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Abstract: Many radar-gauge merging methods have been developed to produce improved rainfall
data by leveraging the advantages of gauge and radar observations. Two popular merging methods,
Regression Kriging and Bayesian Regression Kriging were utilized and compared in this study to
produce hourly rainfall data from gauge networks and multi-source radar datasets. The authors
collected, processed, and modeled the gauge and radar rainfall data (Stage IV, MRMS and RTMA
radar data) of the two extreme storm events (i.e., Hurricane Harvey in 2017 and Tropical Storm Imelda
in 2019) occurring in the coastal area in Southeast Texas with devastating flooding. The analysis
of the modeled data on consideration of statistical metrics, physical rationality, and computational
expenses, implies that while both methods can effectively improve the radar rainfall data, the
Regression Kriging model demonstrates its superior performance over that of the Bayesian Regression
Kriging model since the latter is found to be prone to overfitting issues due to the clustered gauge
distributions. Moreover, the spatial resolution of rainfall data is found to affect the merging results
significantly, where the Bayesian Regression Kriging model works unskillfully when radar rainfall
data with a coarser resolution is used. The study recommends the use of high-quality radar data
with properly spatial-interpolated gauge data to improve the radar-gauge merging methods. The
authors believe that the findings of the study are critical for assisting hazard mitigation and future
design improvement.

Keywords: weather radar; quantitative precipitation estimation; radar-rain gauge merging; hydrologic
modeling; floods; regression kriging; Hurricane Harvey; Tropical Storm Imelda; data fusion

1. Introduction

Accurate and high-resolution rainfall data are essential for most hydrological and
hydraulic (H&H) studies, including water resource management, flood hazard mitigation,
and flood modeling for developing early warning and prompt emergency response sys-
tems [1-3]. Precipitation can be measured in various ways, including directly using rain
gauges and indirectly using radar or satellite systems [4]. Though the rain gauge data are
considered as ground reference, spatial interpolation is needed to obtain a larger regional
coverage since the distribution of rain gauges is sometimes scattered and limited to specific
locations, making it challenging to represent the rainfall on a larger scale [5,6]. Another
source of precipitation estimates involves satellite-based data, which provides large spatial
coverage. Still, it is limited to coarse spatial resolution (10-25 km) with low accuracy that
leaves it inadequate for local flooding analysis.

Alternatively, radar-based quantitative precipitation estimation (QPE) data cover spa-
tially continuous information in higher spatial resolution and precision. The data have
been evolving over the last two decades with improved precision quality and thus broadly
used for engineering design standard, H&H studies and flood forecasting [7-10]. However,
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many sources of radar-based data are still prone to uncertainties from errors in reflectivity-
to-rainfall conversion (i.e., Z-R relationship) and signal measurements [11-13]. Many
studies also found that the data of rain gauges, weather radar, and satellite QPEs bear
uncertainties in measuring extreme precipitation, which can further limit the QPE products
for their reliable usage in flooding prediction and disaster mitigation [14-16]. Therefore,
better methods for enhancing the accuracy of radar estimates are still needed. With the
advantages of radar rainfall data in preserving spatial coverage and rain gauge data in
obtaining accurate site value, a merged product of both has demonstrated a promising
potential for achieving superior rainfall estimations [17,18]. From the early 1980s, numerous
methods have been developed concerning the merging of radar-rain gauge data that can be
classified according to (1) bias reduction or error variance minimization methods [19-21],
which focus on approaches to improving the quality of radar QPE products; (2) data-fusion
or geostatistical and non-geostatistical methods [11,22-24], where geostatistical methods
usually make use of (semi)variogram to present the rainfall field’s spatial covariance struc-
ture; (3) adjustment, interpolation, or integration methods [16,17,25], where the adjustment
methods focus on using rain gauge records to adjust radar estimates, the interpolation
methods use radar spatial association as additional information for interpolating gauge
data, and the integration methods conduct a true integration of radar and gauge rainfall
data. More details of the rainfall-gauge merging methods can be found in the review
papers [26-28].

Many studies found that rainfall-gauge merging methods almost always lead to better
rainfall estimates than those from solely using the radar QPE or rain gauge data [29-31],
especially on large scales [32-36]. In turn, there is increasing interest in studies of intercom-
paring various merging methods [37-41], and their applicability in urban scales with finer
resolutions for extreme events [9,19,42,43]. While merged rainfall products were generally
evaluated in those studies on considering statistical measures (e.g., Pearson correlation
coefficient or the coefficient of determination) based on point gauge data, the other factors,
such as physical rationality (e.g., rainfall pattern or quantity) were inadequately considered
and evaluated.

This study aimed to evaluate the most used radar QPE products and to assess how
two different radar-gauge merging methods (Regression Kriging and Bayesian Regression
Kriging methods) can produce improved high-resolution precipitation products for two
severe storm events (Hurricane Harvey in 2017 and Tropical Storm Imelda in 2019). The
performance of each method for both events was systematically evaluated, compared,
and discussed concerning their statistical metrics using validation gauges, as well as
physical expandability based on spatiotemporal distributions. Based on the analysis, the
best-performing and most efficient merging techniques of each event were identified and
evaluated, thereby further showing their potential applications for future flood forecasting
and rapid disaster mitigation.

2. Data and Methodology
2.1. Study Area

The study area resides along the coastline in Southeastern Texas between Houston and
Beaumont, Texas with the Interstate Highway-10 across the area in the center, including
seventeen HUC-10 watersheds of 8265 square kilometers (Figure 1) and 168 rain gauges.
The region is located from latitude 29°21'3.5994" to 30°28/19.2”N and longitude 93°35'2.4"
t0 95°5'20.3994" W, covering the whole Chambers County, most areas of Jefferson County,
Orange County, and some parts of Galveston County, Harris County, Liberty County, and
Jasper County. This region is vulnerable to extreme rainfall events such as hurricanes and
tropical storms [44,45]. During Hurricane Harvey in 2017, this area experienced the most
intensive and accumulated amount of rainfall among the impacted coastal communities.
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Figure 1. Study area including the watersheds and the total rain gauges assessed.

2.2. Radar Rainfall Data

This study assesses three radar rainfall quantitative precipitation estimation (QPE)
products, namely: (1) NCEP/EMC 4-km Gridded Data Stage IV Data (Stage 1V) [46];
(2) 1-km Multi-Radar Multi-Sensor (MRMS) [47]; and (3) 2.5-km Real-Time Mesoscale
Analysis (RTMA) [48].

Stage IV product is a national mosaic of regional multi-sensor (combination of quality-
controlled WSR-88D, and rain gauge data) precipitation estimates which are produced
hourly at the National Weather Service (NWS) River Forecast Centers (RFCs) for opera-
tional hydrologic forecasting at the Hydrologic Rainfall Analysis Project (HRAP) grid of
approximately 4 x 4 km? spatial resolution [49].

MRMS, another emerging radar-based weather sensing/monitoring system, was de-
veloped at the NOAA /NSSL (National Severe Storms Laboratory, Norman, OK, USA) and
has been operational at the National Oceanic and Atmospheric Administration/National
Centers for Environmental Prediction (NOAA /NCEP) since September 2014. The gauge
bias-corrected product of MRMS has a 1 km? spatial resolution and hourly temporal reso-
lution. The rain gauge data used for bias correction in MRMS is quality-controlled from
the Hydrometeorological Automated Data System (HADS; www.nws.noaa.gov/oh/hads/,
accessed on 31 January 2022). In this study, version 11.0 and version 11.6.1 of the gauge-
corrected MRMS products were accessed on 25 November 2021 and used for Hurricane
Harvey (2017) and Tropical Storm Imelda (2019), respectively. In May of 2018, MRMS
Version 11.5 became operational and available in the National Weather Service (NWS)
with a number of updates that impact the generation and delivery of MRMS QPE prod-
ucts, including the ability to handle new volume coverage patterns from the NWS fleet of
WSR-88D radars, new radar quality index logic, more hourly gauges, and reduced product
latency [50,51].

RTMA, which is also produced by NOAA/NCEP, has a 2.5 km spatial resolution
and hourly temporal resolution for near-surface weather conditions. It is developed by
interpolating the early version NCEP Stage II multi-sensor hourly precipitation analysis
from the 4-km HRAP grid [49] onto the 2.5-km RTMA grid using the Gridpoint Statistical
Interpolation [52] package.

All these radar QPE data have been widely used and their overall accuracy and
performance evaluated in hydrologic simulations during extreme events [53-55]. In this
study, the three products were evaluated before and after merging with rain gauge data
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and the impact of the radar spatial resolution (1 km, 2.5 km, and 4 km) on the radar-gauge
merging results was also investigated.

2.3. Rain Gauge Data

Rain gauge data were obtained from the Community Collaborative Rain, Hail, and
Snow Network (CoCoRaHS), NOAA'’s National Centers for Environmental Information
(NCEI), Harris County Flood Control District (HCFCD), Jefferson County Drainage District
No. 6 (DD6), Southeast Texas Regional Alerting & Information Network (RAIN), the Hy-
drometeorological Automated Data System (HADS) and the Automated Surface Observing
System (ASOS). All 168 gauges analyzed in this study are presented in Figure 1.

Hurricane Harvey (Harvey) started on 23 August 2017 to 3 September 2017 with
a 12-day duration. The rainfall data were collected for a total of 146 hourly gauges
within/near the study area for Hurricane Harvey (2017), as shown in Figure 2a. Hourly
rainfall information from gauges within/near the study area was used as a benchmark
to evaluate the performance of different gauge-adjusted radar products in the analysis.
After evaluating all the collected gauge rainfall data, the authors excluded a total of 20 rain
gauges that were found with issues (like missing and erroneous values), resulting in a
total of 126 gauges with an average of 103.53 cm, among which 112 gauges were used for
calibration and 14 gauges reserved for further validation in the rainfall analysis (Table 1).
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Figure 2. Rain gauges within/near the study area for (a) Hurricane Harvey (2017) and (b) Tropical
Storm Imelda (2019).

Table 1. Number of hourly rain gauges used in the rainfall analysis.

Storms Duration Average Total Depth Total Calibration Validation
2017 Harvey 8/23 t09/3 (12 days) 103.53 cm 126 112 14
2019 Imelda 9/17 t0 9/22 (5 days) 42.29 cm 150 135 15

Tropical Storm Imelda (Imelda) started on 17 September 2019 to 22 September 2019
with a 5-day duration. A total of 156 hourly gauges within/near the study area were
collected for Tropical Storm Imelda, as shown in Figure 2b. Like Hurricane Harvey (2017),
the rainfall information from the gauges was used as a benchmark for evaluating gauge-
adjusted radar products. After assessing all the collected gauge rainfall data, the authors
excluded a total of six (6) hourly rain gauges with issues, resulting in a total of 150 rain
gauges with an average of 42.29 cm, among which 135 rain gauges were used for calibration,
and 15 rain gauges used for validation in the rainfall analysis (Table 1).



Remote Sens. 2023, 15, 2033

50f16

2.4. Radar-Gauge Merging Methods for Calibration

Numerous radar-gauge merging methods have been developed ever since radars
started to be used as precipitation-measuring devices [19,25,54,56,57]. This study applied
(1) Regression kriging (RK) and (2) Bayesian regression kriging (BRK) as the radar-gauge
merging algorithms since they are known to reduce error variance in addition to bias (error
mean) correction of the radar data using gauge information, which have been widely used
in various applications [56-58].

Regression kriging (RK) is an extension of kriging interpolation in which external
variables, in this case, radar rainfall data, are used as auxiliary information in the inter-
polation process. In RK, the linear weights employed in the interpolation of point gauge
values are further constrained by the spatial association between radar values at the target
and rain gauge locations. It is noted that RK is mathematically identical to “Kriging with
External Drift” and “Universal Kriging” interpolation methods, which rely on the auxiliary
predictors (e.g., radar rainfall raster data in this study) to solve kriging weights [59].

Bayesian regression kriging (BRK) explicitly quantifies the estimation uncertainty (in
terms of estimation error covariance) of radar and rain gauge data and then combines
them in such a way that the overall estimation uncertainty can be minimized [60,61].
BRK attempts to overcome some limitations of classical kriging by using an ensemble
of variograms that are applied to subsets of the data. For each subgroup, a variogram
ensemble is iteratively generated by using the original estimated variogram to produce new
data values, which are then used to produce new variograms. BRK enables non-stationarity
as well as uncertainty in the variogram estimation to be better accounted for [62]. BRK
Regression Prediction (BRKRP) builds on BRK by using the information provided by
additional explanatory variables.

Figure 3 shows the schematic diagram of the radar rainfall merging process. First, the
hourly radar rainfall and rain gauge data are obtained for the events. The radar rainfall
data are trimmed to a raster dataset that includes the study area. Second, the rain gauge
data are preprocessed (1) to exclude the erroneous records, (2) to combine the gauges’ data
contained in the same radar image pixel, and (3) to include both datasets from calibration
and validation. This process generates a one-to-one paired gauge/radar rainfall dataset
at each gauge location. Third, the radar/gauge rainfall data are calibrated with the data-
merging approaches using the RK or BRK methods to generate processed radar rainfall
raster data. Last, the processed radar rainfall raster data are evaluated by the data from the
validation gauges.

Radar Rainfall Data Rain Gauge Data
(Stage IV, MRMS, RTMA) 9

Y Y

Study Area Preprocessing

Paired Gauge/Radar
Rainfall Data at Gauge
Locations

Radar Rainfall Raster
Data at Study Area

Radar-Gauge
Data Calibration by
Merging (RK, BRK)

Validation & Evaluation

Processed Radar
Rainfall Raster Data

Figure 3. Flowchart of the methodology.
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2.5. Quantitative Statistics

The results of applying the radar-gauge merging method to the QPE products are
evaluated using the root mean squared error (RMSE) (Equation (1), correlation coefficient
(CC) (Equation (2)), and Nash-Sutcliffe model efficiency coefficient (NSE) (Equation (3)).

RMSE demonstrates the difference between the radar and gauge data at the gauge
locations. The applicable gauges are selected for quantitative analysis with maintained
independence. Specifically, the gauges utilized for their original bias correction in the
MRMS data itself are excluded. Meanwhile, CC depicts their correlation and consistency.
Similarly, NSE also evaluates the consistency of radar and gauge using error variance. NSE
equals 1 (NSE = 1) means a perfect match that has an estimation error variance equal to
zero. NSE equals 0 (NSE = 0) occurs when the radar data have the same performance as
the mean of the time series gauge rainfall data, while NSE is less than 0 (NSE < 0) means
that the observed gauge mean value is a better predictor than the radar data.

, . 2
Y, (P — P
RMSE = J 2l - b )
1 & (P — " P — Hgauge
CC = Z rad rad gauge gaug )
n—1 i— Orad Ogauge

n i i 2
NSE =1 - iz (Pmd 5 gwf)

" . .
i=1 <P§auge - Péauge)

where Pri o4 15 the radar rainfall of the ith data, Péifauge is the gauge rainfall of the ith ob-
servation. y,,; and 0,,; are the mean and standard deviation of merged radar rainfall,
respectively. piequge and ogqyqe are those of gauge rainfall, and 7 is the number of the total
data points.

3 @)

3. Results and Discussions
3.1. Intercomparison of Orignal Radar Rainfall

First, the accumulated rainfall depths for Hurricane Harvey (top) and Tropical Storm
Imelda (bottom) based on original Stage IV (a,d), MRMS (b,e), and RTMA (c,f) data are
shown in Figure 4. For Hurricane Harvey, Figure 4a—c shows a general consistency in the
magnitude and distribution of rainfall for all three datasets, where Stage IV in Figure 4a
shows the highest accumulation value while some areas of MRMS (<76.2 cm in the west-
central region in Figure 4b) and RTMA (<101.6 cm in west and east regions in Figure 4c)
show lower values. RTMA also presents higher values in the north outside the watershed
area. Similar to the original datasets of Hurricane Harvey, the maps of accumulated rainfall
depths (Figure 4d—f) for Tropical Storm Imelda also show a strong consistency regarding
the rainfall spatial distribution. Different from the original datasets of Hurricane Harvey,
the Stage IV and MRMS show similar magnitude in the heavily rained areas (>76.2 cm in
the northwest and central regions in Figure 4d,e), while the RTMA tends to underestimate
rainfall amounts in the same areas.

The Radar QPE data are further calibrated using the selected rain gauge data as
the scatterplots show in Figure 5 for a comparison between original Radar QPE datasets
and the calibrated data for Hurricane Harvey (top) and Tropical Storm Imelda (bottom).
Stage IV (Figure 5a,d) shows the best performance concerning the consistency with gauge
values in both events, with the highest CC (0.8519 for Hurricane Harvey and 0.9280 for
Tropical Storm Imelda) and NSE (0.7215 and 0.8602), as well as the lowest RMSE (0.2167
and 0.1514). MRMS (Figure 5b,e) also provides similar results with slightly lower CC
(0.8169 for Hurricane Harvey and 0.9232 for Tropical Storm Imelda) and NSE (0.6143 and
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0.8520) with higher RMSE (0.255 and 0.1558). These results show Stage IV has a marginally
better accuracy than MRMS in both events. A similar study that compares four flood
events (including both Harvey and Imelda) in Harris County [63] shows that both MRMS
and Stage IV datasets have very close performance in agreement with the gauge data
product which quantified rainfall accurately at hourly temporal resolution. The different
observations between this study and [63] may be mainly due to the use of different rain
gauges during the comparison process. Another study that also compared the Stage IV
and MRMS data for three storms (2015 Memorial Day storm, 2016 Tax Day storm, and
Hurricane Harvey) in the Harris County ends up with a consistent finding that the Stage IV
and MRMS perform well during the three investigated storms with Stage IV overestimating
and MRMS underestimating the hourly rainfall by 2% and 12%, respectively and both
QPEs tend to overestimate very light rainfall [49].

Legend

\:l Study Area
Rainfall Depth (cm)
B <535
B 635-76.2
[ 762-813
| |813-86.4

| 86.4-94.0

94.0-101.6
[ 101.6 -109.2
B > 1092

Legend
Study Area

Rainfall Depth {cm)
<25
I 254-5.08
[ 5081270
[ 1z270-2286
[T 2286 -35.56
[ 35.56-53.34
[ 53.34 -76.20

0 10 20 40

0 10 20 40
— —Filomeles B - 75.20

Figure 4. (a) Original Stage IV of Hurricane Harvey, (b) Original MRMS of Hurricane Harvey,
(c) Original RTMA of Hurricane Harvey, (d) Original Stage IV of Tropical Storm Imelda, (e) Original
MRMS of Tropical Storm Imelda and (f) Original RTMA of Tropical Storm Imelda.

Compared with Stage IV and MRMS, RTMA (Figure 5c¢,f) presents the least consistency,
especially the negative NSE value (—0.7721) indicates that its accuracy is worse than the
means of the gauge records. A cluster of rain grids are very much higher than the rain
gauge record for Hurricane Harvey. This is due to the NCEP Stage II data, as the source of
RTMA, lacking the manual quality control process that is contained in the Stage IV data [46].
It is noted that all the radar rainfall products achieve better performance (higher CC and
NSE and lower RMSE) for Tropical Storm Imelda, which may be due to the inclusion of
more gauge data for bias correction and the improvement of the radar QPE processing
since Hurricane Harvey in 2017 [10].



Remote Sens. 2023, 15, 2033 8 of 16
Stage IV - Harvey b) MRMS - Harvey c) RTMA - Harvey
18
 CE; 0.8519 " cc:0.8169 ~.°CC:0.3313
_ NSE:0.7215 NSE: 0.6143 | NSE:-0.7721
RMSE: 0.2167 RMSE: 0.2550 : - RMSE: 0.5939
2 14 16 18 % R 2 1 16 1w
e tomy Geuge (om) P—
e) f)
-Imelda MRMS - Imelda ‘ RTMA - Imelda
Bt ui!»
“f
1 ‘ 5 = I o 13 “‘
"CC:0.9280 CC: 0.9232 . CC:0.7039
NSE: 0.8602 NSE:0.8520 = NSE: 0.4498
RMSE: 0.1514 RMSE: 0.1558

"% RMSE:0.3144

0 12 14 18 18 12 % 18

Geuge (em)

Gauge (cm)

Figure 5. Scatterplots of original radar data and calibration gauge data from (a) Stage IV of Hurricane
Harvey, (b) MRMS of Hurricane Harvey, (¢) RTMA of Hurricane Harvey, and (d) Stage IV of Tropical
Storm Imelda, (e) MRMS of Tropical Storm Imelda, (f) RTMA of Tropical Storm Imelda.

3.2. Merged Radar Rainfall

With the BRK and RK methods applied for calibration by merging the Radar QPE data
and the selected rain gauge data, the results of accumulated rainfall depths are shown in
Figure 6 for Hurricane Harvey and Figure 7 for Tropical Storm Imelda with the merged
radar-gauge data based on Stage IV (a and d), MRMS (b and e), and RTMA (c and f).
Compared with Figure 4a, the merged Stage IV data (Figure 6a,d) using both BRK and
RK methods show similar spatial patterns of rainfall distributions for Hurricane Harvey.
However, the data generated from the BRK method (Figure 6a) show some anomalously
higher values in the south and southwestern regions outside of the watershed area than
those from the RK method (Figure 6d). The merged MRMS data using both BRK and RK
methods (Figure 6b,e) also show overall similar spatial patterns of rainfall distributions to
those in Figure 4b, except for their higher values in the west-central region of the study area.
However, the data generated from the BRK method show some anomalously higher values
in the northeastern regions (Figure 6b) outside of the study area than those from the RK
method (Figure 6e). The merged RTMA data using both BRK and RK methods (Figure 6¢,f)
also show some higher values in the northeastern and southern regions of the study areas,
indicating a less desirable accuracy compared to the corresponding scatter plots (Figure 5).

For Tropical Storm Imelda, the merged Stage IV and MRMS data, regardless of using
BRK or RK methods, present the same spatial patterns and magnitude of rainfall as shown
for Stage IV and MRMS data (Figure 7a,b,d,e) with a slightly higher value from the RK
method. At the same time, the merged RTMA data show lower values in the northwestern
boundary of the study area than Stage IV and MRMS (Figure 7c,e).

To evaluate the calibration of the two merging methods, scatterplots between the se-
lected calibration rain gauges and the final dataset are illustrated in Figure 8 for Hurricane
Harvey. For the BRK method, MRMS data show the highest accuracy with CC and NSE
close to 1 (Figure 8b), followed by RTMA (Figure 8c) and then Stage IV (Figure 8a). It is
noted that RTMA shows a collection of points that have high gauge values with under-
estimated radar values near to 0, while such cases are not found in Stage IV. For MRMS
datasets, the BRK method tends to underestimate the minor rainfall at the rain gauge
locations (less than 2 cm) whereas the RK method shows an evenly spread case. Moreover,
the issues of underestimating radar values at some gauge locations are avoided for RTMA
when using the RK method (Figure 8f). Overall, both methods demonstrate a good match.
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For the RK method, the merged radar data show less agreement with gauge observations
compared with the findings from using the BRK method.

Legend

I:I Study Area
Rainfall Depth (cm)
B <635
B c3s5-762
[ 76.2-813
| 81.3-864
| 864-94.0
A | 940-1018
[ 1016 - 1092
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Figure 6. Precipitation maps from merged radar-gauge data of (a) Stage IV, (b) MRMS, (c¢) RTMA
using BRK method, (d) Stage IV, (¢) MRMS, (f) RTMA using RK method during Hurricane Harvey.
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Figure 7. Precipitation maps from merged radar-gauge data of (a) Stage IV, (b) MRMS, (c) RTMA using
BRK method, (d) Stage IV, () MRMS, (f) RTMA using RK method during Tropical Storm Imelda.
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Figure 8. Scatter plots of calibration gauge data and merged radar-gauge data of (a) Stage 1V,
(b) MRMS, (c) RTMA using the BRK method, (d) Stage IV, () MRMS, and (f) RTMA using the RK
method during Hurricane Harvey.

The validation process is also conducted by comparing the processed data to the
observations from the gauges reserved for validation as shown Figure 2a. The comparisons
imply that the MRMS data present the highest consistency as compared with the other two
radar products and the Stage IV data have the lowest CC (0.8826) and NSE (0.7483) values,
as demonstrated in Figure 9. Compared to the observations from the calibration process,
the validation process using RK generates comparable results for MRMS and RTMA, but
no or only slight improvement can be found for the Stage IV data. The BRK method for
RTMA still shows issues of underestimation.
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Figure 9. Scatter plots of validation gauge data and merged radar-gauge data of (a) Stage 1V,
(b) MRMS, (c) RTMA using BRK method, (d) Stage IV, (e) MRMS, and (f) RTMA using RK method
during Hurricane Harvey.

Figures 10 and 11 present the comparisons of the merging methods for Topical Storm
Imelda using data from both calibration and validation gauges, respectively. Both figures
show that the RK and BRK methods achieve better performance (higher CC and NSE, lower
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RMSE) for Topical Storm Imelda than those of Hurricane Harvey. The underestimation
issue of the radar data as shown in Figure 10c is not as remarkable as in Figure 8c. Similar to
the observations from Figure 9, the RK method is found to be able to generate good results
comparable to those of the BRK method from the validation process. The better results
found for Tropical Storm Imelda could be attributed to the different spatial distribution of
the gauges and the improved MRMS radar data in version 11.5 over the older version used
for Hurricane Harvey.
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Figure 10. Scatter plots of calibration gauge data and merged radar-gauge data of (a) Stage 1V,
(b) MRMS, (c) RTMA using the BRK method, (d) Stage IV, (e) MRMS, and (f) RTMA using the RK
method during Tropical Storm Imelda.
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Figure 11. Scatter plots of validation gauge data and merged radar-gauge data of (a) Stage IV,
(b) MRMS, (c) RTMA using the BRK method, (d) Stage IV, (e) MRMS, and (f) RTMA using the RK
method during Tropical Storm Imelda.

Generally, both methods were found to greatly improve the performance of the radar
products, especially for the RTMA data (Figure 4 vs. Figures 6 and 7). The improvement of
RTMA may not be convincing when compared with the results of Stage IV and MRMS but
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can be regarded as significant given the fact that RTMA has a relatively lower quality of
source data. While the results from using the BRK method present overfitting, they show a
high consistency with the calibration gauge data but a low consistency with the validation
gauge data as shown in Figures 8 and 9 for Hurricane Harvey and Figures 10 and 11
for Tropical Storm Imelda. The RK method does not show such issues and proves its
performance is better than the BRK method for validation (Figures 9 and 11). The authors
think that the overfitting issue found when using BRK could be attributed to the limited
gauge observations from the east region of the study area, in which only one gauge was
available and used for calibration for Hurricane Harvey (Figure 2a). This also explains
why BRK shows slightly better accuracy in the calibration process since no gauges were
available for validation in the east region (Figure 2). It is also noted that the BRK method
(Figure 6b) seems to perform less well than the RK method (Figure 6b) in the calibration
of MRMS data for Hurricane Harvey, given that the northeast of the study area presents
unexpectedly higher rainfall data generated from the BRK method as shown in Figure 6b
than the original radar rainfall data (Figure 4a—c), where such an issue is not found in the
RK results. However, since no validation gauge is available in the same area, the BRK
method (Figure 8b) presents overall better statistical metrics (i.e., CC, NSE, and RMSE)
than those of the RK method (Figure 8e) thus misgiving BRK as a better method than
RK. This indicates that besides solely relying on statistical metrics, engineering judgment
based on local atmospheric and hydrological knowledge should also be exercised in the
evaluation process.

Moreover, the BRK method was found to be more sensitive to spatial resolution than
RK, shown by less improvement of Stage IV data of relatively lower resolution (4 km)
than MRMS (1 km) and RTMA (2.5 km). In addition, the processing time of using RK
(<1 min per image) is significantly lower than the BRK (~10 min per image) based on the
workstation configuration (Intel i9-10900 CPU @ 2.8GHz, 16 GB RAM, and 1TB SSD). It is
rational to conclude that the RK method is a superior option to the BRK method for efficient
radar gauge data merging in this study area for the two events evaluated. However, users
need to take precautions when using the RK method in routine use because it also has
limitations, as discussed in Hengl et al. [59], such that the regression relationship in RK
relies entirely on the quality of the input data. For example, a single poor gauge observation
could consequently probably bring down the overall accuracy. The simple solution is to
process the data with QA/QC beforehand and increase the number of the point-pairs
(e.g., this study has 112 and 135 gauges for Hurricane Harvey and Tropical Storm Imelda,
respectively) when the previous studies suggested over 50 points and at least 10 points for
using RK [59,64,65].

Lastly, it is appropriate to mention that in spite of the abundance of radar-gauge
merging methods and products [29-36], little research has been conducted concerning their
performances in running hydrologic or hydraulic models, which is one of the great potential
usages of such data and of critical importance to flood forecasting [66-76]. In this study, we
tried to use the RK merged rainfall data to run a hydrologic model (i.e., HEC-HMS) for a
basin within the study area. The intercomparison among the modeling results shows that
the simulated volume from the merged radar dataset is closest to the observation (not shown
in the paper). However, the flow observation data are only available for a small watershed
at the further west of the study area, which has a relative consistent rainfall amount from
different datasets and methods (Figures 4, 6 and 7). Hence, the overall advantage of the
merged radar rainfall over the original data as model input cannot be manifested directly.
To further utilize the merging methods in the hazard mitigation practices, additional efforts
should be invested in a detailed time-step analysis to better understand the impacts from
the merging methods on these high-intensity moments. The efforts will help focus more on
the predictions of the timing and magnitude of the peak stage or discharge. Additionally,
Qiu et al. [40] discussed the challenges of applying merged products for flood forecasting,
such as (1) gauge network density across mountainous basins, (2) fitness of hydrologic
models for the local watersheds, and (3) preserving rainfall features (e.g., convective) at
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small scales. As such, it remains largely unexplored for identifying the most suitable and
efficient merging technique(s) of high-resolution rainfall products, particularly for running
hydrologic models and forecasting floods and other extreme events.

4. Conclusions

This paper evaluated three premier radar datasets (i.e., Stage IV, MRMS, and RTMA)
and compared the radar-gauge merging methods (i.e., RK and BRK) using radar data and a
dense gauge network for two major tropical storm events (Hurricane Harvey and Tropical
Storm Imelda) that occurred in August of 2017 and September of 2019, respectively. The
findings and suggestions are summarized as follows:

(1) Stage IV and MRMS show high consistency for both events with the rain gauge
network when RTMA (Figure 5c¢,f) presents the least consistency, especially the neg-
ative NSE value (—0.7721) indicating its accuracy is worse than the means of the
gauge records.

(2) Both RK and BRK can increase the quality of the original radar rainfall products
shown by statistical metrics (i.e., CC, NSE, and RMSE), especially for low-quality
RTMA data. Moreover, the RK is the preferred method since it enhances the results
with explainable spatial distribution identified by specialized knowledge.

(3) The BRK method presents better statistical metrics while also indicating over-fitting in
certain areas with limited gauge presence for calibration, which means that the spatial
distribution (i.e., density) of the rain gauges plays a critical role in the algorithms.

(4) The merged results were found to be sensitive to the original spatial resolution of the
radar data for both methods, such that the MMRS with the highest spatial resolution
had the best results with both methods and the BRK method worked well on finer
resolution than coarse resolution radar data.

In conclusion, radar-gauge merging methods show remarkable improvements over
the original radar rainfall products and can be used for further hydrologic and hydraulic
analysis. Future studies are suggested to investigate effective rain gauge placing, new
model development, and hydrologic/hydraulic model calibration for more applications in
rapid hazard response and mitigation.
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