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Abstract 

This study collected data on a total of 510 rain events between February 2018 and November 2020. It includes hourly rainfall data (R) 

from 238 ground-based automated telemetry stations and radar reflectivity data (Z) under a measurement radius of 240 km from Takhli 

and Sattahip radars. The Z-R relationships of Takhli radar and Sattahip radar were determined and applied to evaluate radar rainfall 

intensity in the composite area of these radars. The radar rainfall intensity in the composite area was analyzed using five methods: the 

rainfall intensity from (1) Z = 138R1.6 (only Takhli radar), (2) Z = 170R1.6 (only Sattahip radar), and the composite rainfall intensity 

from (3) Z = 200R1.6 (Marshall and Plamer), (4) Z = 300R1.6 (Woodley and Herndon), and (5) Z = 138R1.6 and Z = 170R1.6 (Takhli 

and Sattahip radar). These results were compared with the ground-based station data to determine the best method for evaluation based 

on the least statistical values, i.e., Root Mean Squared Error (RMSE), Mean Absolute Error (MAE), and BIAS. The results show that 

the composite results from Takhli and Sattahip radar were the most accurate, and this case can increase the accuracy compared to the 

1st to 4th method by 22.26%, 10.25%, 3.89%, and 18.02% of the RMSE; 29.75%, 23.14%, 14.88%, and 14.88% of the MAE; and 

361.54%, 42.31%, 100.00%, and 369.23% of the BIAS value, respectively. 
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1. Introduction 

 

Thailand frequently experiences flooding, particularly in the Eastern, Western, and Central regions, which receive water flowing 

from the high mountains in the North. This is also compounded by drought. This is due to a lack of proper and systematic water resource 

management. Water resource management requires accurate data showing rainfall volume and distribution both spatially and 

temporally. Therefore, traditional rain gauge stations with a resolution of only 200 cm2 [1] are used, and in areas without rain gauges, 

such as deep forests, mountainous areas, and remote areas, this lacks accurate spatial rainfall data for water management. 

Currently, remote sensing technology using weather radars is popularly used for rainfall measurement. The radar can continuously 

detect rainfall as soon as it reaches an area within the radar's detection radius. It also provides high-resolution spatial rainfall 

measurements, both spatially and temporally [2-7]. Therefore, combining spatial rainfall data from weather radars with rainfall data 

from ground-based rain gauge stations for rainfall assessments will significantly increase the accuracy of spatial rainfall estimates 

obtained from radars [8-9]. 

However, since weather radars do not directly measure rainfall, they transmit electromagnetic waves to measure rainfall. After 

these waves strike raindrops, they are reflected back to the radar receiver and converted to radar reflectivity (Z (mm6/m3)). This radar 

reflectivity varies depending on the size and distribution of raindrop particles (rain drop size distribution) within a given volume of 

atmosphere. When using radar reflectivity data to assess rainfall, These data were converted to rainfall intensity data (R (mm/h)) using 

the appropriate Z-R relationship equation (Z=aRb) for the study area [10-15]. When applied to rainfall assessments in conjunction with 

rainfall data measured at rain gauge stations, the accuracy of rainfall estimates significantly increased. Furthermore, this study aimed 

to improve the accuracy of radar rainfall estimates in the composite area of the Takhli and Sattahip radars. 
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This study therefore applied the appropriate Z-R relationship equation for the Takhli and Sattahip radars to the combined rainfall 

estimates to obtain radar rainfall intensity values in the composite area, which were more accurate than those estimated using the Z-R 

relationship equation for either the Takhli or Sattahip radars alone. 

 

2. Materials and methods 

 

2.1 Data study 

 

The composite area of the Takhli and Sattahip radars is within the 240 km detection radius of the Takhli and Sattahip radars as 

shown in Figure 1.This study collected rainfall events that occurred within a 240 km measurement radius of the Takhli Royal 

Rainmaking Radar Station, S-band dual polarization type, which measured every 6 minutes from 14 measured elevation angles, namely 

0.5°, 1.3°, 2.3°, 3.4°, 4.7°, 6.2°, 7.9°, 9.8°, 12.1°, 14.7°, 17.7°, 21.2°, 25.2°, and 29.8°, respectively, during August 2018 to November 

2020, and the Sattahip Royal Rainmaking Radar Station, S-band Doppler type, which measured every 6 minutes from 14 measured 

elevation angles, namely 0.5°, 1.5°, 2.4°, 3.4°, 4.3°, 5.2°, 6.2°, 7.5°, 8.7°, 10.0°, 12.0°, 14.0°, 16.7°, and 19.5°, respectively, between 

February 2018 and November 2020. Radar reflectivity (Z) data were stored in volume files and rainfall data from the Hydro-Informatics 

Institute (HII)'s ground-based automatic telemetry station. Each rainfall event used in the study required consistent radar and ground-

based automatic telemetry data. Both data were quality checked and error-corrected before being used in the study. 

This study examined data quality and adjusted for errors in the Takhli and Sattahip radar reflectivity data, which were affected by 

ground clutter caused by radar beams clashing with permanent reflectors (ground clutter), such as mountains, buildings, or other 

structures. These objects, which are not rain clouds, resulted in data inaccuracies. 

 

 
Figure 1 Composite area of radars within a 240 km detection radius of the Takhli and Sattahip radars 

 

The measured radar reflectivity values. To correct for ground clutter errors for this study, a Ground Clutter Map was created. The 

radar reflectivity values in the ground clutter locations were adjusted by calculating the reflectivity values of adjacent pixels using the 

interpolation method [16-17]. Regarding the impact of radar beams striking permanent reflectors, which resulted in lower-than-normal 

radar reflectivity values in areas behind obstacles, this study adjusted the reflectivity values by considering the radar reflectivity values 

from monthly accumulated rainfall measurements to determine the location of beam blockage. The radar reflectivity values of the 

pixels in the beam blockage locations were adjusted by calculating the radar reflectivity values of adjacent pixels using the interpolation 

method. Interpolation [16-17], while attenuation is affected by radar energy as it travels through atmospheric gases, water vapor, 

oxygen, and rainfall [18-19], the radar energy is absorbed and attenuated. The sensitivity of a radar signal to energy attenuation depends 

on the transmitted radar wavelength. Energy attenuation is a problem for X-band and C-band radars, which have wavelengths of 2.5 

and 5.5 cm, respectively, but not for S-band radars with wavelengths of 10.7 cm [20]. Therefore, the Takhli and Sattahip radars, which 

are S-band radars, are not affected by attenuation. To avoid radar reflectivity, only radar reflectivity data greater than 15 dBZ is used 

to detect signals not caused by rain clouds. To avoid radar reflectivity, hail signals are detected. Therefore, if the radar reflectance value 

is greater than 53 dBZ, it will be considered equal to 53 dBZ [21]. The reflectance data from the Takhli and Sattahip radars, after 

adjusting for errors from 14 different measurement angles, were selected to determine the optimal measurement angles for the Takhli 

and Sattahip radars. The measurement angles provided rainfall coverage within the Takhli radar's measurement radius. The Sattahip 

radar, combined with its ability to measure rainfall closest to that measured by ground-based telemetry stations, also had the lowest 

error after adjustment. 
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The radar reflectance values due to ground clutter and beam blockage remained minimal. The results of the examination of the 

optimal measurement angles for the Takhli and Sattahip radars show examples of the three measurement angles that measured closest 

to the ground. As shown in Figures 2 and 3, it was found that measuring angle 1 (Takhli radar is 0.5°, Sattahip radar is 0.5°), which is 

the lowest measurement angle, still experienced problems due to significant beam blockage. Considering measurement angle 2 (Takhli 

radar is 1.3°, Sattahip radar is 1.5°), it can be seen that the beam blockage problem has decreased, and rain clouds can still be detected 

covering the area within the radar station's measurement radius. While considering the 3rd measurement angle (Takhli radar is 2.3°, 

Sattahip radar is 2.4°), the rain cloud covered less area under the measurement radius of the radar station compared to the 2nd 

measurement angle (Takhli radar is 1.3°, Sattahip radar is 1.5°). For the aforementioned reasons, when considering the quality of the 

radar wave reflectivity data, after adjustment, the error values caused by Ground Clutter and Beam Blockage must be minimized. And 

the rain cloud must cover the area under the measurement radius of Takhli radar and Sattahip radar stations as much as possible 

compared to other measurement angles. Therefore, the radar wave reflectivity data from the 2nd measurement angle (Takhli radar is 

1.3°, Sattahip radar is 1.5°) is the most appropriate measurement angle for Takhli radar and Sattahip radar. 

 

 
 

(a) Measurement angle at 0.5°                    (b) Measurement angle at 1.3° 

 

 

 

 

 

 

 

 

 

 

 

              (c) Measurement angle at 2.3° 

 

Figure 2  Sample area of monthly accumulated rainfall measured by Takhli radar from 3  elevation angles of the August 2 019 

rainfall event 

 

This study examined the quality of hourly rainfall data from ground-based automatic telemetry stations that passed the Double 

Mass Curve method and had R-squared values greater than 0.90. These values were used in the study. For details on the quality of 

rainfall data analysis using the Double Mass Curve method, the hourly accumulated rainfall data of the desired station were plotted 

against the average hourly accumulated rainfall of neighboring stations. If the data of the desired station coincides with the neighboring 

stations, the slope of the Double Mass Curve will not change significantly or will increase steadily. The R-squared analysis of the 

desired station's rainfall data will also be performed by comparing the hourly accumulated rainfall data of the desired station with the 

average hourly accumulated rainfall of neighboring stations. Based on the results of the Double Mass Curve method and an R-squared 

value greater than 0.90, the stations in question were considered to have passed the rain data quality assessment. The results of the 

hourly rainfall data quality assessment from 238 automatic ground telemetry stations, collected from January 2018 to November 2020, 

were examined for quality. 233 stations passed the quality assessment, while five failed. To ensure accurate rainfall assessment using 

weather radar data, this study will utilize rainfall data from automatic ground telemetry stations that passed the quality assessment and 

are not located in radar blind areas (areas within a 10-km radius of each radar station). This is because radar blind areas often 

underestimate rainfall. The automatic ground telemetry stations that passed the quality assessment and were used in this study are 

summarized in Table 1. 
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(a) Measurement angle at 0.5°    (b) Measurement angle at 1.5° 

 

 

 

 

 

 

 

 

 

 

 

                (c) Measurement angle at 2.4° 

 

Figure 3 Sample areas of monthly accumulated rainfall measured by the Sattahip radar from three elevation angles during the July 

2020 rain event 

 

Table 1 Automatic ground telemetry stations that passed the quality assessment 

 

Study area 

Number of automatic telemetry stations 

Passed QC Failed QC In radar 

blind area 

Used in this 

research 

Takhli radar’s measuring area 124 4 1 123 

Sattahip radar’s measuring area 62 1 1 61 

Composite measuring area of 

Takhli and Sattahip radar 
47 - - 47 

 

2.2 Z-R relationship analysis 

 

Data from 482 and 510 rainfall events within the measurement radius of the Takhli and Sattahip radars were analyzed using a 

regression method to determine the Z-R relationship. The principle of the regression method is to select a pair of radar reflectivity 

values and rainfall intensity values from a ground-based automatic telemetry station at the same location and time to analyze the Z-R 

relationship. The study divided rainfall events into two groups. The first group, 80% of the total rainfall events, was used for calibration. 

(Calibration) to analyze the Z-R relationship equation (Z = aRb) [22-25] by using the data pair of the relationship between the radar 

reflectivity values that are more than 15 dBZ and to avoid the problem of the impact of the radar detecting the signal caused by hail, 

so in the case that the radar reflectivity is more than 53 dBZ, it will be considered to be equal to 53 dBZ and consider using the rain 

intensity value from the ground automatic telemetry station that is more than 0.2 mm/hr. to reduce the error of rain data from the ground 

automatic telemetry station in the case of low rain measurements at the same location and time to analyze the Z-R relationship equation 

(Z = aRb) by considering using a constant parameter b equal to 1.6, consistent with the study [26-27] and analyzing the parameter a 

that makes the value (Mean Square Error, MSE) between the rain intensity values from the radar and the rain intensity from the ground 

automatic telemetry station have the least value. The second group is the data of the remaining 20% of the total number of rain events. 

The reliability of the Z-R relationship equations analyzed from the first group of data was verified. Details of the data used to determine 

the optimal Z-R equations for the Takhli and Sattahip radars are shown in Table 2. The optimal Z-R equations (Z = aRb) for the Takhli 

and Sattahip radars were determined based on the RMSE statistic (as shown in Equation 1) between the rain intensity from the Takhli 

and Sattahip radars. The rain intensity estimated using the suggested Z-R relationship equations compared to the rain intensity from 

the ground-based automatic telemetry station should have the lowest value. 
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Table 2 Data used to determine the optimal Z-R equations for the Takhli and Sattahip radars 

 

Radar station Radar reflectivity data Automatic telemetry 

stations 

Calibration rainfall events Verification rainfall events 

Takhli radar Elevation angle Level 2 (1.3°) 170 Stations 
386 Days (Dec 25, 2018 to Feb 2, 

2020) 

96 Days (Mar 3 to Aug 31, 

2020) 

Sattahip radar Elevation angle Level 2 (1.5°) 108 Stations 
408 Days (Feb 2, 2018 to Dec 13, 

2019) 

102 Days (Nov 14 to Aug 31, 

2020) 

 

RMSE=√
1

N×N𝑡

∑ ∑ (𝑅i,t-Gi,t)
2𝑁

i=1
𝑁𝑡

t=1       (1) 

 

Where 

𝑅i,t is the radar rainfall intensity at pixel i, estimated from the suggested (Z-R) relationship equation, in hours t (mm) with an 

automatic telemetry station located. 

𝐺i,t is the rainfall intensity measured by a ground-based automatic telemetry station at pixel i, with an automatic telemetry station 

located, in hours t (mm). 

𝑁 is the total number of pixels with an automatic telemetry station located. 

𝑁𝑡 is the number of rain periods (h). 

 

2.3 Analysis of radar rainfall intensity values at composite pixel locations using the Relative Weight Matrix method 

 

Between August 22, 2018, and August 31, 2020, 267 rainfall events within the measurement radius of the Takhli and Sattahip radar 

composite radars were analyzed to determine rainfall intensity values at composite pixel locations of both radars using the Relative 

Weight Matrix method. The calculation details are as follows: 

• Overlay radar rainfall intensity values at the measured pixel locations of the Takhli and Sattahip radars. This is calculated using 

the equation Z = 138R1.6 of the Takhli radar, the equation Z = 170R1.6 of the Sattahip radar, the equation Z = 200R1.6 (Marshall and 

Plamer) [10], or the equation Z = 300R1.4 (Woodley and Herndon) [28] to calculate the composite radar rainfall intensity at the 

aforementioned pixel location. 

• Calculate the relative weight matrix of the radar used to calculate the composite radar rainfall intensity at each pixel location 

measured by each radar using Equation 2. 

 

𝑊𝑖 = 𝑄𝑖 𝑄0⁄          (2) 

 

Where 

𝑊𝑖 is the relative weight matrix of radar i at the considered pixel location. 

𝑄𝑖 is the weight matrix of radar i at the considered pixel location is equal to the detection distance of radar i (240 km) minus the 

distance between the considered pixel locations. 

𝑄0 is the total weight matrix of each radar at the considered pixel location. 

 

• Calculate the radar rainfall intensity at the pixels where the composite radar measurements overlap using Equation 3. 

 

𝑅𝑐 = ∑ 𝑊𝑖
𝑘
𝑖 *R𝑖         (3) 

 

Where 

𝑅𝑐 is the composite radar rain intensity value at the considered pixel location. 

𝑅𝑖 is the radar rain intensity value of radar i at the considered pixel location. 

𝑘 is the number of composite radars at the considered pixel location. 

 

This study presents five methods for estimating radar rain intensity at composite pixels of Takhli and Sattahip radars. They include 

Method 1, rain intensity estimated from equation Z = 138R1.6 for Takhli radar only; Method 2, rain intensity estimated from equation 

Z = 170R1.6 for Sattahip radar only; Method 3, composite rain intensity estimated from equation Z = 200R1.6; Method 4, composite rain 

intensity estimated from equation Z = 300R1.4; and Method 5, composite rain intensity estimated from equation Z = 138R1.6 for Takhli 

radar combined with equation Z = 170R1.6 for Sattahip radar, respectively. These five methods will be analyzed to find the most 

appropriate method for estimating radar rain intensity at composite pixels of Takhli and Sattahip radars. 

The optimal method for estimating radar rainfall intensity at the composite pixel location of the Takhli and Sattahip radars, based 

on rainfall events from August 22, 2018, to August 31, 2020, within the radar detection range of the Takhli and Sattahip radars, totaling 

267 events, was considered. The RMSE statistic, as shown in Equation (1), the MAE statistic, as shown in Equation 4, and the BIAS 

value, as shown in Equation 5, between the radar rainfall intensity (mm/h) estimated from all five rainfall estimation methods and the 

rainfall intensity from the automatic rainfall station (mm/h), must be minimal. 
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MAE=
1

N×N𝑡

∑ ∑ |𝑅i,t-Gi,t|
𝑁
i=1

𝑁𝑡
t=1       (4) 

 

BIAS=
1

N×N𝑡

∑ ∑ 𝑅i,t-Gi,t
𝑁
i=1

𝑁𝑡
t=1        (5) 

 

Where 

𝑅i,t is the radar rainfall intensity at pixel i, estimated from the suggested Z-R relationship equation in hour t (mm) with the automatic 

telemetry station. 

𝐺i,t is the rainfall intensity measured from the ground-based automatic telemetry station at pixel i. where automatic telemetry 

stations are located in hours t (mm) 

𝑁 is the total number of pixels where automatic telemetry stations are located 

𝑁𝑡 is the number of rainy periods (h) 

 

3. Results and discussion 

 

3.1 Z-R relationship analysis 

 

The results of the analysis of the optimal Z-R relationship equation for the Takhli radar at the second (1.3°) measurement angle 

were Z = 138R1.6, with the estimated rainfall intensity being closer to that measured by the ground-based automatic telemetry station 

than to that measured using the equations Z = 200R1.6 (Marshall and Plamer) [10] and Z = 300R1.4 (Woodley and Herndon) [28]. 

Considering the RMSE values shown in Table 3, it was found that the RMSE values for the rainfall intensity estimated using the 

equation Z = 138R1.6 were lower than those measured using the equations Z = 200R1.6 and Z = 300R1.4, respectively. 

The results of the analysis of the optimal Z-R relationship equation for the Sattahip radar at the second (1.5°) measurement angle 

were Z = 170R1.6, with the estimated rainfall intensity being closer to that measured by the ground-based automatic telemetry station 

than to that measured using the equation Z = 200R1.6 (Marshall and Plamer) [10] and Z = 300R1.4 (Woodley and Herndon) [28] and 

when considering the RMSE values as shown in Table 4, it was found that the RMSE values for the rainfall intensity estimated using 

the equation Z = 170R1.6 were less than the rainfall intensity estimated using the equations Z = 200R1.6 and Z = 300R1.4, respectively. 

 

Table 3 RMSE values for rainfall estimates using equations Z = 138R1.6, Z = 200R1.6, and Z = 300R1.4 from Takhli radar data at a 1.3° 

measurement angle 

 

Rainfall event 
RMSE (mm/h) 

Z = 138R1.6 Z = 200R1.6 Z = 300R1.4 

Calibration (386 days) (Dec 25, 2018 to Feb 2, 2020) 4.459 4.542 4.604 

Verification (96 days) (Mar 3 to Aug 31, 2020) 5.675 5.875 5.928 

 

Table 4 RMSE values for rainfall estimates using equations Z = 170R1.6, Z = 200R1.6, and Z = 300R1.4 from Sattahip radar data at a 

1.5° measurement angle 

 

Rainfall event 

RMSE (mm/h) 

Z = 170R1.6 Z = 200R1.6 Z = 300R1.4 

Calibration (408 days) (Feb 2, 2018 to Dec 13, 2019) 4.151 4.170 4.219 

Verification (102 days) (Nov 14, 2019 to Aug 31, 2020) 4.286 4.290 4.358 

 

3.2 Analyze and identify the most appropriate method for estimating radar rainfall intensity at the composite pixel location of the 

Takhli and Sattahip radars. 

 

The results of the RMSE, MAE, and BIAS statistics of the five radar rainfall intensity estimation methods at the composite pixel 

location of the Takhli and Sattahip radars compared to rainfall intensity from ground-based automatic rain gauge stations (mm/h) are 

shown in Figures 4-6. 
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Figure 4 RMSE statistics of the five radar rainfall intensity estimation methods compared to rainfall intensity from the automatic 

rain gauge station 

 

 
 

Figure 5 MAE statistics of the five radar rainfall intensity estimation methods compared to rainfall intensity from the automatic 

rain gauge station 

 

 
 

Figure 6 BIAS statistics of the five radar rainfall intensity estimation methods compared to rainfall intensity from the automatic 

rain gauge station 

 

It was shown that, considering the RMSE, MAE, and BIAS statistics, the fifth composite rainfall intensity estimation method, 

which uses the equation Z = 138R1.6 for the Takhli radar and the equation Z = 170R1.6 for the Sattahip radar, has the highest accuracy 

in estimating rainfall intensity compared to methods 3, 2, 4, and 1. This result is consistent with studies [29-33] that stated that when 

estimating radar rainfall intensity at composite pixels located far from the Takhli and Sattahip radar stations, when estimating rainfall 

intensity using Method 1, which uses the equation Z = 138R1.6 for the Takhli radar alone, and Method 2, which uses the equation Z = 

170R1.6 for the Sattahip radar alone, there are still remaining errors due to the influence of the earth's curvature and the increase in radar 

beamwidth with distance. Therefore, when using the composite rain intensity values estimated from rain intensity assessment methods 

5, 3 and 4, it will help increase the accuracy of radar rain intensity assessment at the composite pixel location of Takhli radar and 

Sattahip radar [34-41] because it can help reduce the error of reflectivity values in rain measurements from Takhli radar and Sattahip 

radar due to the influence of the curvature of the earth and the increase of radar beam width with distance, respectively. 

 

4. Conclusions 

 

1 )  Composite rainfall intensity values estimated using Methods 5 , 3 , and 4  will increase the accuracy of radar rainfall intensity 

estimates at composite pixels of the Takhli and Sattahip radars, compared to rainfall intensity estimates using Method 1, which estimates 
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rainfall intensity using the equation Z = 1 3 8 R1 . 6  for the Takhli radar alone, or Method 2 , which estimates rainfall intensity using the 

equation Z = 170R1.6 for the Sattahip radar alone. This is because it can help reduce the error in the reflectivity of rain measurements 

from the Takhli and Sattahip radars due to the influence of the Earth's curvature and the increase in radar beamwidth with distance. 

2) The composite rain intensity values estimated using Method 5, when compared to the rain intensity estimated using Methods 1-

4 , can increase the accuracy of rain estimates by 22.26% , 10.25% , 3.89% , and 18.02% , respectively. The MAE can increase the 

accuracy of rain estimates by 2 9 .7 5 % , 2 3 .1 4 % , 1 4 .8 8 % , and 1 4 .8 8 % , respectively. The BIAS can increase the accuracy of rain 

estimates by 361.54%, 42.31%, 100.00%, and 369.23%, respectively. 
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