimation of Mean Areal Precipitation (MAP). The method is applied 
on the Meleha sub-catchment as a case study where two deterministic methods were used to estimate 
the MAP. It includes the evaluation of three different scenarios of removing rain gauges. Results 
illustrate that the network reduction from 5 to 2 generally increases the estimation of RE and RMSE in 
the MAP estimation. The scenario of removing 3 gauges indicates that there is a combination of rain 
gauges that gives a smaller error rather than currently existing one. In conclusion, the decision of 
network reduction significantly affects rainfall estimation in all examined scenarios. 
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Introduction 
 

Rain gauge network, especially in arid regions, is a key driver for hydrologic modeling to 
evaluate flash floods runoff. Generally, rain gauge networks are often used to provide estimates of areal 
average rainfall or point rainfalls at ungauged locations. The level of accuracy in the Mean Areal 
Precipitation (MAP) that a network can achieve depends on the total number and locations of gauges in 
this network. Several studies were done to assess the density of a rainfall network on the MAP (e.g. 
Mishra, 2013); others have studied the effect of rain gauge density on interpolation technique selection 
(e.g. Otieno et al., 2014). Modifying these networks in terms of number and location of rain gauges 
therefore becomes a necessary process. Usually, the main objectives of this modification are to reduce 
the costs and optimize the operation of networks. This includes adding new gauges or removing existing 
redundant ones. Proposing a methodology for optimizing rain gauge networks is a common field of 
research and several research studies have been done in that field (Awadallah, 2012; Volkmann et al., 
2010; Pardo-igu, 1998). In general, this optimization may cause significant rainfall variability that will 
directly affect the hydrological modeling results. Several criteria of modifications employ the 
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geostatistical approaches to resample the rain gauges network especially for the hydrological modeling 
purposes. For example, Barca et al. (2007) provided a methodology for assessing the optimal 
localization of new monitoring stations within an existing rain gauge monitoring network. The proposed 
methodology uses geostatistics and probabilistic techniques (simulated annealing) combined with GIS 
instruments. 

Deterministic methods such as Thiessen Polygons Algorithm (TPA) and the Inverse Distance 
Weighting (IDW) are frequently used for spatial interpolation of point rainfall to provide the MAP 
estimation. Several studies have suggested that geostatistical methods produce better interpolation 
estimates than deterministic methods (Buytaert et al. 2006; Campling et al. 2001; Drogue et al. 2002); 
however it was not possible to use any of them in this study due to the little number of rain gauges over 
the investigated watershed. Kriging method, for example, uses at least 4 locations of known values to 
interpolate over a surface with a very low accuracy. This condition would not be achieved for the tested 
scenarios of removing 3 or 2 rain gauges and will inaccurately work with respect to the scenario of 
removing one gauge. Consequently, the geostatistical methods will not be used for any kind of analysis 
in this research. 

The study area of this work is the Meleha sub-catchment, a small pilot area (26 km2) in south 
of Sinai Peninsula. It was originally covered by a dense rain gauges network; however, number of rain 
gauges in this network has been reduced from 5 to only 2 gauges without any prior investigation of the 
effect of such reduction. The main objectives of this research are to: (1) discuss the decision of rain 
gauges network reduction from 5 to 2 rain gauges; and (2) assess the effects of rain gauges network 
reduction using various scenarios on the accuracy of the MAP estimation.  

  
Study Area and Data 
 

Meleha watershed is a small sub-catchment located upstream Sudr Catchment between 29° 52’ 
30” – 29° 47’ 30” N and 33° 08’ 30” – 33° 12’ 30” E with a total area of about 26 km2 (Fig. 1). It was 
prepared to be an experimental catchment representing the western watersheds of Sinai Peninsula which 
drain their runoff into Suze Gulf. The terrain of this area is described by rocky mountains spread out in 
the upstream of the basin. The elevations vary from 570 m to around 470 m above mean sea level. The 
longest stream length is about 6.70 km while the basin length reaches to 5.80 km. The climate in this 
region hardly differs from Sinai Peninsula’s climate which is characterized by extreme aridity. It is 
described by long rainless summer season and mild winter, however, high rainfall intensity in winter is 
likely to occur over several locations causing flash floods. Generally rainfall storms are prone to occur 
between the periods from December to May.  

This basin used to be covered by a rainfall network of 5 rain gauges (R1, R2… R5) and one 
flow gauge to measure floods runoff. After 2008, the number of rain gauges is reduced to only 2 gauges 
(R1 and R2) without any prior investigation of the effects of this reduction (Fig. 1). The rainfall data 
used in this study consists of 5 rain gauges and covers the period from 1990 to 2008. During this period, 
several flash floods events, caused by short rainfall storms, have occurred. Despite the existence of the 
rain gauges, some of these storms have not been recorded due to a failure occurred to few measuring 
devices. Table 1) shows a summary of the candidate storms data for each station which have been used 
in this study. It also shows some basic statistics for the recorded storms. As shown in this table, two 
storms (storm#2 and storm#3) have a high variance in the recorded rainfall values while the other two 
(storm#1 and storm#4) show that the rainfall is nearly uniform over the whole watershed. The Egyptian 
Water Resources Research Institute (WRRI) provided the rainfall data records. 
 
Methodology 
 

To achieve the objectives of evaluating the impact of rain gauge network reduction on the MAP, 
and because of lacking a long series of rainfall in all locations, 4 rainfall storms of each gauge are 
considered in this analysis. The rainfall from the 5 rain gauges were used to compute the MAP by using 
the Thiessen Polygons Algorithm (TPA) and the Inverse Distance Weighting (IDW) method and were 
assumed to present “true” MAP over the study area throughout the evaluation procedure. The following 
subsections describe the two methods used to create the MAP and the criteria of assessment suggested 
in this study. 
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Fig. 1: Study area, Meleha sub-catchment 

Table 1: Rainfall data in (mm) recorded by the 5 rain gauges for various storms showing the mean, standard 
deviation and the variance for each case 

Rain Gauges R1 R2 R3 R4 R5 Mean Std. Var. 

Strom#1 13.8 15.9 14.9 14.6 12.7 14.4 1.2 1.45 

Strom#2 6.8 3.5 4.1 7.7 17.0 7.8 5.4 29.46 

Strom#3 19.7 20.6 16.5 6.1 20.3 16.6 6.1 37.39 

Strom#4 9.1 7.1 6.5 3.4 7.7 6.8 2.1 4.46 

 
Thiessen Polygon Algorithm (TPA) 
 

This is a simple method for interpolating point rainfall values to the neighboring undefined 
locations. In this method, every ungauged location is allocated a rainfall value of the closest gauge 
measurement (Thiessen, 1911). The method basically depends on dividing the watershed into group of 
polygons drawn according to the rain gauges locations. Straight lines are drawn to connect these gauges 
to each other, and then the perpendicular bisectors of these lines form the anticipated polygons. The 
area of each polygon (Ai) can be easily calculated representing a percentage of the total area. The rainfall 
value (Pi) associated to each polygon is taken to be equivalent to its corresponding rain gauge located 
at the centroid of this polygon. The MAP representing the average rainfall value over the whole 
watershed is then computed using Equation (1). 

 

����
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∑��
 Equation…………………………………………………………………………… (1) 

 
where (Pi) is the rainfall value at rain gauge (i), (Ai) is the area of the watershed covered by 

each rain gauge (i) and (i) takes values of 1, 2…5, (n) is total number of remained rain gauges used at 
each scenario to calculate the MAP and it takes values of 2, 3 and 4 and (m) is an assigned number to 
express the combination at which the MAP is computed and it takes values of 1, 2…25. 
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Inverse Distance Weighting (IDW) 
 

This method uses the distance between the interpolation location and the known values to assign 
weights to neighboring observed values. The interpolated value is therefore the weighted average of the 
observations (Shepard, 1968). An interpolated surface over the whole watershed is easily computed 
using Equation (2).  
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 Equation…………………………………………………………………………… (2) 

 
where (Px) is the unknown rainfall value at any location (x), (Pi) is the known rainfall value at 

location (i), (Li) is the distance between the two locations (i, x), and (n) is the total number of known 
locations.  

In order to obtain the MAP, arithmetic mean over the whole watershed is then calculated to 
express the average rainfall value over the watershed using Equation (3). 

 

����
� =  

�

��
∑ �� Equation………………………………………………………………….. (3) 

 
where (Px) is the interpolated rainfall value at any location (x) estimated using Equation (2), 

(Nx) the total number of interpolated locations over the watershed, (n) is total number of remained rain 
gauges used at each scenario to calculate the MAP and it takes values of 2, 3 and 4 and (m) is an assigned 
number to express the combination at which the MAP is computed and it takes values of 1, 2…25. 

 
Criteria of assessment of rain gauge network reduction  

 
To assess the impact of rain gauge network reduction on the accuracy of the MAP estimation, 

three various scenarios of different rain gauge combinations were made. Scenarios were made by 
sequentially remove three, two and one gauge(s) and then create the possible number of combinations 
for each scenario. Consequently, ten combinations comprising of removing 3 or 2 rain gauges are 
obtained while 5 combinations are obtained in case of removing one gauge. For each combination, the 
MAP is computed using the above two methods. To check the accuracy in the estimated MAP, two 
statistical comparison criteria were computed to achieve this purpose. The absolute Relative Error (RE) 
in the MAP estimation with respect to the MAP calculated from the 5 rain gauges and the Root Mean 
Square Error (RMSE) to re-estimate the actual values of rainfall at the removed rain gauges locations 
were computed. The following steps describe how the criterion of assessment works and then how the 
selection of best combination is done. 

Step 1: To Compute the MAP of the 5 rain gauges using Equation (1) and Equation (3). This is 
considered the “true” average rainfall over the watershed and all the further analyses will be referred 
to/compared with. The MAPs calculated from the various combinations in each scenario are then 
computed using rainfall data shown in Table 1).  

Step 2: To calculate the absolute RE of estimated rainfall in each combination with respect to 
the “true” MAP using Equation (4) and is expressed as a percentage of error. 
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 Equation………………………………………………………………… (4) 

 
where (n) is total number of remained rain gauges used at each scenario to calculate the MAP 

and it takes values of 2, 3 and 4, (MAP) is the mean areal precipitation computed at each combination 
(m) which takes values of 1, 2…25, and (MAP5) is the “true” MAP. 

Step 3: Sorting the combinations in each scenario in ascending order to give the smaller errors 
at first. Therefore, the smaller the RE the higher the accuracy of the MAP of this combination is. 
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Step 4: Ordering the various combinations in each scenario by giving ranks from one up to the 
maximum number in that scenario. Accordingly, the best combination in this scenario is then selected 
when it gives the minimum summation of the ranks obtained by all cases of rainfall data (Order#1).  

Step 5: Computing the RMSE of the MAP in each combination to re-estimate the actual rainfall 
values of the removed gauge(s). The RMSE is evaluated by Equation (5). 
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where (Pi) is the rainfall value at rain gauge (i), (N) is the total number of rain gauges, (n) is 

total number of remained rain gauges used at each scenario to calculate the MAP and it takes values of 
2, 3 and 4 and MAP is the mean areal precipitation computed at each combination (m) which takes 
values of 1, 2…25. 

Step 6: Repeat step 3 and step 4 to assign the best combination in each scenario (Order#2).  
Step 7: Identifying the best combination in each scenario compromising the two assessment 

stages from steps 4 and 6. 
 

Results and Discussion 
 
Computing of the MAP using the two methods 

 
As mentioned earlier, the MAP was computed 25 times to express all the possible combinations 

of rain gauges expected out of the 3 scenarios. A linear trend line is fitted to the absolute RE computed 
by the two methods for all rainfall datasets as shown in Fig. 2).  

  

  

Fig. 2: The absolute Relative Error (RE %) of the MAP estimation showing the R-Squared values for 

the TPA and the IDW methods for the three tested scenarios 

The R-squared value for each rainfall dataset and the slope of this line are also illustrated. The R-squared 
values are ranging from 0.88 at storm#1 to 0.96 at storm#4 whereas the slopes of these lines are ranging 
from 0.78 at storm#3 to 1.06 at storm#1. The slope expresses for what extent the value of the MAP 
computed using the TPA is close to its similar value computed from the IDW method. While the R-
squared value expresses how goodness of fit this relation is. Despite the fact that the highest R-squared 
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value is achieved by storm#4, yet its slope (0.83) is not significant high and most of the combinations 
are located in the higher errors zone. Similarly, storm#3 has the same performance but the RE values 
are reaching more than 35%. Storm#2 has the lowest R-squared value, the highest RE value and the 
best slope; yet one combination has an error close to 55% and most of the other combinations still have 
high values of error close to 40%. This could be retained to the variations of the original rainfall records, 
as storm#2 and storm#3 have the highest variance values. Unlike the other storms, storm#1 indicates 
the lowest RE values however its R-squared value is not significantly high compared to other storms 
and the slope is nearly close to 1.0. The maximum RE value in this storm is nearly 7% and most of the 
combinations have an error around 4%. Accordingly, it is clearly noticed that RE increases as the 
number of removed rain gauges increases. 

Taking a closer look to the maximum error resulted in each scenario, as expected, the maximum 
absolute RE in the MAP estimation for each scenario increases as the number of removed rain gauges 
increases (Fig. 2) and  

Table 2)). For stom#3 and storm#4, TPA gives higher error in the MAP rather than the IDW 
method for all scenarios. The IDW gives higher errors in the MAP only with respect to storm#2. On the 
other hand, the RE in the MAP estimated at storm#1 from both methods is very close and no significant 
change could be noticed. Generally these differences could be explained because of the approach 
applied by each method. The TPA is much sensitive to the weight of the area covered by each rain 
gauge and its rainfall value whereas the IDW method does not account for area. 
 
Table 2: The maximum absolute Relative Error (%) in the MAP estimation for all scenarios  

 Thiessen Polygons Algorithm (TPA) Inverse Distance Weighting (IDW) 

Scenario 3 Gauges 2 Gauge 1Gauges 3 Gauges 2 Gauges 1 Gauge 

Strom#1 6.64 5.04 2.39 7.45 5.23 2.76 

Strom#2 53.66 35.05 26.55 53.64 38.23 28.26 

Strom#3 36.50 29.86 22.05 32.77 26.52 20.03 

Strom#4 32.37 26.72 16.82 28.48 21.58 15.81 

 
Re-estimating the actual rainfall values of removed rain gauges 
 

Re-estimating the value of the actual rainfall at the removed gauge location(s) is considered a 
worthy measure on the accuracy of the MAP estimation. In other words what is the value of error in 
rainfall estimation at each rain gauge location resulted with the MAP creation. When this error is 
minimized, using this MAP could be essentially accounted. Fig. 3) shows the RMSE calculated for all 
the possible combinations of rain gauges for all the rainfall datasets for both methods. The pattern of 
errors resulted from the TPA (Fig. 3A)) does not significantly differ from the IDW method (Fig. 3B)) 
for all the rainfall datasets. The results show that the RMSE computed at storm#1 is relatively small 
compared to the other values estimated for other storms. This again could be caused because of the low 
variations in the measured rainfall value for the dataset. It could be also said that there is no significant 
change among the rainfall values recorded by the 5 rain gauges, hence when removing one or two rain 
gauges, the remained rain gauges values can perform well in estimating the MAP causing slightly small 
errors. These errors are increased on average but not to a large extent when removing 3 rain gauges. 
Similar results are given with respect to storm#4 where the RMSE values are still small compared to 
storm#2 and storm#3. On the other hand as it is clearly presented in Fig. 3), storm#2 and storm#3 give 
the highest RMSE where it reaches to 6.29 mm and 8.70 mm respectively. Both methods perform poorly 
in case of storm#3, because of the high variations of rainfall values. Even though the maximum error 
decreases by increasing the number of rain gauges, the errors are still high.  

Results also reveal that there are no significant variations in the RMSE values between the 
errors resulted from the scenarios of removing 1 or 2 rain gauges. Only one combination always gives 
the highest error among the other 15 combinations. Another surprising result is revealed from this figure 
where not like the anticipated; the lowest error is shown by a combination from the scenario of removing 
3 rain gauges. The group consists of R1and R4 has the smallest error for storm#2 and the group consists 
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of R2 and R3 has the smallest error for storm#3 and storm#4. This means that increasing the number of 
rain gauges over the study area does not mean attaining the lowest errors at all. 

 

 

Fig. 3: The Root Mean Square Error (mm) in the MAP to re-estimate the actual rainfall values of 

removed rain gauges(s), (A: The TPA, B: The IDW method) 

Scenario of removing 3 rain gauges 
 

As there are only two rain gauges currently remaining in the network covering the Meleha 
watershed, the results with respect to scenario of removing 3 rain gauges will be separately discussed. 
The results indicate that there is a combination of rain gauges that gives a smaller error rather than 
currently existing combination. Fig. 4) shows the ranking of the combinations resulting using all the 
statistical comparison formulas for both methods. They are ordered in ascending presentation according 
to the results of the TPA. As expected, neither the results of the two methods or of formulas having the 
same order. This is noticeably because of changing the rainfall values and the used approach to compute 
the MAP. With respect to the TPA, the combination consists of R1 and R2 (currently existing group) 
does not give a higher order with respect to the RE or the RMSE at all cases. It occupies the last order 
when depending on it to create the MAP of the whole watershed. This order has not been improved that 
much for other cases where it occupied the fifth order when using it to re-estimate the actual rainfall 
values. On the other hand, the combination consists of R1 and R4 comes at the first order or at the most 
at the second order for all cases. As it is clearly shown from the figure, the results with respect to the 
IDW method show similar orders. 

A 

B 
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Fig. 4: Ranking of the Combinations, combinations are sorted based on the values estimated of TPA  

Selection of the best combination from scenario of removing 3 rain gauges 
 

In order to select the best combination comprising all the comparisons criteria, each tested 
formula was given a priority according to its importance. A higher weight is given to the results of 
order#2 as they are much sensitive to the MAP estimation. The following weight is given to the results 
from the order#1. After summation the resulting weights, the combinations are sorted to show the group 
which has the lowest weight to be considered as the best group. Fig. ) shows the results of the best 
combination computed for the two methods. It is clearly illustrated that the combination consists of R1 
and R2 (currently existing group) is not the best group as indicated by both methods.  

 

Fig. 5: The Best Combinations of scenario of removing 3 rain Gauges, combinations are sorted based on the 

values estimated of TPA 

Conclusion 
 

This paper presented a simple method to assess the impact of rain gauges network reduction from 
5 to 2 rain gauges. Several scenarios of removing rain gauges were investigated in this study. The 
consequences of the network reduction on the accuracy of the MAP estimation were assessed. The 
assessment procedure was carried out for 3 scenarios of removing rain gauges while, emphasizing the 
case of removing 3 rain gauges. Two statistical comparison formulas were used to identify the group of 
rain gauges producing lowest errors. The selection of the best combination is used to highlight whether 
the currently existing group of rain gauges (R1 and R2) is the optimum setting or not. Several aspects 
of the results in this study revealed that common practices of rain gauge network reduction is usually 
not optimum in terms of number and distribution of rain gauges. Obtained results of the considered case 
study have confirmed that the currently existing group of rain gauges should not be used to express the 
MAP estimation over the investigated watershed. Moreover, it is not recommended to depend on this 
group in either re-estimating the rainfall values. On the contrary, according to the suggested selection 
method, group consists of (R1 and R4) could be assumed as the best group that should have been used 
to accurately express the MAP.  

It was also concluded that the MAP estimation is not sensitive to the two methods used in this 
work; it was rather sensitive to number and location of rain gauges as well as rainfall values. The high 
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variations of the rainfall values contribute to a large extent in increasing errors in the MAP estimation. 
Unfortunately, the short series of rainfall data record limits the chance for definitive recommendations 
about potential rain gauges locations that may have higher impacts on the network performance. There 
was no attempt done to use other methods of interpolation such as Kriging because of the limitations 
on the number of rain gauges used to calculate the MAP. 
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