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Abstract 

In the hydraulic design practices, it is necessary to apply areal reduction factor to 

convert the point rainfall into the areal rainfall in the reference area. The fixed-area ARF 

(ARFf), which is commonly used, can be considered unrealistic because it is estimated 

through independent frequency analysis of the point rainfall and the areal rainfall. In this 

study, storm-centred ARF (ARFs) was estimated using radar rainfall data to reflect the 

spatial distribution characteristics of storm events effectively. ARFs representing the 

duration and the return period was extracted by 95% non-exceedance probability of the 

Weibull distribution to derive envelope covering all values from various storm events. 

ARFs has a correlation with not only the reference area but also the duration and the 

return period. Their relationships are defined as the scaling factors. A new ARFs equation 

that reflects the spatio-temporal characteristics of actual rainfall is presented. 

1 Introduction 

Design for the hydraulic structures, the areal reduction factor (ARF) is used to convert the point 

probability rainfall into the areal probability rainfall within the reference area. The rainfall intensity is 

the largest in the center of the storm event and decreases with the distance from the center. ARF reflects 

these spatial distribution characteristics of storm event. 

In previous studies, ARF was estimated primarily using gauge rainfall data and applying fixed-area 

method (ARFf), which is by an independent frequency analysis of point rainfall and areal rainfall. 

Generally, ARFf is estimated by the ratio of point probability rainfall and areal probability rainfall 

(USWB, 1958). In the UK, ARFf is averaged the ratio of annual maximum point rainfall and areal 

rainfall (NERC, 1975). In South Korea, ARFf is applied to estimate the areal probability rainfall for 

design flood discharge (MLTM, 2011). However, ARFf is not considered that the storm event occurred 

at the same time, as it is estimated by an independent frequency analysis of annual maximum point 

rainfall and areal rainfall. ARFf differs from the values from the actual storm event because the spatial 
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distribution of rainfall is not reflected when the density of gauge rainfall station is low. Meanwhile, the 

storm-centered ARF (ARFs) is the method that estimating by maximum value of synchronized, 

assuming the center of the storm event is located at the center of the reference area. Estimating ARFs, 

it is easy to identify the spatial structure of rainfall. In the absence of radar observation systems, gauge 

rainfall data were used to estimate ARFs (Desbordes et al.,1984; Asquith and Famiglietti, 1999). After 

the analysis of high-resolution radar images became possible, many researches have been active on 

estimating ARFs using radar rainfall data (Bacchi and Ranzi, 1996; Durrans et al., (2002); Olivera et 

al., 2008; Martins et al., 2014; Wright et al., 2014). 

In this study, ARFs was estimated using radar rainfall data, which could effectively reflect the spatial 

distribution characteristics of synchronized storm event. Due to the characteristics of ARFs estimation 

method, the values estimated from the various storm events were scattered, so ARFs representing the 

specific duration and return period, was extracted as 95% non-exceedance probability of Weibull 

distribution. Extracted values are correlated not only to the reference area but also to the duration and 

the return period, expressed as scaling factors. Using them, a new equation is proposed to estimate 

ARFs reflecting the spatial and temporal characteristics. 

2 Data 

Weather radar is a remote sensing equipment that measures and predicts the atmospheric phenomena 

through clouds and rainfall. It also used to identify rainfall events and their internal structures (Doviak, 

1993; Bringi and Chandrasekar, 2001). However, quantitative estimation of rainfall using weather radar 

is not simple. So the quality control (QC) is carried out to improve the accuracy of rainfall estimation 

(Smith et al., 1999; Seo and Breidenbach, 1999; Krajewski and Smith, 2002). 

The Korea Meteorological Administration (KMA) has operated 11 single-polarity weather radars 

nationwide. The data produced at each station provides information in limited area, making it difficult 

to understand the weather condition in large area. So KMA provides the composite radar images every 

10 minutes. In this study, the composite radar images of KMA used and ARFs estimated by storm 

events in the flood season (June to September) during 2007 to 2012. 

3 Methodology 

3.1 Storm-centered ARF 

ARFs based on the radar rainfall data is estimated as the ratio of the areal rainfall to point rainfall 

of the same event. Figure 1 shows the process of the ARFs estimation using radar data. 

Generally, the maximum rainfall intensity occurs at the storm center, so the coordinates of the grid 

where the maximum rainfall occurs are selected as the center of a storm event (Fig. 2). Since it is highly 

uncertain to assume that the value of the single grid as the central rainfall, so the average value of the 

central grid and the 8 surrounding grids was determined to the central rainfall value, and it can be 

considered as the point rainfall of ARFs. To estimate the areal rainfall, the area considering the shape 

and direction angle of storm was determined as circle or ellipse.  In the case of elliptical shape, the 

directional angle was determined by comparing the skewness in 5 degrees. The ratio of major axis and 

minor axis of the ellipse is determined from the ratio of 1:1(circular) to 1:15(ellipse) (Fig. 3). The 

optimal ratio is the ratio when the areal rainfall of 1,250 km2 is the maximum. 

ARFs is estimated by dividing the areal average rainfall by the point rainfall, and it can be express as 

shown in Eq. (1). 
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𝐴𝑅𝐹𝐴 =   
1

𝐴
∫ 𝑅𝑃 𝑑𝐴

 
𝐴

𝑅𝑃0
            (1) 

Where A is the area of rainfall (km2), ARFA is the ARF of area A, RP is the areal rainfall (mm), and 

RP0 is the point rainfall (mm). 

 

 
Figure 1: Schematic diagram of ARFs estimation using radar data 

 

 

Figure 2: Conceptual diagram of the storm center using radar image 
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Figure 3: Conceptual diagram of the areal rainfall estimation using radar image (elliptical shape) 

 

3.2  Storm-centered ARF 

ARFs is estimated as the ratio of the maximum point rainfall to the maximum areal average rainfall 

of the storm event, so the frequency is not considered. However, it is required to estimate ARF for the 

return period because the hydrological design frequency is preferentially selected during design flood 

estimation process of South Korea. As Table 1, the return period of ARFs is classified by the probability 

rainfall based on [3] using point rainfall of each event. 

As values of ARFs are estimated by each storm events, they are scattered by duration and return 

period. Since the ARFs curve should be in the form of an envelope covering all values, so the probability 

distribution is applied to select representative ARFs. The modified Weibull distribution is applied to 

reflect the characteristics of the ARF with the upper limit of 1 and 95% non-exceedance probability is 

determined as the representative value. 

Duration Return period (year) 

(hour) 0-10 10-20 20-50 50-80 80-100 Sub total 

1 251 174 120 21 - 566 

3 153 105 57 13 3 331 

6 63 58 36 12 7 176 

12 27 37 24 26 17 131 

24 29 23 29 24 11 116 

Sub total 523 397 266 96 38 1320 
Table 1: Classification of storm events by return period and duration (flood season of 2007 to 2012) 

4 Result 

4.1 ARF curveStorm-centered ARF 

ARFs curve based on the radar data is plotted by the duration (1, 3, 6, 12, and 24 hours) and the 

return period (0-10, 10-20, 20-50, 50-80, and 80-100 years). The regression of the ARFs curve is applied 
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the exponential fitting equation [16] which is same as the ARFf curve of South Korea [3]. It is shown 

in Eq. (2).  

𝐴𝑅𝐹(𝐴) = 1 − 𝑀 𝑒𝑥𝑝[−(𝑎𝐴𝑏)−1]          (2) 

where A is the reference area (km2), M, a, and b is regression constants. 

ARF curves show the relationship between the ARF and the reference area, and the reduction 

characteristics differ depending on the duration and the return period (Fig. 4). The relationship between 

ARFs of the reference area 1,250km2 and the return period is given in Figure 5, and the relationship 

with the duration is given in Figure 6. ARFs tends to decrease with the return period. In other words, 

the larger the heavy storm scale, the lower values (Fig. 5). In Figure 6, ARFs increases with the duration 

and the reduction of 24 hours duration is very small.  

These characteristics of ARFs differ with the reference area. The difference was compared using 

ARFs of 3 hours duration (return period-ARFs) and 10-20 years of return period (duration-ARFs). To 

compare Figure 5 and Figure 7, the scale characteristics are more apparent in the reference area. Figure 

7 shows that the larger the reference area, the greater the decrease in ARFs for storm scales. These scale 

characteristics are also clearly visible in Figure 8, where the larger the reference area, the greater the 

rate of increase in ARFs with the duration. In this regard, parameterizing these scale characteristics 

helps to derive ARF relationship equation more effectively. 

 
Figure 4: ARF curves by duration and return period 

4.2 Scaling factor of ARFs 

It is already known that ARF increases with duration in many studies (NERC, 1975; Stuwart, 1989; 

Durrans et al., 2002; Olivera et al., 2008; Allen and DeGaetano, 2005a]. ARFs estimated in this study 

also showed the same result. As shown in Figure 8, ARFs had spatio-temporal scale characteristics. The 

slope of the semi-log plot for ARFs and duration is defined as scaling factor θ. It is increased with the 

reference area, and the slope between the two indices increased with the return period (Fig. 9). The 
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slope of θ based on the reference area is defined as another scaling factor α and the relationship with 

the duration to the return period is shown in Figure 10. Also, the slope of the return period and α is 

defined as β. In this case, the scaling factors of 80-100 years of return period are excluded from the 

compassion because there are no storm events included in that section (Table 1). 

 

 
Figure 5: ARFs due to return period by each 

duration (A=1250km2) 

 
Figure 6: ARFs due to duration by each return 

period (A=1250km2) 

 
Figure 7: ARFs due to return period by each 

reference area (D=3 hours) 

 
Figure 8: ARFs due to duration by each 

reference area (T=10-20 years) 

4.3 ARFs equation 

Scaling factors θ, α and β were defined as coefficient representing the spatio-temporal scale 

characteristics of ARFs. Using them, we propose a new ARF equation to reflect the spatio-temporal 

characteristics of storm events.  

ARF can be defined as the equation for the duration using θ defined in Figure 8, which shows the 

relationship between duration (D) and ARFs by reference area. It is shown in Eq. (3). In Figure 9, θ can 

be represented using the reference area and α like Eq. (4). In the same way, α can be expressed as Eq. 

(5) using return period (T) and β. 

𝐴𝑅𝐹 =  𝜃 ln𝐷 +  𝐶1          (3) 

𝜃 =  𝛼 ln 𝐴 +  𝐶2          (4) 

𝛼 =  𝛽 ln 𝑇 +  𝐶3          (5) 

Where C1, C2, and C3 are constants. Combining Eq. (3-5), ARF is expressed by Eq. (6). 
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𝐴𝑅𝐹 =  𝛽 (ln 𝐴)(ln𝐷) (ln 𝑇) +  𝐶        (6) 

Where β is the scaling factor of 0.0008 (Fig. 10), and C is a constant that varies with the reference 

area and duration. 

The exponential equation using in South Korea is expressed only for the reference area and the 

regression constants for ARFf were proposed by duration and return period derived from the frequency 

analysis (MLTM, 2011). However, ARFs estimated in this study reflects the spatio-temporal 

characteristics of storm events, so it is not appropriate to apply the same equation of ARFf. Therefore, 

we defined the scaling factors to parameterize two or more spatio-temporal factors and derived a new 

equation for the reference area, duration and return period. 

The equation reflects spatio-temporal scale characteristics of ARFs and actual rainfall. However, it 

was difficult to obtain various frequency of rainfall events because of the short period of the radar data 

(6 years). Especially, as the frequency is low, the number of the rainfall events considered was very 

small. In future studies, more reliable ARFs and scaling factor will be obtained by adding more storm 

events of radar data. 

 
Figure 9: Scaling factor(θ) for reference area 

 
Figure 10: Scaling factor(α) for return period 

5 Conclusion 

5.1 ARF curveStorm-centered ARF 

To improve the limitation of the fixed-area ARF that has been used in South Korea, we estimated 

the storm-centered ARF. Using radar data is effective in estimating ARFs and it reflects the spatio-

temporal scale characteristics of storm events. Also, a new ARF equation was proposed using not only 

the reference area but also the duration and the return period. The result of this study can be summarized 

as follows. 

• Radar rainfall data was used to determine the shape and grasp internal structure of the storm. 

Since the values of ARFs is calculated differently according to the various storm events, the 

Weibull distribution is applied to select a representative value of the specific duration and return 

period. 

• ARFs decrease with the return period, which means that the larger the storm, the lower ARFs. 

In addition, ARFs increases with the duration, and when the specific duration is exceeded, the 

areal reduction property is hardly achieved. 
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• The relationship between ARFs and the temporal characteristics was more apparent in 

relationship with the reference area. The larger the reference area, the greater the decreasing 

rate of ARFs, and the greater the increasing rate of ARFs for duration. 

• Since ARFs has scale characteristics, it is not appropriate to represent ARFs curve regression 

equation expressed only as the reference area. More than two characteristics of ARFs are 

parameterized into the scaling factors and they compose ARFs regression equation. 
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