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Abstract

Weather radar can continuously measure rainfall immediately as it occurs, covering wide areas and providing high-resolution rainfall
both spatially and temporally. However, in radar rainfall estimation, even when using Z-R relationships that vary according to rainfall
clusters based on rainfall intensity measured from ground-based automatic rain gauges to reduce estimation errors, there remain
discrepancies in adjusting radar rainfall measurements above ground to match actual ground rainfall. Additionally, each rainfall event
has different raindrop distribution characteristics, resulting in varying physical characteristics across different rainfall events. This
study collected data from 510 rainfall events between February 2,2018, and August 31,2020, comprising hourly rainfall from 110
automatic rain gauges and radar reflectivity within a 240 km radius of the Sattahip radar. The aim was to analyze rainfall estimation
methods using Z-R relationships that vary by rainfall cluster according to rainfall intensity, combined with appropriate hourly
adjustment factors for the Sattahip radar. The study found that the rainfall estimation method using Z-R relationships that vary by
rainfall cluster according to rainfall intensity, combined with hourly adjustment factors analyzed using the Kalman Filter technique,
most effectively reduced the errors in adjusting radar rainfall above ground to match ground rainfall. Considering the RMSE values,
the method can reduce the rainfall estimation error by 21.53%, 4.10% (21.87%,5.19%). Based on the MSE values, it can reduce the
estimation error by 47.71%, 8.37% (48.50%, 10.63%). Similarly, based on the MAE values, it can reduce the estimation error by
29.05%, 4.55% (31.32%, 6.28%) for the rainfall events used for calibration (Verification), compared to the rainfall estimation methods
based on the current Z-R relationship, and the Z-R relationship that varies according to rainfall type and intensity without adjustment.
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1. Introduction

Rainfall data is an important and necessary data in meteorology-hydrology and water resource development. Although the detailed
requirements of rainfall data vary from project to project, most of the similar purposes are to obtain data showing the amount and
rainfall distribution both in terms of space and time rather than requiring only point rainfall at a particular point [1], which cannot
measure the distribution of rainfall that changes in both space and time. In addition, the measurement of rainfall data with rain gauges,
which are not densely located in the area, may not be a good representative of the actual rainfall in that area [2]. Currently, remote
sensing techniques such as meteorological radars have gained more attention to survey the details and behavior of rain because weather
radars can provide detailed information on rain covering the area under the radar radius and can continuously measure rain as soon as
it covers a wide area. It provides high-resolution rainfall data in both spatial and temporal resolutions [3-5]. When used to assess rainfall
together with rainfall data measured from automatic ground telemetry stations, it greatly improves the accuracy of the assessment of
rainfall that falls on the ground [6-8]. However, there are still errors in the assessment of rainfall from radar, which consist of (1) errors
in the radar reflectivity values. Which is affected by the problems of Ground Clutter, Beam Blockage and Beam Attenuation [9-10],
etc. Before using the radar reflectivity data to analyze the Z-R relationship equation, (2) the error due to the use of the relationship
equation between the radar reflectivity and the rain intensity measured from the automatic ground telemetry station Z-R (Z=aR®) which
is not appropriate [11-12] and (3) the error due to the correction of rain from the radar above the ground to be equivalent to the rain
falling on the ground. The study [13-14] presented a method to calculate the correction value (G/R) with a single constant value for the
entire study area, which is suitable for areas with a large number of rain measuring stations located in the area and spread throughout
the area, [15-16] found that rain events that occurred at different times had different rain drop size distribution characteristics, resulting
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in different physical characteristics of the rain. Therefore, a method for calculating the correction value according to time (hourly
correction value) has been presented, similar to [15-18]. The Kalman Filter has been applied to analyze the hourly correction value to
help reduce the error in the assessment of radar rain to be more accurate. This study therefore aims to apply the Kalman Filter technique
to analyze the hourly correction value to help reduce the error in the assessment of rain from the Sattahip radar.

2. Materials and methods
2.1 Data used in the study

The area under the 240 km measurement radius of the Sattahip Royal Rainmaking Radar Station, S-band Doppler radar type, is
located in Sattahip District, Chonburi Province, Thailand at latitude 12° 38’ 56” N, longitude 100° 57° 46” E, at an altitude of 174
meters above mean sea level, as shown in Figure 1. This study collected rainfall events that occurred. During February 2, 2018 to
August 31, 2020, the radar reflectivity data that measured rain were stored in Volume files recorded in Coordinated Universal Time
(UTC) with measurements every 6 minutes from the measured angle of 1.5°. The radar reflectivity data (Z) were stored in Volume
files and the rain data from the automatic ground telemetry station of the Hydro-Informatics Institute (Public Organization) (HII). In
each rain event used in the study, there must be rain measurement data from the radar and rain data from the automatic ground telemetry
station that are consistent. Both of these data must pass the quality check and adjust the data error before being used in the study as
follows:
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Figure 1 Area under the measurement radius of 240 km of the Sattahip radar station
2.2 Data quality check and adjustment of the error of Sattahip radar reflectivity data

Data quality check and error correction of Sattahip radar reflectivity data from the measured elevation angle of 1.5°, which is the
appropriate measurement angle of Sattahip radar (as studied in the article “Analysis of Z-R equations that change according to rain
groups for evaluating Sattahip radar rain, 30th National Civil Engineering Conference”). However, the radar reflectivity data is still
affected by the problem of radar beam hitting the permanent reflector (Ground Clutter). Therefore, a Ground Clutter Map with radar
reflectivity (Reflectivity) was created to identify the location of Ground Clutter pixels and to adjust the error value due to the Ground
Clutter problem of the pixels in the Ground Clutter position will be adjusted by calculating from the Reflectivity value of the
neighboring pixels by the method Interpolation [19-20] The results of the correction of the radar reflectivity data due to the Ground
clutter problem of the Sattahip radar are shown in Figure 2.
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Figure 2 The reflectivity data of the Sattahip radar before and after correction of Ground Clutter as of September 1, 2018 at 00:00
(UTC)

As for the impact due to the Beam Blockage problem, when the radar beam hits the permanent reflecting target, it results in the
radar reflectivity value measured in the area behind the obstacle being lower than normal. Therefore, the correction was made by taking
the Radar Reflectivity data from the monthly accumulated rainfall measurements into consideration to find the location of the Beam
Blockage. The Radar Reflectivity value of the pixel in the Beam Blockage position was adjusted by calculating from the Radar
Reflectivity value of the adjacent pixels by the method Interpolation [19-20]. The results of the correction of the radar wave reflectivity
due to the Beam Blockage problem of the Sattahip radar are shown in Figure 3. While the effect of radar wave energy being absorbed
(Attenuation) when traveling through atmospheric gases, water vapor, oxygen and rainfall [21], the radar wave energy is absorbed and
reduced. The sensitivity of the radar signal to the reduction of energy depends on the radar wavelength that is transmitted. The reduction
of energy 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 [22]. Therefore, for the Sattahip radar, which is an S-band radar, it is not affected by the Attenuation
problem. In order to avoid the radar reflectivity value, the signal that is not caused by rain clouds is selected to use only the radar
reflectivity value that is greater than 15 dBZ and to avoid the radar reflectivity value of the signal that is caused by hail. Therefore, in
the case where the radar reflectivity is greater than 53 dBZ, it will be considered to be equal to 53 dBZ [23].

2.3 Quality control of hourly rainfall data from automatic ground telemetry stations

Quality control of hourly rainfall data from automatic ground telemetry stations that passed the inspection criteria and were used
in the study must pass the quality control criteria using the Double mass curve method and have an R-squared statistic value greater
than 0.90. The results of the quality control of hourly rainfall data from automatic ground telemetry stations that collected data between
February 2, 2018 and August 31, 2020, a total of 110 stations, were checked for data quality. It was found that 108 automatic ground
telemetry stations passed the data quality control and 2 stations did not. In order to make the rainfall assessment using weather radar
data accurate, this study will use rainfall data from automatic ground telemetry stations that passed the data quality control criteria and
are not located in the blind radar area of the Sattahip radar (area within a 10 km radius from the radar station) because in the blind radar
area, the radar will measure less rain than the actual amount. The quality-verified and unverified ground telemetry stations are shown
in Figure 1.

2.4 Z-R relationship equations used in the assessment of Sattahip radar rain

This study considered all 5 Z-R relationship equations studied in the article “Analysis of the Z-R equations that change according
to the rain group for the assessment of Sattahip radar rain, which consisted of:

Case 1: Analysis of the average Z-R relationship equation, (Z=175R!6)

Case 2: Analysis of the average Z-R relationship equation in each rain group divided by the radar wave reflectivity value as follows:

Rain group 1 15 dBZ<=Reflection< 30 dBZ, (Z=121R!%)
Rain group 2 30 dBZ<=Reflection< 38 dBZ, (Z=175R1%)
Rain group 3 38 dBZ<=Reflection< 44 dBZ, (Z=174R15)

Rain group 4 44 dBZ<=Reflection<=53 dBZ, (Z=220R %)
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Figure 3 Monthly accumulated rainfall measured by the Sattahip radar for the July 2020 rain event before and after Beam Blockage
correction

Case 3: Analyze the average Z-R relationship equation in each rain group divided by the rain intensity value measured from the
automatic ground telemetry station by dividing the rain intensity range according to the study as follows:

Rain group 1 Rain intensity < 10 mm/hr, (Z=465R1%)
Rain group 2 10 mm/hr <=Rain intensity<= 30 mm/hr , (Z=94R %)
Rain group 3 Rain intensity > 30 mm/hr, (Z=67R')

Case 4: Use the Woodley and Herndon equation, (Z=300R!4)
Case 5: Use the Marshall and Palmer equation, (Z=200R'-%)
2.5 Application of Kalman Filter to Analyze Hourly Correction Value in Radar Rainfall Assessment

The data of 510 rainfall events during February 2, 2018 to August 31, 2020 were applied using Kalman Filter technique to analyze
hourly correction value in radar rainfall assessment. In this study, the data with radar reflectivity greater than 15 dBZ were selected
and to avoid the impact of radar signal detection caused by hail, the case where the radar reflectivity was greater than 53 dBZ was
considered to be equal to 53 dBZ [23]. The rainfall amount from the automatic ground telemeter station was considered to be greater
than 0.2 mm/h and the method of randomly selecting automatic ground telemeter stations to obtain Z-R pairs in each rainfall event on
each day was selected into 2 groups as follows: Group 1 data will randomly select 80% of the automatic ground telemeter stations from
all automatic ground telemeter stations in each rainfall event on each day. The reflectivity (Z) results are converted to radar rain intensity
values using the Z-R relationship equation in each of the five case studies, and the rain intensity values from the ground telemetry
stations are applied using the Kalman Filter technique to analyze the hourly average correction value. The second group of data, the
hourly average correction value analyzed from the first group of data, is tested for reliability by pairs of radar rain intensity data
estimated using the Z-R relationship equation in each of the five case studies, and the rain intensity values from the ground telemetry
stations remaining from the first group of data, which is 20% from all the ground telemetry stations in each rain event of each day.

The Kalman Filter was developed by [24], which has been widely used to estimate the state of the system or the correction value
for the best radar rain assessment [15-18]. For the application of the Kalman Filter technique to analyze the hourly average correction
value The steps are as follows:

Step 1: Calculate the hourly average correction value in Logarithm form from Equation 1.

fo = 130 logo (32) 1)

Ry

where
B: = the hourly average correction value in Logarithm form at time t
R; = the rainfall intensity calculated from the relationship equation (Z-R) at the automatic telemetry station i at time t
(mm/h)
G; = the rainfall intensity from the ground automatic telemetry station i at time t (mm/h)
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n = the number of corresponding data pairs of radar rainfall and rainfall at the automatic telemetry station i at time t

Step 2: Estimate the hourly average correction value f~ using the previous correction value from Equation 2 and calculate the
variance of the error of 8~ represented by the symbol P;” from Equation 3.
Bt_zpﬁ X ﬁt-l (2)

Pr=p%Pey + (1-p3)*5 3)

where
pp = the Lag-one correlation coefficient of the correction value

65 = the variance of the correction value
P..; = the variance of the error at hour t-1

Step 3: Calculate the Kalman Gain from Equation 4 to use in adjusting the hourly average correction value and the variance of the

error from the forecast.

Ke=P7 (P +83,)! )

where
K, = the Kalman Gain at time t (h)
8jy, = the variance of the error from the measurement at time t (h)

Step 4: Use the Kalman Gain to adjust the hourly average correction value from the forecast. The hourly average correction value
after the correction is represented by the symbol 7. In the same way, use the Kalman Gain to adjust the error variance. The error

variance after the correction is represented by the symbol P; .
* In the case of the hourly average correction value from the measurement at hour t, the hourly average correction value ™ after

the correction can be calculated from Equation 5 and the error variance after the correction P, it can be calculated from Equation 6.
®)
(6)

B = Br +Ke (Ve — BP)
Py = (1-K))P

where
Y; = the hourly average correction value obtained from the measurement

* In case there is no hourly average correction value from the measurement at hour t, the hourly average correction value after the
correction f can be calculated from Equation 7 and the variance of the error after the correction P, can be calculated from Equation 8.

Btzpﬁ X Bt—l (7

Py = (1-p3)*j ®)

Step 5: The hourly average correction value after the correction at hour t is £, and the variance of the error after the correction at
hour t is P, are entered into the calculation again in steps 2-4 until the number of hours used to calculate the hourly average correction

value is complete.
Step 6: The hourly average correction value after the correction at hour t is B, will be extracted from the Logarithm to find the

hourly average correction value B; using Equation 9 to apply the radar rain correction

B, = 10(B:+05P) )

Step 7: The hourly radar rain volume after correction can be calculated from Equation 10.

Radar rain volume after correction (mm/h) = B, x Radar rain volume before correction (mm/h) (10)

2.6 Analyze the appropriate rain radar assessment method for Sattahip radar
The assessment method of Sattahip radar rain for this study will consider the radar rain intensity assessed from 10 radar rain
assessment methods, namely:
* Method 1: Radar rain intensity assessed using the average Z-R equation (Z=175R'©)
* Method 2: Radar rain intensity assessed using the average Z-R relationship equation in each rain group divided by the radar wave

reflectivity value as follows:
Rain group 1: 15 dBZ<=Reflection< 30 dBZ, (Z=121R1%)
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Rain group 2: 30 dBZ<=Reflection< 38 dBZ, (Z=175R1%)
Rain group 3: 38 dBZ<=Reflection< 44 dBZ, (Z=174R1'%)
Rain group 4: 44 dBZ<=Reflection<=53 dBZ, (Z=220R %)

* Method 3: Radar rain intensity estimated using the average Z-R relationship equation in each rain group divided by the rain
intensity values measured from the automatic ground telemetry station, divided into rain intensity ranges according to the study as
follows:

Rain group 1: Rain intensity < 10 mm/hr, (Z=465R19)
Rain group 2: 10 mm/hr <= Rain intensity <= 30 mm/hr, (Z=94R 1)
Rain group 3: Rain intensity > 30 mm/hr, (Z=67R'9)

* Method 4: Radar rain intensity estimated using the average Z-R equation Woodley and Herndon, (Z=300R'#).
* Method 5: Radar rain intensity estimated using the average Z-R equation Marshall and Palmer, (Z=200R ).

* Method 6: Radar rain intensity estimated from the method 1 with the correction of the hourly average radar rain using the Kalman
Filter technique.

* Method 7 The radar rain intensity estimated from Method 2 with the correction of the hourly average radar rain using the Kalman
Filter technique.

* Method 8 The radar rain intensity estimated from Method 3 with the correction of the hourly average radar rain using the Kalman
Filter technique.

* Method 9 The radar rain intensity estimated from Method 4 with the correction of the hourly average radar rain using the Kalman
Filter technique.

* Method 10 The radar rain intensity estimated from Method 5 with the correction of the hourly average radar rain using the Kalman
Filter technique.

We have examined to find the appropriate radar rain estimation method for the Sattahip radar by considering the RMSE (Root
Mean Squared Error) , MSE (Mean Squared Error) , MAE (Mean Absolute Error) statistics as shown in Equation 11-13 between the
Sattahip radar rain intensity estimated using the 10 proposed study methods compared to the rain intensity from the ground automatic
telemetry station must have the lowest value. of both the rainfall event data used for calibration of group 1 data and the rainfall event
data used for verification of group 2 data.

1 @N, 2
RMSE= JN—Nt T SN (Rie-Gig) (11)
1 N, 2
MSE=NX—NtZt=t1 Y1 (Rir-Giy) (12)
1 N,
MAE= -5, T Ry -G (13)
where
R; = the rainfall intensity calculated from the relationship equation (Z-R) at the automatic telemetry station i at time t
(mm/h)

G;. = the rainfall intensity from the ground automatic telemetry station i at time t (mm/h)
N = the total number of automatic telemetry stations used
N, = the rainfall period (h)

3. Results and discussion

Results of the analysis of the appropriate rain radar assessment method for Sattahip radar. The results of the RMSE (Root Mean
Squared Error), MSE (Mean Squared Error), and MAE (Mean Absolute Error) statistics between the Sattahip radar rain intensity
assessed using the 10 proposed study methods compared to the rainfall amount from the ground-based automatic telemetry station must
have the lowest value of both the rain event data used for calibration of group 1 data and the rain event data used for verification of
group 2 data used for verification are shown in Table 1 and Figures 4-6, respectively.

RMSE results from Table 1 and Figure 4 (a) and (b) show that the radar rain intensity estimated by Method 8 (which is the method
in which the radar rain intensity is estimated using the average Z-R relationship equation in each rain group divided by intensity value
together with the hourly average radar rain correction using the Kalman Filter technique) has the lowest value of both the rain event
data used for calibration of Group 1 data with a value of 3.39 mm/h and the rain event data used for reliability verification of Group 2
data with a value of 3.27 mm/h when compared to the rain intensity estimated by the other 9 methods.
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Table 1 Results of the analysis of the RMSE, MAE, and BIAS statistics of the 10 Sattahip radar assessment methods compared to the
rainfall intensity measured from the ground-based automatic telemetry station

Methods for estimating RMSE (mm/h) MSE (mm/h)? MAE (mm/h)
radar rainfall Calibration Verification Calibration Verification Calibration Verification
Method 1 4.06 3.93 16.50 15.43 2.08 2.09
Method 2 4.06 3.92 16.45 15.37 2.05 2.04
Method 3 3.53 3.44 12.45 11.83 1.75 1.74
Method 4 4.12 3.98 16.97 15.88 2.16 2.15
Method 5 4.09 3.94 16.71 15.55 2.14 2.13
Method 6 3.95 3.76 15.59 14.17 1.99 1.98
Method 7 3.95 3.75 15.59 14.05 1.96 1.93
Method 8 3.39 3.27 11.49 10.69 1.67 1.64
Method 9 4.00 3.83 15.96 14.69 2.07 2.05
Method 10 3.98 3.77 15.81 14.26 2.04 2.00

(Note: The details of each of the 10 study methods are shown in the section 2.6. Analysis of the appropriate radar rain asses sment method for Sattahip
radar)
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(b) Rain event data used for verification

Figure 4 RMSE values between the Sattahip radar rainfall intensity estimated using the 10 proposed methods compared to the rainfall
amount from the ground-based automatic telemetry station for the rainfall event data used in (a) calibration and (b) verification

The MSE results from Table 1 and Figure 5 (a) and (b) show that the radar rainfall intensity estimated by Method 8 has the lowest
value of both the rainfall event data used for calibration of Group 1 data with a value of 11.49 (mm/h)? and the rainfall event data used
for the reliability verification of Group 2 data with a value of 10.69 (mm/h)? compared to that of the radar rainfall intensity estimated
by the other 9 methods.

The MAE results from Table 1 and Figure 6 (a) and (b) show that The estimated radar rainfall intensity from Method 8 has the
lowest value of both the calibration rainfall data of Group 1 data with the value of 1.67 mm/h and the verification rainfall data of Group
2 data with the value of 1.64 mm/h when compared to that of the other 9 methods.
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(b) Rain event data used for verification

Figure 5 MSE values between the Sattahip radar rainfall intensity estimated by the 10 proposed methods compared to the rainfall
amount from the ground automatic telemetry station for the rainfall data used for (a) Calibration and (b) Verification

The results of the study in Table 1 and Figures 4-6 show that the proposed radar rainfall assessment method 8 is the most appropriate
rainfall assessment method for the Sattahip radar rainfall assessment, which is consistent with the study [15-16] that stated that rainfall
events occurring at different times have different water droplet distribution characteristics, resulting in different physical characteristics
of the rain. Therefore, the assessment of radar rainfall using only the Z-R relationship equation still has some error values, so the
estimated radar rainfall should be adjusted with the hourly average correction value. The results of this study are also consistent with
the study [15-18] when the Kalman Filter technique is applied to analyze the hourly average correction value and then used to adjust
the radar rainfall assessment, which will greatly increase the accuracy of the radar rainfall assessment.
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(b) Rain event data used for verification

Figure 6 MAE values between the Sattahip radar rainfall intensity estimated using the 10 proposed methods compared to the rainfall
amount from the ground-based automatic telemetry station for the rainfall event data used in (a) calibration and (b) verification

4. Conclusions

1) Rainfall events in each period have different distribution characteristics of raindrops. The radar rain intensity estimated using
the average Z-R relationship equation in each rain group divided by the rain intensity measured from the automatic ground telemetry
station, together with the hourly average radar rain correction using the Kalman Filter technique in the proposed method 8, helps reduce
the error due to the use of the current Woodley and Herndon Z-R relationship equation and helps reduce the error due to the correction
of rain from the radar above the ground to be equal to the rain falling on the ground, which helps to increase the accuracy of the rain
assessment.

2) The radar rain intensity estimated by Method 8 is the most suitable rain assessment method for use in assessing the Sattahip
radar rain with the lowest RMSE, MSE and MAE values between the radar rain intensity estimated by Method 8 and the rain intensity
from the automatic ground telemetry station. of both rainfall event data used for calibration and verification compared to the other 9
rainfall estimation methods used in the study

3) The radar rainfall intensity estimated from Method 8, when considering the RMSE value, can help increase the accuracy of
rainfall estimation by 21.53%, 4.10%. When considering the MSE value, it can help increase the accuracy of rainfall estimation by
47.71%, 8.37%. When considering the MAE value, it can help increase the accuracy of rainfall estimation by 29.05%, 4.55% compared
to rainfall estimation using the Woodley and Herndon equation and the rain estimation method 3, where the radar rainfall intensity is
estimated using the average Z-R relationship equation in each rain group divided by the rainfall intensity value measured from the
automatic ground telemetry station only without correction. For the rain events used in the calibration

4) The radar rain intensity estimated by Method 8, considering the RMSE value, can help increase the accuracy of rain assessment
by 21.87%, 5.19%, considering the MSE value, can help increase the accuracy of rain assessment by 48.50%, 10.63%, considering the
MAE value, can help increase the accuracy of rain assessment by 31.32%, 6.28% compared to the rain assessment using the Woodley
and Herndon equation and the rain assessment method 3, where the radar rain intensity is estimated using the average Z-R relationship
equation in each rain group divided by the rain intensity value measured from the ground-based automatic telemetry station only
without adjustment for the rain event used in the reliability verification

5) In the future study, the researcher has the idea to apply the proposed radar rain assessment method 8 in the rain forecasting
(Nowcasting) of the Sattahip radar station together with the Centroid Tracking Method of the rain group, which allows us to know the
direction of rain group movement from the radar that is continuously measured. It helps to forecast rain 1-6 hours in the area. Such
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information can be used to plan flood warnings in the area, together with rain forecasting methods from relevant agencies in the area,
more effectively.

6) Future studies The researcher has an idea to study more from this study, which has a limitation: considering rain groups divided
by intensity values on each day in the same intensity range to use the same Z-R equation every day to assess rain intensity, resulting in
still remaining errors. However, since each rain group that occurs each day has different raindrop distribution characteristics, the Z-R
relationship equation used to assess rain should have different values according to the rain groups divided by intensity values on each
day. When combined with the adjustment for different radar rain in each area on an hourly grid basis using the Kalman Filter technique,
it will help increase the accuracy of the Sattahip radar rain assessment.

5. Acknowledgements

This study would like to thank the Royal Rainmaking and Agricultural Aviation Department for providing the Sattahip radar
reflectivity data stored in CAPPI and UF files, and the Hydro-Informatics Institute (Public Organization) for providing the hourly
rainfall data from the ground-based automatic telemetry station and providing other facilities during the study.

6. References

[1]  Morin E, Gabella M. Radar-based quantitative precipitation estimation over Mediterranean and dry climate regimes. J Geophys
Res. 2007;112:D20108.

[2] ZhangQ, ShiPJ, Singh VP, Fan KK, Huang JJ. Spatial downscaling of TRMM-based precipitation data using vegetative response
in Xinjiang, China. Int J Climatol. 2017;37(10):3895-3909.

[3] Ochoa-Rodriguez S, Wang L-P, Gires A, Pina RD, Reinoso-Rondinel R, Bruni G, Ichiba A, Gaitan S, Cristiano E, Van Assel J,
Kroll S, Murl"a-Tuyls D, Tisserand B, Schertzer D, Tchiguirinskaia I, Onof C, Willems P, Veldhuis M-C. Impact of spatial and
temporal resolution of rainfall inputs on urban hydrodynamic modelling outputs: A multi- catchment investigation. J Hydrol.
2015;531:389-407.

[4] Thorndahl S, Einfalt T, Willems P, Nielsen JE, Ten Veldhuis M-C, Arnbjerg- Nielsen K, Rasmussen MR, Molnar P. Weather
radar rainfall data in urban hydrology. Hydrol Earth Syst Sci. 2017;21(3):1359-1380.

[5] HoulJ, Wang NA, Guo K, Li D, Jing H, Wang T, Hinkelmann R. Effects of the temporal resolution of storm data on numerical
simulations of urban flood inundation. J Hydrol. 2020;589(6):125100.

[6] Hosseini SH. Disastrous floods after prolonged droughts have challenged Iran. FUF-bladet. 2019;17:30-32.

[7] Kaiser M, Giinnemann S, Disse M. (2021). Spatiotemporal analysis of heavy rain-induced flood occurrences in Germany using
anovel event database approach. J Hydrol. 2021;595:125985.

[8] Mobini S, Nilsson E, Persson A, Becker P, Larsson R. Analysis of pluvial flood damage costs in residential buildings— A case
study in Malmo. Int J Disaster Risk Reduct. 2021;62:102407.

[9] Van de Beek CZ, Leijnse H, Hazenberg P, Uijlenhoet R. Close-range radar rainfall estimation and error analysis. Atmos Meas
Tech. 2016;9(8):3837-3850.

[10] Hosseini SH, Hashemi H, Berndtsson R, South N, Aspegren H, Larsson R, Olsson J, Persson A, Olsson L. Evaluation of a new
X-band weather radar for operational use in south Sweden. Water Sci Technol. 2020;81(8):1623—-1635.

[11] Harrison DL, Driscoll SJ, Kitchen M. Improving precipitation estimates from weather radar using quality control and correction
techniques. Meteorol Appl. 2000;6:135—-144.

[12] Hanchoowong R Analysis of Z-R equation for use in estimating rain from Takhli radar. Journal of Engineering and Innovation.
2022;15(4):172-183.

[13] Silver M, Karnieli A, Marra F, Fredj E. An evaluation of weather radar adjustment algorithms using synthetic data, J Hydrol.
2019;576:408-421.

[14] Yoo C. YoonJ-H. A proposal of quality evaluation methodology for radar data. Journal of The Korean Society of Civil Engineers.
2010;30:429-435.

[15] KimJ, Yoo C. Using extended Kalman Filter for real-time decision of parameters of Z-R relationship. Journal of Korea Water
Resources Association. 2014;47(2). DOI:10.3741/JKWRA.2014.47.2.119.

[16] Shi Z, Wei F, Venkatachalam C. Radar- based quantitative precipitation estimation for the identification of debris- flow
occurrence over earthquake affected region in Sichuan, China. Nat. Hazards Earth Syst. Sci. 2018;18(3):765-780.

[17] Chumchean S, Seed A, Sharma A. Correcting of radar mean field bias using Kalman filtering approach. J Hydrol. 2006;317:123-
137.

[18] Mapiam P, Methaprayun M, Bogaard T A, Schoups G, Veldhuis M-C T. Citizen rain gauge improves hourly radar rainfall bias
correction using a two-step Kalman filter. Hydrology and Earth System Sciences. 2021. doi.org/10.5194/hess-2021-262.

[19] Michelson D, Einfalt T, Holleman I, Gjertsen U, Friedrich K, Haase G, Lindskog M, Sztuc J. Weather radar data quality in
Europe: Quality control and characterization. COST 717 Working Document WDF 20 200204 1. 2004.

[20] Hydro & meteo GmbH & Co. KG. SCOUT documentation version 3.32. Hydro & meteo GmbH & Co. KG., Germany. 2016.

[21] Chumchean S. Improved estimation of radar rainfall for use in Hydrological Modelling. Ph.D. Thesis, University of New South
Wales, Sydney, Australia. 2004.

[22] Delrieu G, Andrieu H, Creutin JD. Quantification of path-integrated attenuation for X-and C-band weather radar systems
operating in Mediterranean heavy rainfall. J Appl Meteor. 2000;39(6):840-850.

[23] Futon RA, Breidenbach JP, Seo DJ, Miller DA, O’Brannon T. The WSD-88D rainfall algorithm. Weather Forecasting. 1998;13:
377-395.

[24] Kalman RE. A new approach to linear filtering and prediction problems. Journal of Basic Engineering. 1960;82(1):35-45.



