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Abstract

 
A complete daily rainfall dataset with no missing values is highly in demand for a variety of meteorological and hydro-

logical purposes. In most situations, spatial interpolation techniques such as normal ratio and inverse distance methods 
are used for estimating missing rainfall values at a particular target station based on the available rainfall values recorded 
at the neighboring stations. Moreover, these two methods are found to be very useful in the case where the neighboring-
stations are very close and highly correlated with the target stations. In this study, several modifications and improvements 
have been proposed to these methods in order to estimate the missing rainfall values at the target station using the in-
formation from the nearby stations. The methods have been tested with different percentages of missing rainfall values 
and also with a radius range of 75 km to 200 km. The result indicate that the performance of these modified methods 
improved the estimation of missing rainfall values at the target station based on the similarity index (S-index), mean abso-
lute error (MAE) and coefficient of correlation (R).
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1. Introduction

The availability of a complete rainfall data with no 
missing values is important in meteorological, cli-
matological and hydrological analyses. However, 
the problem of missing data often occurs due to a vari-
ety of reasons. These may result from the relocation 
of the stations due to the urbanization of the area, the 
malfunction of the instrument for a specific period 
of time particularly in flooding areas and errors in the 
techniques used in measuring the amount of rainfall. 
The results of the hydrological and meteorological 
models could be influenced by considering the in-
complete series of rainfall records as an input in the 

analysis. Therefore, the estimation of missing rain-
fall values becomes a more important task and the 
suitable methods to replace the missing values are al-
ways a main interest in hydrological and meteoro-
logical studies.

The normal ratio method (NR) and the inverse dis-
tance weighting method (IDW) are the two types of 
the traditional weighing factors which are the most 
commonly used approach for estimation of missing 
climatic data as stated in the literature, (e.g., 
Simanton and Osborn, 1980; Tabios and Salas, 1985; 
Young, 1992; Hubbard, 1994; Lennon and Turner, 
1995; ASCE, 1996; Tang et al., 1996; Xia et al., 1999; 
Eischeid et al., 2000; Teegavarapu and Chandramouli, 
2005). In estimating the missing rainfall values, the 
closest stations and the most highly correlated among 
the neighboring stations with the target stations are 
greatly important. The NR method of spatial inter-
polation, first proposed by Paulhus and Kohler 
(1952) is based on the ratio means of data between 
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the target station and neighboring stations. The NR 
method is much simpler in handling missing rainfall 
data. The modification on NR method has been pro-
posed by Young (1992) who included the effects of 
correlation coefficients of daily time series data be-
tween the target station and the nearby stations. The 
data that are recorded at the nearby stations usually 
are highly correlated with the target station because 
those stations tend to share similar characteristics and 
properties with the target station. 

Additionally, the IDW is the other simplest meth-
od which is based on the assumption that the rainfall 
values at the target station could be influenced most 
by the nearest stations and less by the more distant 
stations. However, several studies (e.g., Tung, 1983; 
Ashraf et al., 1997; Nadler and Wein, 1998) reported 
that the more complex methods such as regression, 
detrended kriging and co-kriging produced better es-
timates than the IDW. In this situation, the improve-
ment on the IDW which is much simpler and less time 
consuming is necessary for the estimation of the 
missing data. Several modifications on the IDW have 
been proposed by many researchers in the field (e.g., 
Shepard, 1968; Hodgson, 1989; Griffith, 1987; 
Vasiliev, 1996; Sullivan and Unwin, 2003, 
Teegavarapu and Chandramouli, 2005). According 
to Griffith (1987) and Vasiliev (1996), the IDW 
strongly depends on the existence of the strong pos-
itive autocorrelation. By replacing the weighting fac-
tor of the inverse distance with the correlation co-
efficient (CCW), Teegavarapu and Chandramouli 
(2005) proposed CCW to estimate the missing rain-
fall values at 20 rain gauge stations in the state of 
Kentucky, USA. The findings indicated that the 
CCW method was found superior than the traditional 
IDW in interpolating the missing rainfall values.

In the Malaysian context, the number of rain gauge 
stations with complete records for a longer period of 
time is very limited. Besides, the location of the rain 
gauge stations is sparsely distributed among each 
other. Also, the hydrological and meteorological as-
pects in Malaysia are not very well studied. The re-
location of the rain gauge stations, system malfunc-
tion, environmental problems and the unsystematic 
way of storing data are among the reasons that have 

resulted in the missing of data in this country.  Thus, 
this present study is aimed to propose a hybrid of the 
NR, IDW and CCW methods for estimating daily 
missing rainfall values that are simpler and less time 
consuming to implement and could be applied to the 
Malaysian rainfall data. Several modifications and 
improvements have been made to the traditional 
IDW method and also the NR method to estimate 
missing rainfall values. Besides, the investigation on 
whether the modified methods will improve the esti-
mation of rainfall values for daily basis will be carried 
out by comparing the proposed methods with the for-
mer, based on the three criteria, namely, mean abso-
lute error (MAE), coefficient of correlation (R) and 
the similarity index (S-index).

2. Case Study 

The target station, Petaling Jaya in the state of 
Selangor is situated in the western part of Peninsular 
Malaysia. It is known as a satellite city of Kuala 
Lumpur (Malaysian’s capital city). Petaling Jaya is 
the largest city in Selangor with an area of approx-
imately 97.2 km2 and the total population in Petaling 
Jaya was approximately 0.6 million in 2005. Having 
an equatorial climate, this city is very much influ-
enced by the monsoons. During the year, Petaling 
Jaya experiences two rainy seasons associated with 
the Southwest monsoon from May to August and the 
Northeast monsoon from November to February. 
Heavy rainfalls are expected during the inter-
monsoon months (Mac-April and September- 
October). For periods of 1975 to 2004, the average 
annual rainfall in Petaling Jaya is approximately 
2817 mm with the average annual intensity of 13.94 
mm/day while the average annual number of rainy 
days is just about 202 days. 

Petaling Jaya is the second biggest city in 
Peninsular Malaysia after Kuala Lumpur. Becoming 
a centre of attraction in the Klang Valley area with 
rapid development for industries and transportation 
as well as increasing in population growth, Petaling 
Jaya is the most eligible station to be chosen as the 
target station. Besides, many researches conducted 
on climatological and meteorological studies in 
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Table 1. Description of the 20 rain gauge stations in the Peninsular Malaysia within the radius of 200 km used as neighboring 
stations in this study with the target station in bold.

Code Station name Latitude Longitude Euclidean
Distance (km) Correlation

Petaling Jaya 3.10 101.65
  1 Subang 3.12 101.55 0.102 (11) 0.51
  2 Pusat Penyelidikan JPS Ampang 3.16 101.75 0.117 (13) 0.42
  3 Empangan Genting Kelang 3.17 102.98 0.172 (19) 0.32
  4 Gombak 3.27 101.73 0.188 (21) 0.30
  5 Setor JPS Sikamat Seremban 2.74 101.96 0.475 (53) 0.26
  6 Hospital Port Dickson 2.53 101.80 0.589 (65) 0.16
  7 Sg. Lui Halt 3.08 102.37 0.720 (80) 0.12
  8 Rumah Pam JPS Bagan Terap 3.73 101.08 0.850 (94) 0.21
  9 Malacca Sg. Udang 2.29 102.30 0.942(105) 0.12
10 Malacca 2.27 102.50 1.02(114) 0.16
11 Rumah Kerajaan JPS Chui Chak 4.05 101.70 1.06(118) 0.17
12 Rumah Pam Paya Kangsar 3.90 102.43 1.12 (124) 0.10
13 Tangkak 2.25 102.57 1.25 (139) 0.15
14 Bukit Ibam 3.17 102.98 1.33 (148) 0.02
15 Ladang Boh 4.45 101.43 1.37 (152) 0.19
16 Sitiawan 4.22 100.70 1.47 (163) 0.15
17 Ipoh 4.57 101.10 1.57 (174) 0.18
18 Pintu Kawalan Separap Batu Pahat 1.92 101.88 1.70 (189) 0.13
19 Kuantan 3.78 103.22 1.71 (190) 0.06
20 Rumah Pam Pahang Tua Pekan 3.56 103.36 1.77 (197) 0.05

Malaysia mainly covered this area such as the studies 
carried out by Chia (1968), Tang et al. (1996), Desa 
and Niemczynowicz (1996) and Desa et al. (2001). 
Thus, this station is the most interesting station to be 
explored and the results will give a lot of benefits in 
terms of its meteorological, climatological and hydro-
logical aspects. Details of this particular target station 
and its corresponding neighboring stations are dis-
played in Table 1 and their location is shown in Fig.1.

3. Existing Methods

A brief introduction on the existing methods is dis-
cussed in the following section to describe a general view 
on the proposed methods with several modifications. 
The existing weighting methods that will be considered 
in this study consist of the inverse distance method 
(IDW), normal ratio method (NR) with different weight-
ing factors and correlation coefficient method (CCW). 
The formula of weighting method is given as follows:

1
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where tX  is the estimated value of the missing data
at the target station t; N is the number of neighboring
stations; iX  is the observation at the ith neighboring
station and iW  is the weight of the ith neighboring sta-
tion with constraint             .

a. Inverse distance weighting method (IDW)

Inverse distance weighting method is most com
monly used for estimation of missing data. The in-
verse distance weighting method is based on the 
proximity of the neighboring stations or surrounding 
stations to the target station. The weighted distance 
method is given as follows:
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Fig. 1. The location of the target station with its respective neighboring rain gauge stations.

closest to the target station. The value of p usually 
ranges from 1.0 to 6.0 and the most commonly used 
value for p is 2 (Xia et al., 1999). In this study, the 
best value for p is 2.

b. Normal ratio method (NR)

Three normal ratio methods with different weight-
ing factors are discussed in the following section.

(1) Old normal ratio (ONRM)
The normal ratio method was first proposed by 

Paulhus and Kohler (1952). The method is based on 
the ratio mean of available data between the target 
station t and the ith neighboring station. The method 
is given as follows:

1

1 N t
t
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i t
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µ
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where tµ and iµ  are the sample mean of the available
data at the target station t and the ith neighboring sta-
tion respectively, while tX  is the estimated missing
data at the target station t with N nearby stations.

(2) Modified normal ratio based on correlation 
(NRM)

By considering the correlation factor, the old nor-
mal ratio (ONRM) has been modified by Young 
(1992). This method considers the coefficient of cor-
relation between the target station and the ith neigh-
boring station as the weighting factors. The weight-
ing method is given as follows:

2 2 1
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where itr is the correlation coefficient of daily time
series data between the target station and ith neigh-
boring station; in  is the length of data series that are
used to compute the correlation coefficient; and iW  
is the resultant weight.

(3) Modified normal ratio based on square root 
distance (MNR-T)

Tang et al. (1996) introduced the effect of distance 
in Eq. (3) and the weighting method has been modi-
fied to the following expression:
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where tµ  and iµ  are the sample mean of available data 
at the target station t and the ith neighboring station
respectively; itd is the distance between the target sta-
tion and the ith neighboring station with p ranging 
from 1.5 to 2. This modified method of normal ratio 
has been proposed by Tang et al. (1996) to estimate 
the missing values for the Malaysian rainfall data.

c. Coefficient of correlation weighting method 

(CCW)

Teegavarapu and Chandramouli (2005) have stat-

ed that the success of the IDW method strongly de-
pends on the existence of positive spatial correlation 
between the target station and neighboring stations. 
This method was replaced with the correlation co-
efficients as the weighting factors instead of distance. 
In their study, the CCW method gave better results 
in estimating the missing data than the IDW method. 
The weighting method of CCW is given as follows:
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where itr is the coefficient of correlation which is the 
ratio of covariance of two data sets to the product of 
square root of variance of data sets derived from all 
available historical time series data between the data 
at target station t and their corresponding values re-
corded at any other neighboring station i.

4. Modified methods

Several modifications have been made to the exist-
ing methods for the estimation of the missing data. 
These modifications are mainly focused on the com-
bination of different weighting factors in order to pro-
vide a new insight and improvement in estimation of 
the missing rainfall values. 

a. Modified coefficient of correlation weighting 

method (CCWM)

The coefficient of correlation itr  indicates the
strength of the relationship between two stations. 
This method as described in section 3c has been suc-
cessful in the estimation of missing data. However, 
in our study a few modifications have been made to 
the CCW method by experimenting with different 
exponents in order to give more weight to the existing 
method. The weighting factor is given as follows:
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where p
itr is the correlation coefficient between the

target station t and the ith neighboring stations with 
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p ranging from 2 to 6.

b. Modified correlation coefficient with inverse 

distance weighting method (CIDW)

Inverse distance is the most commonly method 
used in estimating missing values in climatological 
and meteorological data. As mentioned before, the 
IDW is strongly influenced by the minimum dis-
tances between the target station and neighboring 
stations. But, the correlation factor could also give 
some impact to the estimation results. Thus, this 
study proposed a slight modification of inverse dis-
tance by combining the IDW with the CCWM meth-
ods to estimate the missing rainfall value which can 
be expressed as follows:
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where p
itr is the coefficient of correlation between the

target station t and the ith neighboring stations with
p ranging from 2 to 6 while itd is the distance between
the target station t and the ith neighboring station.

c. Modified normal ratio with inverse distance 

method (NRIDW)

NRM is often found to be the best method among 
the NR methods while IDW is the most commonly 
used method because of its simplicity and occasion-
ally is considered also as the best method. As men-
tioned before, the NRM method is influenced strong-
ly by positive spatial correlation. In the meantime, 
IDW is affected by the minimum distance between the 
target station and neighboring stations. The combina-
tion of these two best weighting factors could possibly 
shed some light in improving the estimation results. 
The combining weights can be expressed as follows:
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where 2
itr is the square of coefficient of correlation of 

daily time series data between the target station and 
ith neighboring station; in is the length of data or
number of points that are used to compute the correla-
tion coefficient; itd is the distance between the target
station and the ith neighboring station; and iW  is the 
resultant weight.

d. Modified old normal ratio with inverse 

distance method (ONRIDW)

Among the existing methods, the ONRM method, 
which is based on the ratio mean of the target station 
and the neighboring stations, is found to be the in-
ferior method. The second method which does not 
perform very well is the MNR-T method which was 
proposed by Tang et al. (1996). This latter method 
is also based on the ratio mean but combines the root 
distance as shown in Eq. (5). Thus, the intention of 
this study is to revise these two weighting factors and 
combine them with the best method. This approach 
could possibly increase the weight for those methods. 
The weight can be written as below:
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where itd is the distance between the target station and 
the ith neighboring station while tµ  and iµ  are the
sample mean of available data at the target station t
and the ith neighboring station respectively and iW  
is the resultant weight.

5. Application of estimation methods

The selection and quantity of neighboring stations 
are critically important to the results of the 
interpolations. Typically, problems arise because the 
missing values occur at different time intervals and 
the limitation of available stations through time. 
Many researchers in the literature recommended that 
the use of three or four closest stations was enough 
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to estimate the missing values. Others suggested that 
the selection of the neighboring stations was based 
on the correlation coefficient with the target station. 
Young (1992) selected three stations that yielded the 
highest correlation, while Eischeid et al. (1995, 
2000) used the neighboring stations with a minimum 
correlation, r > 0.35. On the other hand, Tronci et al. 
(1986) and Xia et al. (1999) chose the neighboring 
stations that were located within 100 km from the tar-
get station in their respective studies. Meanwhile, 
Teegavarapu and Chandramouli (2005) selected the 
neighboring stations based on the similarity in the 
geometric (e.g trapezoid, rectangle) patterns of the 
observed rainfall time series with their target station. 

Due to the complexity in some of the interpolation 
methods in selecting the neighboring stations such 
as Thiessen polygons which have to be developed us-
ing spatial analysis tools of geographic information 
system (GIS) as well as the impossibility to get highly 
correlated neighboring stations with r > 0.35, thus, 
this study only considered those stations within the 
radius of 75 km to 200 km. A radius less than 75 km 
was not considered since several rain gauge stations 
might not have had any neighbor stations within that 
range. Besides, the majority of the rain gauge stations 
in Peninsular Malaysia are sparsely distributed. 

A station is selected and designated as a “target sta-
tion” for the estimation of the missing rainfall values. 
Available historical daily rainfall data from the peri-
ods of 1975 to 2004 at 20 rain gauge stations are used 
for the analysis. Data at the target station are assumed 
to be missing for the purpose of testing the estimation 
methods. The number of missing daily rainfall values 
is normally less than 30% such as in this case the ma-
jority of rain gauge stations in Peninsular Malaysia 
have less than 10% of missing values.

However, in order to investigate the consistency 
of the estimation results, the analysis is divided into 
six different percentages namely 5%, 10%, 15%, 
20%, 25% and 30% to represent various cases for 
missing data. Suppose 5% of the data which are ran-
domly chosen for testing the methods are considered 
missing, then the remaining portions (95%) of the 
historical data is used to calculate the correlation co-
efficients and the ratio means between the target sta-

tion and the corresponding neighboring stations. The 
analysis is subsequently repeated for other percen-
tages as well as the radius between the target station 
and neighboring stations where both existing and 
modified methods were tested with radius range from 
75 km to 200 km (e.g. 75, 100, 125, 150, 175 and 200) 
with various numbers of stations used in the testing 
methods.

Finally, the performance of the estimation meth-
ods are then compared using the similarity index 
(S-index), mean absolute error (MAE) and co-
efficient of correlation (R). The error measures are 
compared between the estimation values with their 
corresponding observed values. The similarity index 
(S-index) is the index of agreement for assessing 
model performance which implies the percentage of 
agreement between the observed and estimated 
values. The values of S-index range from 0.0 for com-
plete disagreement to 1.0 for perfect agreement 
(Wilmott, 1981).

The three error indices are given as follows;
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where n is the total number of observations, ˆix  is the 
estimated value and ix  is the actual value of the 
observation.

6. Results and discussion

Both existing and modified methods have been 
tested on a radius distance ranging between 75 km 
and 200 km. Six distances (in km) have been used to 
test the sensitivity of the methods in order to search 
for the optimal range. The results of each index of er-
ror measurements for each distance are shown in Fig. 
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Table 2. Comparison of estimation methods based on S-index, MAE and R with various percentages of missing values.

Methods  S-index MAE R
5% 10% 15% 20% 25% 30% 5% 10% 15% 20% 25% 30% 5% 10% 15% 20% 25% 30%

Existing
IDW 0.726 0.758 0.742 0.742 0.737 0.733 5.171 5.148 5.377 5.403 5.613 5.711 0.568 0.619 0.592 0.593 0.599 0.595
NRM 0.717 0.748 0.734 0.733 0.723 0.718 5.175 5.162 5.344 5.359 5.584 5.669 0.573 0.624 0.598 0.598 0.601 0.598
ONRM 0.631 0.670 0.671 0.669 0.661 0.659 6.494 6.647 6.654 6.703 6.893 6.936 0.437 0.491 0.489 0.487 0.487 0.488
MNR-T 0.691 0.723 0.718 0.714 0.709 0.708 5.952 6.061 6.210 6.284 6.522 6.575 0.505 0.553 0.543 0.538 0.538 0.538
CCW 0.668 0.700 0.692 0.692 0.679 0.674 5.441 5.503 5.589 5.605 5.845 5.918 0.526 0.576 0.562 0.560 0.562 0.561
Modified
CCWM 0.742 0.775 0.752 0.754 0.747 0.741 5.093 5.019 5.242 5.253 5.462 5.569 0.589 0.643 0.605 0.608 0.612 0.604
CIDW 0.745 0.778 0.755 0.757 0.753 0.746 5.115 5.027 5.263 5.275 5.474 5.593 0.588 0.642 0.603 0.607 0.612 0.604
NRIDW 0.746 0.780 0.755 0.757 0.753 0.746 5.111 5.015 5.253 5.263 5.462 5.583 0.588 0.643 0.605 0.606 0.611 0.604
ONRIDW 0.724 0.756 0.740 0.741 0.735 0.731 5.165 5.152 5.378 5.404 5.618 5.715 0.569 0.619 0.592 0.592 0.597 0.593

2 to Fig.4. The results of 10% missing data have been 
chosen to compare different distances for each error 
indices. 

The optimal distance is defined as a specific dis-
tance which results in the highest values of similarity 
index and coefficient of correlation as well as the low-

est mean absolute error. Unfortunately, not many dif-
ferences could be seen based on the three error indices 
at varying distances. As has been noted, an increasing 
radius implies increasing number of stations; a de-
creasing radius indicates a lesser number of stations 
to be analyzed. However, too many or too few stations 
more or less will create other problems in the analysis 
such as no neighboring stations within that range or 
it could possibly slow down the computation time. 
Therefore, the optimal distance in this study is chosen 
to be within a radius of 100 km with a suitable number 
of stations besides having reasonable estimation 
results.

There are eight neighboring stations which are sit-
uated within 100 km. The closest station lies approx-
imately 11 km from the target station. Only two 
neighboring stations gave the correlation coefficient 
with r > 0.35 (refer to Table 1). The results of the esti-
mation methods are shown in Table 2. Six different 
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percentages which range from 5% to 30% have been 
chosen to represent various numbers of missing data. 
However, the methods are not sensitive to the per-
centage of the missing data. The IDW and NRM 
methods are found to be the two best methods among 
the existing methods for all percentages based on the 
three error indices. The worst result are given by the 
ONRM method which is based on the ratio mean be-
tween the target station and neighboring stations fol-
lowed by MNR-T which was proposed by Tang et al. 
(1996). 

The result of the CCW method is inferior com-
pared to the IDW and Table 3  The percentage im-
provements of modified methods relative to the ex-
isting methods.NRM methods. Therefore, different 
exponents have been experimented with CCW 
where p is ranged between 2 and 6. Consequently, 
with an increased exponent particularly with p = 4, 
the results of CCWM is better than the IDW and NRM 
methods and extremely better than CCW. Table 3 
shows the percentage of improvement relative to the 
existing methods. A comparison of CCWM to CCW 
indicates that the improvement ranges from 8.6% to 
11.1% for S-index, 6% to 9% for MAE and 7.7% to 
12.2% for R. Meanwhile, a comparison of CCWM 
to the two best methods as the existing methods in-
dicates that the percentage improvements are be-
tween 1% and 4%. These results illustrate that by in-
creasing the exponent of coefficient of correlation, 
the method is more likely to produce good estima-
tions compared to the existing methods.

The next method is the combination of the best 
method, IDW with the less performing method, 
CCW. The rationale of this combination has been dis-
cussed in the previous section. The modified method 
namely CIDW shows a great improvement com-
pared to CCW in terms of S-index which range from 
9% to 11.6%, 5.5% to 8.8% for MAE and 9.1% to 
11.8% for R. Compared to IDW, the percentage im-
provements are between 1% and 3.5%.

This study is also looking for the possibilities of 
combination between the two best methods namely 
IDW and NRM. Each of these methods has its own 
unique way in estimating missing data besides hav-
ing an ability to produce good estimated values. 

Thus, it is worthwhile to look at this combination. As 
expected, the combination of these two methods 
namely NRIDW could be considered given the good 
improvement particularly in terms of S-index for the 
NRM method which is nearly 3% to 4.2%, while oth-
er error indices are between 1% and 3%. For the IDW 
method, the percentages range from 1.2% to 3.5% for 
all error indices.

The final modified method is the combination of 
the worst method, ONRM and the best method, IDW. 
This study incorporates the effect of inverse distance 
with the ratio mean. This approach is slightly differ-
ent from the MNR-T method (Tang et al., 1996), be-
cause those researchers used the root distance with 
the exponent of 2p = . In contrast, the inverse dis-
tance with the exponent of 2p =  is introduced in this 
study. A comparison of the results for the similarity 
index between ONRIDW and the two inferior meth-
ods, ONRM and MNR-T is depicted in Fig.5. Large 
differences between the three methods are illustrated 
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Table 3. The percentage improvements of modified methods relative to the existing methods.

Methods
S-index MAE R

5% 10% 15% 20% 25% 30% 5% 10% 15% 20% 25% 30% 5% 10% 15% 20% 25% 30%
CCWM
CCW 11.10 10.64 8.60 8.99 10.08 9.89 6.40 8.80 6.21 6.28 6.56 5.90 12.14 11.70 7.67 8.63 8.98 7.70
NRM 3.50 3.51 2.52 2.77 3.26 3.21 1.60 2.76 1.92 1.98 2.19 1.76 2.85 3.04 1.15 1.69 1.75 1.08
IDW 2.21 2.24 1.35 1.53 1.28 1.07 1.51 2.50 2.52 2.78 2.69 2.48 3.71 3.86 2.13 2.57 2.17 1.58
CIDW
CCW 11.62 11.17 9.04 9.48 11.00 10.70 5.98 8.67 5.83 5.89 6.35 5.50 11.83 11.45 7.37 8.41 9.07 7.72
IDW 2.69 2.73 1.75 1.99 2.13 1.82 1.07 2.36 2.12 2.37 2.47 2.07 3.42 3.63 1.85 2.36 2.26 1.60
NRIDW
NRM 4.12 4.22 2.93 3.27 4.15 3.94 1.25 2.84 1.70 1.79 2.18 1.52 2.65 2.98 1.13 1.34 1.61 1.04
IDW 2.83 2.94 1.75 2.02 2.15 1.79 1.16 2.58 2.31 2.59 2.69 2.25 3.51 3.81 2.11 2.22 2.03 1.54
ONRIDW
ONRM 14.70 12.79 10.39 10.64 11.15 10.88 20.47 22.49 19.17 19.37 18.49 17.60 30.09 26.07 20.96 21.64 22.67 21.69
WNRM 4.87 4.54 3.13 3.71 3.61 3.18 13.24 15.00 13.39 13.99 13.86 13.07 12.58 11.97 9.06 10.13 11.08 10.30
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Fig. 9. The error plot between the existing method, NRM
and the modified method, NRIDW.
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Fig. 7. Comparison of R values for the existing methods,
ONRM and MNR-T with the modified method, ONRIDW
with various percentages of missing values.
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Fig. 8. The error plot between the existing method, ONRM
and the modified method, ONRIDW.

in this figure. The new modified method shows the 
greatest improvement which is between 10% and 
15% relative to the existing method ONRM, while 
nearly 3% to 5% relative to MNR-T method as de-
scribed in Table 3.

The plots of MAE for the three methods are shown 
in Fig.6. The modified method ONRIDW again 
shows the least mean absolute error compared to the 
two other methods. These results are consistent with 
the percentage improvements that have been calcu-
lated in Table 3, where approximately 18% to 23% 
of the improvement are relative to the ONRM method 
while 13% to 15% to MNR-T. The last error indices 
also indicate similar results. A large difference could 
be seen in Fig. 7 in terms of the coefficient of correla-
tion with 20% to 30% improvement relative to 
ONRM while 9% to 13% relative to MNR-T. All 
these results indicate that it is worthwhile to look at 

any possible combinations of weighting factors in or-
der to improve the estimation results.

Finally, 50 observations have been taken ran-
domly from the target station and have been com-
pared with the estimation values of existing method, 
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ONRM and the modified method, ONRIDW. The 
differences between the estimated values of both 
methods and the observed values have been com-
pared and are plotted onto Fig. 8. The same approach 
has been taken to compare the NRIDW and NRM 
methods where the results of these methods are 
shown in Fig. 9. As expected, less error is obtained 
for the modified method compared to the existing 
method in both figures.

7. Conclusion

The search for the best method to estimate the 
missing daily rainfall values has been the main inter-
est in several studies. Various methods have been 
tested in order to find the best estimation method. In 
this study, the existing methods which include the in-
verse distance, normal ratio and coefficient of corre-
lation weighting methods have been explored and 
revised. Some modifications or revisions have been 
made to the existing methods and these new modified 
methods have been tested for estimation of missing 
rainfall values.

The modifications were based on combining dif-
ferent weighting factors such as combining the two 
best existing methods (e.g. NRIDW), considering 
the effect of correlations in the inverse distance 
weighting method (e.g. CIDW), combining the in-
ferior method with the established method (e.g. 
ONRIDW) and finally experimenting different ex-
ponents for the coefficient of correlation (e.g. 
CCWM). These modified methods have been tested 
with different percentages (5%, 10%, 15%, 20%, 
25% and 30%) which represented missing values and 
also with the radius varying from 75km to 200km. 
However, results indicated that the methods are not 
sensitive to the percentage of missing data. 

The performance of these modified methods has 
improved in terms of the similarity index, mean abso-
lute errors and coefficient of correlation with the per-
centage improvements of greater than 1%. Thus, it 
is of importance to look at these combinations with 
different weighting factors in order to improve the es-
timation results. Three other locations have been ad-
ditionally tested with the proposed methods, and the 

result is overall similar to the result of the target sta-
tion chosen in this study. It also should be noted that 
these modified methods perform well for application 
in this current study. But it is suggested that these 
methods need to be applied and considered in any 
studies of missing values particularly because of 
their simplicity, easier implementation as well as 
their less computation time. 

The major drawback in this study is that the top-
ography and the geographical effects were not con-
sidered and also the limitation of the available histor-
ical rainfall data which have to be analyzed. Other 
issues that need to be addressed in future studies are 
examining the proposed methods in the case of 
mountainous regions especially when studying the 
relationship between the rainfall and elevation; con-
ducting sensitivity tests extensively by varying the 
number of neighboring stations or distances and the 
total number of records; and finally studying the per-
formance of the proposed methods to other climatic 
variables (e.g. temperature, wind speed and water va-
pour pressure). 
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