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Abstract 15 

The Center for Collaborative Adaptive Sensing of the Atmosphere (CASA) Dallas-Fort 16 

Worth (DFW) Urban Demonstration Network consists of a combination of high resolution 17 

X-band radar network and a National Weather Service S-band radar system (i.e., KFWS 18 

radar). Based primarily on these radars, CASA has developed end-to-end warning system 19 

that includes sensors, software architecture, products, data dissemination and visualization, 20 

and user decision making. This paper presents a technical summary of the DFW radar 21 

network for urban weather disaster detection and mitigation, from the perspective of 22 

tracking and warning of hails, tornadoes, and floods. Particularly, an overview of the X-band 23 

radar network design tradeoffs is presented. The architecture and associated algorithms for 24 

various product systems are described, including the real-time hail detection system, the 25 

multiple Doppler vector wind retrieval system, and the high-resolution quantitative 26 

precipitation estimation system. Sample products in the presence of high wind, tornado, 27 

hail, and flash flood are provided, and the systems’ performance is demonstrated through 28 

cross validation with ground observations and weather reports. 29 

 

Keywords: CASA; DFW; dual-polarization; radar network; remote sensing; urban hazard 30 

mitigation 31 

32 
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1. Urban Hazard Mitigation and Disaster Management 33 

Currently, most parts of the world are becoming increasingly urbanized. The world’s 34 

urban population has grown from 746 million in 1950 to 3.9 billion in 2014. This number is 35 

expected to surpass six billion by 2045 (United Nations, 2014). Fig. 1 illustrates the growth 36 

rates of urban agglomerations by size class in 2014 (United Nations, 2014). The rapid 37 

urbanization has made the densely populated areas more vulnerable to natural disasters 38 

such as urban flash floods. Therefore, monitoring the weather conditions in a timely manner 39 

at good spatial resolution is critical in terms of protecting personal and property safety. 40 

Radars have been used for weather applications over many decades. Nowadays, 41 

long-range microwave (e.g., S- or C-band) radar networks are considered as an integral 42 

part of the weather sensing and forecasting infrastructures by many nations. With the new 43 

technologies introduced, such as dual-polarization, the sensing capabilities of these 44 

networks have been improved considerably over the past thirty years (Bringi and 45 

Chandrasekar 2001). However, one limitation of today’s large weather radar installations is 46 

their inability to cover the lower part of atmosphere due to the Earth’s curvature and terrain 47 

blockage. Taking the United States network of Weather Surveillance Radar-1988 Doppler 48 

(WSR-88DP), also known as Next-Generation Radar (NEXRAD), as an example, the 49 

S-band radars (wavelength ~10cm) comprising the WSR-88DP network are spaced about 50 

230 km apart in the eastern U.S. and 345 km in the western U.S. At the maximum coverage 51 

range of 230 km, the lowest (0.5 degree) beam is about 5.4 km above ground level (AGL). 52 
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The incomplete low-level coverage, limited spatial resolution at long distance, and slow 53 

scan rate impede the ability of such system to identify and detect fine-scale weather 54 

features such as tornadoes (National Research Council 1995).  55 

Aimed to enhance weather sensing in the lower troposphere (1-3 km AGL), the U.S. 56 

National Science Foundation Engineering Research Center (NSF-ERC) for Collaborative 57 

Adaptive Sensing of the Atmosphere (CASA) introduced an innovative, collaborative, and 58 

dynamic sensing paradigm, called Distributed Collaborative Adaptive Sensing, or DCAS in 59 

short, to overcome the resolution and coverage limitations of traditional weather radar 60 

network (McLaughlin et al. 2009). The DCAS system utilizes a number of low-power (and 61 

lower cost) densely networked radar systems to observe, forecast and respond to 62 

hazardous weather phenomena. The first research test bed of such kind, which consisted 63 

of four radar nodes, was deployed in the “Tornado Alley” over southwestern Oklahoma for 64 

study of extreme precipitation and hazardous winds. This four-node DCAS system was 65 

operated in a tight loop with an end user group comprised of CASA’s researchers 66 

themselves, National Weather Service (NWS) Weather Forecast Office (WFO) in Norman, 67 

Oklahoma, as well as emergency managers who have jurisdictional authority in the 68 

upstream counties over the test-bed area. The high-resolution observations, post-event 69 

case studies, and fundamental multi-disciplinary research during five years’ operation have 70 

demonstrated the viability of DCAS concept (McLaughlin et al. 2009; Chandrasekar et al. 71 

2012). Since 2012 spring, CASA, in collaboration with NWS and the North Central Texas 72 
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Council of Governments (NCTCOG), has initiated the effort to develop its first urban 73 

demonstration network in Dallas-Fort Worth (DFW) area, one of the largest inland 74 

metropolitan areas in the U. S. Every year the DFW area experiences a wide range of 75 

natural hazardous weather events such as high wind, flash flood, tornado, and hail, etc. It is 76 

an ideal location to demonstrate the DCAS concept in a densely populated urban 77 

environment. New product research and transition of Research to Operations in the DFW 78 

remote sensing network occur in a quasi-operational environment in terms of urban hazard 79 

mitigation and disaster management. The real-time products are used and evaluated by a 80 

variety of users, including NWS forecasters, emergency managers, and users from 81 

transportation, utilities, regional airports, arenas, and the media. In this way, CASA’s 82 

multidisciplinary team - radar engineers, computer scientists, meteorologists, hydrologists, 83 

and social scientists - will conduct “end-to-end” research from sensor observation to 84 

product development and validation linked to end user decision making and response. 85 

This paper presents the principles of high-resolution weather radar network for urban 86 

hazard detection and mitigation with more of an emphasis on the application products. An 87 

overview of the DFW dense urban radar network, and principles of short-wavelength radar 88 

technology and networking are presented in Section 2. In Section 3, we describe the hail 89 

detection system developed for DFW radar network. Section 4 details the real-time 90 

multi-Doppler wind retrieval system for tornado and high-wind detection. The DFW 91 

quantitative precipitation estimation (QPE) system is presented in Section 5, with particular 92 
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attention to quantitative evaluation of the QPE system products. Section 6 summarizes the 93 

main accomplishments during the operation of DFW urban remote sensing network. 94 

 

2. Principles of Short-Wavelength Radar Technology and Networking  95 

2.1. X-band Radar Network Design Trade-offs  96 

The radar sampling resolution is primarily determined by the transmitted pulse width, 97 

antenna beamwidth, as well as range from radar. For an ideal uniformly illuminated 98 

parabolic reflector, the sampling resolution is given by: 99 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑐𝑒𝑙𝑙 𝑙𝑒𝑛𝑔𝑡ℎ ≈ 𝑐𝑇/2                      (1a) 100 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑐𝑒𝑙𝑙 𝑤𝑖𝑑𝑡ℎ ≈ 𝜆𝑅/𝑑                       (1b) 101 

where 𝑐 is the speed of light; 𝑇 is the transmitted pulse width typically in the order of 𝜇𝑠;  102 

λ is radar wavelength; 𝑑 is the antenna aperture size; and 𝑅 is the range from radar. 103 

McLaughlin et al. (2009) concluded that a reasonable antenna size for unobtrusive 104 

equipment deployment is of the order of 1 to 1.5 m. Assuming the frequency of the 105 

WSR-88DP system, operating a radar with 1-m antenna will result in a resolution cell width 106 

of 3 km at 30 km range. From spatial resolution perspective, fine-scale weather features 107 

such as tornado and microburst cannot be resolved at this coarse resolution. In reality, 108 

each WSR-88DP system is equipped with a 9-meter diameter antenna. However, as 109 

aforementioned, the WSR-88DP radar coverage is non-overlapping (at very high altitudes if 110 

any), and the spacing between radars is about 230 km in the eastern US and 345 km in the 111 



 6 

western US. The illuminated volume will be tremendously expanded as the range from 112 

radar increases. In addition, due to the Earth’s curvature and terrain blockage, more than 113 

70% of the atmosphere below 1-km altitude AGL cannot be observed (National Research 114 

Council 1995). From temporal resolution perspective, individual radars in the WSR-88DP 115 

network are operated with predefined Volume Coverage Patterns (VCP) mode that is 116 

repeated. The update rate, the same for all areas under the radar umbrella, will decrease 117 

as the number of elevation angles of VCP increases. Taking the commonly used VCP12 118 

precipitation mode (14 tilts with increasing elevation angles from 0.5° to 19.5°) as an 119 

example, it takes 5~6 minutes to finish a volume scan task. This is too long to capture the 120 

weather evolution details, especially the small scale but high impact meteorological 121 

phenomena such as tornado and urban flash flood that are rapidly forming and dissipating. 122 

Moreover, deployment and maintenance of such high-power big radars (i.e., 12-m 123 

radomes) are extensive tasks in terms of cost efficiency and operational complexity. 124 

By going to a shorter wavelength such as X-band, higher spatial resolution can be 125 

attained with a smaller antenna. The compact system can be readily deployed on small 126 

towers with small land footprints or the existing infrastructure elements such as rooftops 127 

and communication towers. In addition, compared to WSR-88DP radar, the easier 128 

manipulation of X-band radar can provide us with higher temporal resolution. Hence, the 129 

low power low cost small X-band radar system is gaining an increasing interest in recent 130 

years. In order to overcome the coverage and resolution limitations of WSR-88DP radar 131 



 7 

network, the center of CASA proposed an innovative DCAS sensing concept by deploying 132 

dense X-band radar networks. The DCAS architecture designed by CASA includes 133 

distributed dual-polarization X-band radars, algorithms that dynamically process the 134 

collected data, detect ongoing weather features and manage system resource allocations, 135 

as well as interfaces that enable end-users to interact with the system. Fig. 2 shows a 136 

conceptual diagram of the DCAS system whose operations are determined by end users. In 137 

particular, the DCAS system uses a Meteorological Command and Control (MC&C) 138 

component (Zink et al. 2010) to collaboratively coordinate the scanning strategy of 139 

distributed radars in a network environment. Through a space-time adaptive, targeted 140 

sector-scanning approach, or a collaborative processing approach, the network-level 141 

performance is superior to the capabilities of individual radars in terms of update rate on 142 

key weather features, minimum beam height, and spatial resolution (Junyent and 143 

Chandrasekar 2009). In addition, the requirement on radar size and peak transmitter power 144 

is lower in DCAS mode than what it would need to be if the radars were operated 145 

independently in order to achieve a certain level of sensitivity. The research network 146 

deployed by CASA in southwestern Oklahoma had demonstrated the feasibility of DCAS 147 

concept (McLaughlin et al. 2009; Junyent et al. 2010; Chandrasekar et al. 2012). Since 148 

2012, a collaborative agreement between CASA and local stakeholders has been made to 149 

establish its first urban radar network in the DFW Metroplex in order to demonstrate the 150 

feasibility of collaborative adaptive sensing paradigm in an urban environment.  151 
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However, moving to X band did not come easily, as technical solutions needed to be 152 

found for several basic issues such as attenuation and range velocity ambiguity. To this end, 153 

extensive research in CASA and elsewhere has been devoted to these matters, which 154 

demonstrated that attenuation could be resolved using some modern attenuation correction 155 

techniques that included dual-polarization (Gorgucci and Chandrasekar 2005; Lim and 156 

Chandrasekar 2016; Shimamura et al. 2016). The range velocity ambiguity could be 157 

alleviated using modern pulsing schemes with advanced signal processing (details for 158 

CASA can be found in Bharadwaj and Chandrasekar 2010). In addition, extra attention 159 

should be paid to clutter suppression during short-range operation in urban regions. CASA 160 

researchers invested heavily in this and advanced clutter suppression techniques were 161 

developed to handle the high clutter environment (Nguyen et al. 2008; Bharadwaj and 162 

Chandrasekar 2010). The advanced clutter filtering techniques are working operationally in 163 

conjunction with other systems such as that for range velocity mitigation. Overall, all the 164 

major technological advances developed through CASA have been put into operation in 165 

most of the radars in the DFW network, with a major focus on demonstration of research to 166 

operations for urban weather hazards monitoring and warning. 167 

2.2. CASA DFW Dense Urban Radar Network 168 

The DFW Metroplex is one of the largest inland metropolitan areas in the U.S., and is 169 

also among the fastest growing major urban areas in the country. It is home to two major 170 

airports, including DFW International Airport, the third busiest airport in the world, numerous 171 
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regional airports, and many large sports complexes. It is an ideal place to demonstrate the 172 

application of dense radar network for urban weather disaster detection and mitigation. 173 

Centered in the DFW urban remote sensing network is the deployment of eight 174 

dual-polarization X-band radars that can provide coverage to most of the 6.5 million people 175 

in this region. Fig. 3 shows sample pictures of the installation of various DFW radars. Fig. 4 176 

illustrates the geographical deployment of the eight X-band radars and S-band KFWS 177 

WSR-88DP radar deployed in DFW area. The smaller blue circles in Fig. 4 correspond to 178 

40 km range from the X-band radars and the larger circle in red corresponds to the 100 km 179 

range distance from KFWS radar. The letter symbols such as “XMDL” in Figs. 3 and 4 180 

correspond to the naming of various radars. The specific location of each radar node, 181 

including longitude, latitude, and altitude, as well as the county where the radar is installed 182 

is listed in Table 1. The excessive overlapping regions where direct measurements of 183 

multiple Doppler velocity are available should be noted, which is the fundamental contrast 184 

to the WSR-88DP deployment. 185 

The DFW X-band radars sit atop high-performance pedestals assembly capable of high 186 

accelerations and rapid back-and-forth Plan Position Indicator (PPI) and Range Height 187 

Indicator (RHI) scans. The radar systems deployed in this urban testbed are based on new 188 

technologies developed within the CASA program. The system specifications and base 189 

data products are listed in Table 2. Table 2 also shows the key specifications of a typical 190 

WSR-88DP radar system for cross-comparison purpose. There are two scan strategies 191 
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designed for DFW radars. One is the adaptive mode in the DCAS sensing paradigm, which 192 

can rapidly reconfigure each radar node in response to the changing atmospheric 193 

conditions and end-user needs (Chen and Chandrasekar 2017). The “heartbeat” for a 194 

volume scan in the DCAS mode is about one minute. The other is a regular scan mode in 195 

which each radar typically conducts three full PPI scans at 1o, 2o, and 3o elevation angles 196 

within one minute (i.e., scan speed is configured as 18 deg./sec). 197 

The dual-polarization radar measurements produced by DFW radars include but not 198 

limited to reflectivity (𝑍ℎ), differential reflectivity (𝑍𝑑𝑟), the specific differential phase shift 199 

(𝐾𝑑𝑝), and the copolar correlation coefficient (𝜌ℎ𝑣). These four polarimetric variables are 200 

used extensively for precipitation classification and estimation in the DFW network. The 201 

interested reader is referred to Bringi and Chandrasekar (2001) for detailed description of 202 

various dual-polarization observables.  203 

The major objectives of DFW urban remote sensing network are (Chen and 204 

Chandrasekar 2015):  205 

 to develop high-resolution three-dimensional mapping of the atmospheric conditions 206 

focusing on the boundary layer.  207 

 to detect and forecast severe weather hazards including high-wind, tornado, hail, 208 

and flash flood. 209 
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 to create neighborhood-scale impact based forecasts and warnings for a range of 210 

public and private sector decision makers that result in benefit of economy and 211 

public safety; and conduct comprehensive assessment of the early warning benefits. 212 

 to demonstrate the added value of dense X-band radar network to the existing and 213 

future NWS sensors, products, performance metrics, and decision-making; and 214 

assess optimal combinations of observing systems. 215 

Fig. 5 shows the real-time dataflow1 architecture of DFW urban radar network. The data 216 

and products, transferred through internet, include single and multi-radar data, vector winds, 217 

precipitation types, rainfall, data assimilation and numerical weather prediction products. In 218 

real time, the radar data from individual nodes are streamed to DFW Radar Operations 219 

Center (DROC), which is physically located at the Southern Regional Headquarters of 220 

National Oceanic and Atmospheric Administration (NOAA). The bandwidth of the network 221 

between DROC and individual radar nodes depends on the local environment and the “last 222 

mile” set up. Majority of the processes for range velocity ambiguity mitigation, clutter 223 

suppression and attenuation correction are implemented at individual radar node 224 

computers. Other product generations such as reflectivity mosaic, hydrometeor 225 

classification, QPE, and multiple Doppler processing, are done on DROC servers. DROC 226 

also serves as the data archive center. The product-based forecasts and alerts are sent to a 227 

                                               
1 A bandwidth of 10 mbps is requested from each radar node to DROC, but it is different for different radar 

nodes. Generally, it is much higher than 10mbps (e.g., XUNT & XUTA are 60-70 mbps, XMDL is 25-50 mbps, 

XADD is 10-12 mbps). In theory the bandwidth from DROC to WFO is 45mbps. 
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variety of end users including NWS Forecast Office, emergency mangers, and flood control 228 

district. The end users depending on the level of interest have access to both individual 229 

radar based and networked products. With the end users’ feedback, the radar control 230 

commands are sent out from DROC machine.  231 

It is worth noting that the standard products, such as hail identification and rainfall rate, 232 

are available from multiple radars with multiple looks (views from different vantage points) 233 

so that enhanced observation can be made. This also provides a fault tolerant scheme in 234 

which DFW network system can operate and reconfigure itself, even if one of the radars is 235 

down. In this regard, the whole DFW testbed is fundamentally considered as an integrated 236 

networked radar operation system. In addition to providing high-resolution radar data and 237 

products to users for real time warning operations, the DFW testbed is also an ideal 238 

research platform, with major research thrusts including convective initiation, nowcast, as 239 

well as fusion of data from in situ and remote sensors including radars, rain gauges, local 240 

profilers, and meteorological satellites.  241 

2.3. Space Time Integration of DFW Observations and Products   242 

Data fusion between high-resolution X-band radar network and other instrumentation is 243 

one of the critical research efforts in the development of DFW urban remote sensing 244 

network. Integration of different data sources is also an indispensable step for creating 245 

high-quality networked products. In the following, we take the S-band KFWS WSR-88DP 246 

radar as an example to illustrate CASA’s solution to the spatiotemporal sampling 247 
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differences among various radar sensors. As aforementioned (see also Table 2), the S- and 248 

X-band radar systems are operating very differently. From the observation resolution point 249 

of view, the KFWS radar generates an update every five to six minutes, whereas the 250 

X-band radar network produces observations every minute. Spatially, the KFWS radar 251 

sampling resolution is severely degraded due to beam broadening as distance to the radar 252 

increases, whereas the X-band radar network has much higher resolution since individual 253 

radar coverage range is limited to within 40 km. Fig. 6 is a conceptual diagram illustrating 254 

the space time integration of DFW observations at different scales. Multiple X-band radars 255 

are combined first as a unitary network to produce high-resolution products (e.g., 256 

250mX250mX1min). In order to match the resolution of X-band network products, the 257 

S-band KFWS radar based products (i.e., rainfall rate field) are temporally interpolated to 258 

one-minute resolution using piecewise cubic polynomial Hermite interpolation approach 259 

(Fritsch and Carlson, 1980). In spatial the KFWS radar products in polar coordinates within 260 

100 km from the radar are mapped onto 250 m by 250 m grids using Cressman weighting 261 

(Cressman, 1959). The 100 km range is selected mainly because of the radar beam size 262 

and beam broadening effect. Subsequently, products at the same spatiotemporal scale 263 

from both KFWS radar and X-band radar network are merged to generate network level 264 

products. This scheme is particularly suitable for deriving networked rainfall rates and 265 

amounts, which will be detailed in Section 5. It should be noted that instead of interpolating 266 

radar data (e.g., 𝑍ℎ, 𝑍𝑑𝑟, 𝐾𝑑𝑝), we decide to interpolate products to avoid nonlinear error 267 
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propagation. In addition, in the hail detection system (detailed in Section 3), the S-band 268 

products are not interpolated from temporal perspective. Instead, whenever there is an 269 

S-band scan, we combine it to generate the networked product of hydrometeor types. In 270 

other words, the networked hail product is essentially updated according to KFWS radar 271 

scan rate (i.e., 5~6 minutes).  272 

 

3. Hail Detection 273 

Traditionally, the fuzzy-logic based approaches are typically used for hydrometeor 274 

classification (Liu and Chandrasekar 2000; Lim et al. 2005; Chandrasekar et al. 2013). As 275 

sketched in Fig. 7a, the fuzzy logic method has four general blocks, namely, fuzzification, 276 

inference, aggregation, and defuzzification. It works on each radar resolution cell 277 

represented by azimuthal angle and range gate. However, this bin-by-bin based 278 

classification methodology has limitations when applied to “noisy” radar data that could be 279 

caused by ground clutter, partial beam blockage, and/or bright band contamination. For 280 

example, the radar beam can partially overshoot precipitation, especially during the 281 

stratiform events. In the regions where it is close to or within the melting layer, the 282 

bin-by-bin based classification approach is not able to properly identify the mixed-phase 283 

precipitation since no physical constraints applied. As a result, the hydrometeor 284 

classification products will be noisy. To overcome these issues, a region-based 285 

hydrometeor classification approach has been implemented in DFW radar network. The 286 
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overall structure of this region-based classification methodology is depicted in Fig. 7b. The 287 

input data include radar observed 𝑍ℎ, 𝑍𝑑𝑟, 𝐾𝑑𝑝, and 𝜌ℎ𝑣, as well as the vertical profile of 288 

temperature (𝑇) attained from a nearby sounding station. First, traditional bin-based fuzzy 289 

logic approach is applied to get initial classification results. The temperature profile is then 290 

adjusted based on the quality of wet ice classification, which is essentially the average 291 

confidence of all the bins identified as wet ice based on the inference rule (Bechini and 292 

Chandrasekar 2015). Second, a modified K-means clustering technique is applied to 293 

incorporate the spatial contiguity and microphysical constraints. Then, the connected 294 

component labeling algorithm (Gonzalez and Woods 2002) is employed to identify and 295 

label regions populated with adjacent bins assigned to the same hydrometeor type, and the 296 

final classification is performed over connected regions through exploiting the statistical 297 

distribution of dual-polarization and temperature observations within the regions (for details, 298 

see Bechini and Chandrasekar 2015). In total, eleven hydrometeor types are classified, 299 

namely, “Large Drops (LD)”, “Drizzle (DR)”, “Rain (RA)”, “Heavy Rain (HR)”, “Rain Hail 300 

Mixture (RH)”, “Hail (HA)”, “Graupel (GR)”, “Wet Ice (WI)”, “Dry Ice (DI)”, “Crystals (CR)”, 301 

and “Dendrites (DN)”. Ground clutter and non-meteorological echoes are also identified 302 

which are labeled as “Clutter (CL)”. Compared to conventional fuzzy-logic method, this 303 

region-based approach is appealing in terms of operational application and easy 304 

interpretation. For illustration purpose, Fig. 8 shows the dual-polarization observations from 305 

a CASA X-band radar and corresponding hydrometeor classification results at 04:15UTC, 306 
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May 20, 2011. Overall, the classification product shown in Fig. 8e looks reasonable with a 307 

few well defined regions. It is interesting to note that at approximately 2-3 km height and 30 308 

km range where high reflectivity values are present, rain hail mixtures are identified. Some 309 

negative 𝑍𝑑𝑟 values are observed beyond the rain plus hail region, which is possibly due to 310 

the underestimation of the difference of path-integrated-attenuation between two 311 

polarization channels. This also shed light on the importance of coupling the hydrometeor 312 

classification for attenuation correction at X-band. However, the negative 𝑍𝑑𝑟 values at 313 

approximately 10 km height and 30 km range are considered to be real, which implies the 314 

existence of vertically oriented ice crystals associated with electrical activity inside the 315 

storm (Carey and Rutledge 1996; Caylor and Chandrasekar 1996).  316 

For the sake of operational interpretation and clean hail product generation, the 317 

hydrometeor classes from individual DFW radar nodes are merged together using 318 

clustering analysis, to produce a network level product. In addition, the number of 319 

hydrometeor types is narrowed down to five categories, namely, “Drizzle”, “Rain”, 320 

“Rain+Hail”, “Hail”, and “Snow”. In particular, “LD”, “RA”, “HR”, and “WI” are grouped as 321 

Rain; “DI”, “CR”, and “DN” are grouped as snow; “HA” and “GR” are grouped as Hail. These 322 

five categories are essential determined based on the requests of a variety of end users. In 323 

the following, the hailstorm occurred on May 12, 2014 is used as an example to illustrate 324 

the hail detection and hail path product for operational warning applications in DFW area.  325 
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A strong line of thunderstorms stretching from Brownwood northeast to Tulsa, 326 

Oklahoma, began pushing east-northeast through the DFW area shortly before 15:00UTC, 327 

May 12, 2014. In a very short time span, the storm produced more than 30 mm of rain along 328 

with hails as large as golf balls at many locations in North Texas. Power outage to more 329 

than 60,000 people was reported, with hundreds of flights at North Texas' two major airports 330 

got delayed or cancelled. Fig. 9 shows the dual-polarization measurements of 𝑍ℎ, 𝑍𝑑𝑟, 𝜌ℎ𝑣, 331 

and 𝐾𝑑𝑝, from a DFW X-band radar (i.e., XUTA radar) at 20:50UTC, May 12, 2014. The 𝑍ℎ 332 

and 𝑍𝑑𝑟 shown in Fig. 9 are after attenuation correction. The high 𝑍ℎ but low 𝜌ℎ𝑣 values 333 

near (10 km, -10 km) indicate that the precipitation is not purely liquid, which is identified as 334 

rain hail mixture in the DFW hail system product shown in Fig. 9e. With the hail products, a 335 

hail path is generated based on the duration of hailfall at given location. Fig. 10 shows the 336 

estimated hail path from 20:37UTC to 20:57UTC, from which it is observed that dense hail 337 

occurred near the Joe Pool Lake. Fig. 10 also shows hail pictures and screenshots of 338 

ground hail reports from social media. The reported location and time demonstrate the 339 

good performance of DFW hail system. Although extensive efforts have been devoted by 340 

CASA to ground hail report collection and in-situ instrument deployment for hail 341 

observations over DFW Metroplex, it should be noted that verification of hydrometeor 342 

classification (hail) products has never become a straightforward task, especially when the 343 

mix-phased precipitation is observed.  344 
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4. Tornado and High-Wind Detection  345 

Close to the “Tornado Alley”, the topology of DFW radar network allows for 346 

high-resolution observation of lower troposphere while providing large areas of overlapping 347 

coverage (see also Fig. 4). In addition, either under the DCAS scan strategy or the regular 348 

scan mode, each radar node is able to finish a volume scan within one minute, which 349 

makes the high-resolution X-band radar network more appealing for retrieving Doppler 350 

velocity information, and subsequently issuing tornado or high-wind warnings. In this 351 

section, the fundamental concept of vector wind velocity retrieval using Doppler radar 352 

network is described. The real-time multi-Doppler system designed for DFW dense urban 353 

radar network is detailed, including the multi-Doppler scan strategy, system integration of 354 

high-resolution observations, as well as sample real-time products generated during 355 

tornado and high wind events. 356 

4.1. Fundamentals of Multi-Doppler Retrieval  357 

The essence of multi-Doppler wind retrieval from a radar network is to get the 358 

three-dimensional velocity components in Cartesian coordinate from the non-orthogonal 359 

radial velocities measured by individual radars (Miller and Strauch 1974; Ray et al. 1980). 360 

In the Cartesian coordinate system, the velocity of a particle at (𝑥, 𝑦, 𝑧)  within a 361 

thunderstorm can be expressed by a triplet (𝑢, 𝑣, 𝑤 + 𝑤𝑓), where 𝑢, 𝑣, and 𝑤  are the 362 

velocity component in eastward, northward, and vertical, respectively. 𝑤𝑓 is the particle fall 363 

speed. The projections of the particle's motion onto radars’ line of sight are:  364 
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𝑉𝑅
1 = 𝑢sin𝛷1cos𝜃1 + 𝑣cos𝛷1cos𝜃1 + (𝑤 + 𝑤𝑓)sin𝜃1 365 

⋮                                          (2) 366 

𝑉𝑅
𝑚 = 𝑢sin𝛷𝑚cos𝜃𝑚 + 𝑣cos𝛷𝑚cos𝜃𝑚 + (𝑤 + 𝑤𝑓)sin𝜃𝑚 367 

where 𝑉𝑅
𝑚 is the radial velocity measured by radar node 𝑚, 𝛷𝑚 and 𝜃𝑚 are respectively 368 

the azimuth and elevation angles of the radial beam. Taking into account the geometric 369 

relation in Cartesian coordinates, equation (2) can also be expressed as: 370 

𝑉𝑅
𝑚 =

1

𝑟𝑚
[𝑢(𝑥 − 𝑥𝑚) + 𝑣(𝑦 − 𝑦𝑚) + (𝑤 + 𝑤𝑓)(𝑧 − 𝑧𝑚)]             (3) 371 

for a radar at (𝑥𝑚, 𝑦𝑚, 𝑧𝑚) with slant range 372 

𝑟𝑚 = √(𝑥 − 𝑥𝑚)2 + (𝑦 − 𝑦𝑚)2 + (𝑧 − 𝑧𝑚)2               (4) 373 

Putting the radial velocities into a vector form 𝐕𝐑 = [VR
1 ⋯ VR

m]T, and using the following 374 

matrix form: 375 

           𝐇 = [
𝑠𝑖𝑛𝛷1𝑐𝑜𝑠𝜃1 𝑐𝑜𝑠𝛷1𝑐𝑜𝑠𝜃1 𝑠𝑖𝑛𝜃1

⋮ ⋮ ⋮
𝑠𝑖𝑛𝛷𝑚𝑐𝑜𝑠𝜃𝑚 𝑐𝑜𝑠𝛷𝑚𝑐𝑜𝑠𝜃𝑚 𝑠𝑖𝑛𝜃𝑚

],                    (5) 376 

a linear system can be obtained as follows:  377 

𝐕𝐑 = 𝐇[𝑢 𝑣 𝑤 + 𝑤𝑓]𝑇                         (6) 378 

The 3D wind velocity components can be retrieved using the generalized least square 379 

method, in the following form:  380 

[𝑢 𝑣 𝑤 + 𝑤𝑓]𝑇 = (𝐇𝑇𝐇)−1𝐇𝑇𝐕𝐑                    (7) 381 

The horizontal wind components 𝑢 and 𝑣 can be retrieved directly from the solution in 382 

equation (7), provided that at least two radars are available. However, the vertical velocity 383 
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from the least square solution may not be reliable due to the small vertical component of 384 

radar measured radial velocities. More accurate retrieval of vertical wind component can be 385 

obtained using the mass continuity equation (Miller and Strauch 1974): 386 

𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
+

𝜕(𝜌𝑤)

𝜕𝑧
= 0                          (8) 387 

where 𝜌 is the air density that is modelled as a function of the altitude in this study. In 388 

addition, its local variation is assumed to be negligible. In this paper, we focus more on the 389 

horizontal wind retrieval with an emphasis on the engineering issues and application 390 

products. The interested reader is referred to Miller and Anderson (1991) and Zhang (2011) 391 

for more details about vertical velocity component computation and boundary conditions 392 

applied when solving equation (8).  393 

4.2. DFW Multi-Doppler Retrieval System  394 

Simultaneous measurements from individual radar nodes are required to apply the 395 

multi-Doppler techniques. Therefore, effective and efficient scans should be conducted for 396 

multi-Doppler retrieval by taking into account of the resource limitations such as time 397 

constraint and computational complexity. As aforementioned, the DFW network is designed 398 

with small “heartbeat” for a volume scan to ensure data synchronization and meet the 399 

computational requirement at the same time. In addition, multiple candidate pairs may exist 400 

for dual-Doppler synthesis in the overlapping regions and choice has to be made to select 401 

the best pair. In DFW network system, the selection is made according to the optimal radar 402 

beam-crossing angles for the target areas (Chen and Chandrasekar 2017). Fig. 11 403 
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illustrates the real-time data flow and system operation for multi-Doppler retrieval. There 404 

are three major steps, namely,  405 

1). real-time data acquisition  406 

2). Ingestor  407 

3). main processing for Doppler wind synthesis  408 

Through data transmission protocols, the moment data from each radar in compressed 409 

NetCDF format are streamed to the radar operation center (see also Fig. 5), which houses 410 

the rest of processing sub-systems. In this step, radar data are also broken down into 411 

elevation denominated PPI sweeps. Then, the “Ingestor” program will decompress the 412 

incoming data, extract their scanning information, and synchronize them to respective radar 413 

and volumes for the subsequent Doppler synthesis. In the main processing, the data in 414 

radar polar coordinates are first mapped onto a common Cartesian space so the 415 

multi-Doppler wind synthesis can be conducted (Chen and Chandrasekar 2017). In the 416 

Doppler synthesis step, if the data are available from only one radar node, no wind velocity 417 

information will be produced. If two or more radars are available, the horizontal components 418 

(i.e., 𝑢 and 𝑣) of wind velocity will be retrieved. The whole system is automated and the 419 

processing is continuously updating every minute, which makes it suitable for real-time 420 

detection of sudden wind-related hazards such as tornadoes and microbursts. The 421 

real-time wind products are immediately sent to the forecast and emergency management 422 

offices for issuing tornado and high wind warnings.  423 
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4.3. Case Studies  424 

a. EF0 Tornado on May 8, 2014 425 

On May 8, 2014, large scale lift ahead of an upper level shortwave, combined with 426 

ample instability and adequate moisture evolved in North Texas. Severe thunderstorms 427 

were observed moving through this area. Scattered convection developed in the afternoon, 428 

and a linear mesoscale convective system had formed by the late afternoon hours. 429 

Although there were no fatalities or injuries, the damaging downburst winds produced 430 

numerous tree damage and brought down power lines across areas in and around the city 431 

of Dallas. An EF-0 tornado was reported in Cockrell Hill (32.757N, -96.889W) in Dallas 432 

County around 20:14UTC, May 8, 2014. Fig. 12 shows a screenshot of the NWS tornado 433 

report2 for this event. The tornado path length was about 800 meters, and path width was 434 

about 137 meters, according to the NWS report. Although the tornado only lasted two 435 

minutes (20:14-20:15UTC), it caused damage to a warehouse building in Cockrell Hill. 436 

Several windows were blown out of the warehouse, and the building also suffered roof 437 

damage as the tornado moved from the southwest to northeast. 438 

During the entire event, the DFW multi-Doppler wind retrieval system was continuously 439 

operating monitoring the weather conditions. Fig. 13 shows the multi-Doppler velocity 440 

retrieval results at 1 km height during this EF0 tornado event. At 20:14UTC, the retrieved 441 

maximum velocity is about 112.7 km hr-1 (31.3 m s-1), and it became 119.0 km hr-1 (33.1 m 442 

                                               
2 Available at http://www.srh.noaa.gov/data/warn_archive/FWD/PNS/0510_211208.txt  

http://www.srh.noaa.gov/data/warn_archive/FWD/PNS/0510_211208.txt
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s-1) at 20:15UTC. The estimated vorticities are also shown in Fig. 13, from which we can 443 

clearly see the vortex evolution and tornado movement in a two-minute span. The vortex 444 

locations in Fig. 13 agree fairly well with where the tornado was reported.  445 

b. High-Wind on October 2, 2014 446 

Severe thunderstorms packing winds of up to 200 km hr-1 (55.6 m s-1) tore through the 447 

DFW area on October 2, 2014. The severe storm began to develop shortly before 448 

18:00UTC, when a severe thunderstorm watch was issued for most of North Texas. The 449 

storms developed near Jack, Wise and Parker counties, about 70 km to the northwest of 450 

City of Fort Worth, before moving east. Severe thunderstorm warning was effective until 451 

22:00UTC for Dallas County. This fast-moving storm left widespread damage and power 452 

outages as winds downed utility poles and tree limbs. Many flights were canceled at DFW 453 

International Airport. It was concluded that the significant damage was not caused by rain 454 

(less than 10mm of rain was observed in DFW airport), but the straight-line winds. The 455 

real-time DFW multiple Doppler wind retrieval system was operating during this high-wind 456 

event. Fig. 14 shows the DFW network reflectivity observation and retrieved wind speed 457 

and directions at 1-km height at 20:53UTC, when the peak wind was reported. The peak 458 

wind speed reached about 200 km hr-1 (55.6 m s-1) at the location near (-97.15W, 32.75N). 459 

The retrieved peak wind and corresponding location agree fairly well with the ground 460 

weather report (SPC 2014).   461 
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5. Quantitative Precipitation Estimation for DFW Network  462 

5.1.  High-Resolution DFW Radar Rainfall System 463 

It is well known that both the dual-polarization radar measurements and rainfall rate can 464 

be related to raindrop size distribution (DSD). Through the DSD information, various rainfall 465 

relations have been developed with respect to dual-polarization radar observables (e.g., 466 

Chen et al. 2017). In general, these relations can be broadly classified into five categories, 467 

namely, 𝑅(𝑍ℎ),  𝑅(𝑍ℎ , 𝑍𝑑𝑟), 𝑅(𝐾𝑑𝑝), 𝑅(𝑍𝑑𝑟 , 𝐾𝑑𝑝), as well as 𝑅(𝐴ℎ) which is based on 468 

attenuation 𝐴ℎ. Unfortunately, due to spatiotemporal sampling limitations, the operational 469 

QPE products based on the WSR-88DP network are typically produced on 1km by 1km 470 

spatial grids (e.g., Zhang et al. 2016), and focused on rainfall accumulations at temporal 471 

scales of 1-hour, 3-hour, 6-hour, 12-hour, and/or 24-hour (daily). The coarse resolution 472 

hinders the WSR-88DP based rainfall products for flash flood applications, especially 473 

high-impact urban flash flood.  474 

In DFW network, we take advantage of the rapid radar scan strategy that can produce 475 

high-resolution observations in both space and time domains, in order to create real-time 476 

high-quality rainfall products for flood applications. Fig. 15 shows the schematic diagram of 477 

the real-time QPE system for DFW urban radar network. The DFW QPE system consists of 478 

the dual-polarization S-band KFWS WSR-88DP radar and high-resolution X-band 479 

polarimetric radar network. As shown in Fig. 15, we use different rainfall methodologies for 480 

S-band KFWS radar and X-band DFW radars. For S-band, a blended rainfall algorithm is 481 
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implemented where the specific rainfall relations are guided by hydrometeor classification 482 

results (Chen et al. 2017). The estimated rainfall rates in radar’s native (polar) coordinates 483 

are then mapped onto Cartesian grids using a Cressman weighting scheme to match the 484 

X-band network product resolution. For X-band, the choice of rainfall algorithm is influenced 485 

by attenuation since 𝑍ℎ and 𝑍𝑑𝑟 must be corrected for attenuation before using them for 486 

any quantitative application. Therefore, we consider only 𝑅(𝐾𝑑𝑝) at X-band. 𝑅(𝐾𝑑𝑝) is the 487 

only estimator not affected by attenuation, and it is not sensitive to partial beam blockage, 488 

hail contamination, as well as the absolute calibration error of radar system (Aydin et al., 489 

1995; Chandrasekar et al. 1990). In DFW QPE system, the 𝐾𝑑𝑝 fields from synchronized 490 

X-band radar scans are projected onto the same Cartesian grids at first. Then they are 491 

merged together to produce 𝑅(𝐾𝑑𝑝)-based rainfall rates. Therein, for a given grid pixel, the 492 

closest radar has priority in the merging process to ensure high resolution and low level 493 

samples (Chandrasekar et al. 2012). The integration of measurements at different 494 

frequencies and time scales is described in Section 2.3. Overall, the DFW QPE system 495 

produces real-time rainfall rate estimates at 250m by 250m scale in spatial, and temporally 496 

the instantaneous rainfall rates are updated every minute (Chen and Chandrasekar 2015). 497 

With the one-minute resolution rainfall rate field, running accumulations of rainfall at 498 

different time scales are produced in real time, including 5-, 15-, 30-, 60-min rainfall 499 

amounts updated every minute. In addition, 3-, 6-, and 12-hr rainfall products are generated 500 

at the top of the hour.  501 
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5.2. Sample Products and System Performance 502 

The DFW QPE system has been operating for a number of years. Overall, it is very 503 

robust and continuously working fine without any incident. In the following, an interesting 504 

flash flood event (i.e., Thanksgiving event) occurred in 2015, which is the wettest year on 505 

record, is investigated to illustrate the real-time QPE products and system performance. 506 

Over the night of November 26, 2015, a slow-moving band of thunderstorms moved into 507 

DFW area from the west and dumped more than 150 mm of rain. Later on, a few isolated 508 

thunderstorm cells moved from the South also merged with the line of storms, which 509 

enhanced rainfall and led to severe flooding. Dangerous flooding situations were reported 510 

all across the Metroplex. Just in Johnson County, more than 45 roads were closed. Fig. 16 511 

shows sample real-time rainfall products from the DFW QPE system for a flooded area 512 

(~40km X 40km) on November 27, 2015, at 12:00UTC.  513 

Chen and Chandraseakar (2015) quantitatively evaluated the performance of DFW 514 

rainfall system for several precipitation events in different seasons in 2013, using rainfall 515 

measurements from 20 high-quality gauges in City of Grand Prairie. It has been shown that 516 

the DFW QPE system product has superior performance to both WSR-88DP single- and 517 

dual-polarization rainfall products for the precipitation events presented in their study. Up to 518 

date, a lot more gauge data have been made available to CASA. Fig. 17 shows the layout 519 

of available validation gauges (red triangles) with respective to the location of several DFW 520 

radars. Therefore, we take this opportunity to revisit the case studies presented in Chen 521 



 27 

and Chandrasekar (2015) using rainfall measurements from over 50 gauges as references. 522 

Fig. 18 shows the rainfall performance as a function of rainfall accumulation time for the 523 

case studies reported in Chen and Chandrasekar (2015). The error bars in grey show the 524 

variation of rainfall performance at over 50 gauge locations. Generally, the variation is less 525 

than 7%. The quality of DFW QPE products is among the best results available in the 526 

literature. Nevertheless, it should be noted that the intention of this paper is not to provide 527 

an exhaustive evaluation of various rainfall products for a large number of precipitation 528 

events.  529 

In the Thanksgiving 2015 case study, for the sake of cross comparison, the one-minute 530 

DFW rainfall estimates are aggregated to produce rainfall accumulations at 15-min intervals. 531 

Fig. 19 illustrates the 15-min rainfall from DFW QPE system and gauges at sample gauge 532 

locations over a 24-h period. Rainfall accumulations during this 24-h period are also shown 533 

in Fig. 19 (cross comparisons at other gauge locations are not shown because they show 534 

essentially the similar results as those in Fig. 19). The radar network based rainfall products 535 

agree very well with rain gauge observations, which again demonstrates the excellent 536 

performance of the DFW QPE system. 537 

 

6. Summary and Conclusions 538 

Due to the Earth’s curvature, complex terrain and urban deployment challenges, the 539 

physically large, high-power, long-range radars in the current operational network have 540 
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severe limitations in observing the lower part of troposphere where many hazardous 541 

weather events occur. Furthermore, the space time resolutions of measurements and 542 

products based on the current operational radars are not sufficient for monitoring 543 

high-impact localized weather phenomenon such as tornado and urban flash flood. To this 544 

end, the center for CASA has developed an alternative weather sensing approach by 545 

deploying dense networks of low-power small X-band dual-polarization radars. The new 546 

sensing paradigm proposed by CASA collaboratively and adaptively operates X-band radar 547 

nodes and adapts them to changing atmospheric conditions and the needs of multiple 548 

users. Through observing and tracking the storm cells in an adaptive and dynamic manner, 549 

such networks can provide enhanced sampling of weather features near the ground, which 550 

is beyond the capability of state-of-the-art operational radars.  551 

The CASA consortium has been operating its first urban high-resolution radar network in 552 

Dallas-Fort Worth (DFW) Metroplex for about five years. Centered around the deployment 553 

of a network of eight boundary-layer observing dual-polarization X-band radars, the DFW 554 

testbed is based on the new technologies and end user research conducted by the CASA 555 

project. In addition, the existing in-situ and remote sensors such as WSR-88DP radar and 556 

rain gauges are used to generate network level weather products. Data products from DFW 557 

network include single and multi-radar data, vector wind, QPE, nowcasting, and analysis 558 

and numerical weather prediction (NWP) products. The overall goal is to save lives and 559 

reduce property losses caused by urban weather disasters. The DFW urban radar network 560 
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is also an ideal platform to demonstrate the new sensing paradigm advanced by CASA in 561 

quasi-operational environment.  562 

Using the DFW network as an example, this paper presented the principle of 563 

high-resolution radar network for urban hazard mitigation and disaster management. 564 

Particularly, the precipitation classification and estimation systems developed for DFW 565 

dense urban radar network were described for improving hail and flash flood prediction. 566 

The multiple Doppler wind retrieval system was also presented aiming to improve high-wind 567 

and tornado detection, tracking, and reduce the false alarm rate. The real-time products are 568 

integrated to operational platforms for evaluation by a variety of users, including NWS 569 

forecasters, emergency managers, and social media. 570 
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Fig. 3. Installation of CASA DFW radars. The letter symbols such as “XMDL” correspond to 674 
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Fig. 4. The layout of S-band KFWS WSR-88DP radar (100 km range ring in red) and DFW 677 

dual-polarization X-band radars (40 km range rings in blue). The letter symbols such as 678 

“XMDL” correspond to the naming of various radars. 679 

Fig. 5. Close-loop real-time dataflow architecture of DFW urban radar network. Through 680 

Internet the radar data are streamed to DROC, where majority of the real-time products are 681 

generated and archived. The real-time products are available to a variety of end users.  682 

Based on the users’ feedback, the radar control commands are sent out from the DROC.  683 

Fig. 6. Schematic diagram showing the space time integration of DFW observations at 684 

different frequency and time scales. 685 

Fig. 7. (a) General blocks of traditional fuzzy-logic based hydrometeor classification 686 

approach. (b) Diagram of the hydrometeor classification and hail detection system for DFW 687 

urban radar network. 688 

Fig. 8: Sample CASA X-band radar observations and corresponding hydrometeor 689 

classification result at 04:15UTC, May 20, 2011: (a) 𝑍ℎ, (b) 𝑍𝑑𝑟, (c) 𝜌ℎ𝑣, (d) 𝐾𝑑𝑝, and (e) 690 

classified hydrometeor types. The 𝑍ℎ and 𝑍𝑑𝑟  fields shown here are after attenuation 691 

correction.   692 

Fig. 9: Sample DFW radar (i.e., XUTA) dual-polarization observations and corresponding 693 

hydrometeor classification result at 20:50UTC, May 12, 2014: (a) 𝑍ℎ, (b) 𝑍𝑑𝑟, (c) 𝜌ℎ𝑣, (d) 694 

𝐾𝑑𝑝, and (e) classified hydrometeor types. The 𝑍ℎ and 𝑍𝑑𝑟 fields shown here are after 695 

attenuation correction.   696 

Fig. 10. DFW radar network based hail product (path/duration) over Joe Pool Lake from 697 

20:37 to 20:57UTC, May 12, 2014. The hailfall and hail path have been demonstrated by 698 

social media reports.  699 



 34 

Fig. 11. Framework of real-time Doppler wind retrieval system and application for DFW 700 

urban radar network. 701 

Fig. 12: NWS tornado report for the EF0 tornado occurred in Cockrell Hill on May 8, 2014.  702 

Fig. 13: Multi-Doppler wind velocity retrieval results based on the DFW radar network 703 

during the EF0 tornado event on May 8, 2014, at (a) 20:14 and (b) 20:15UTC. The results 704 

are at 1 km height level. The arrows denote the magnitude and direction of the retrieved 705 

wind velocity. The reference speed of 100 km hr-1 corresponds to 27.8 m s-1. The maximum 706 

velocity at 20:14UTC is about 112.7 km hr-1 (31.3 m s-1), and 119.0 km hr-1 (33.1 m s-1) at 707 

20:15UTC. The color-coded field represents the vertical vorticity. The vortex locations 708 

agree fairly well with the NWS tornado report shown in Fig. 12.  709 

 

Fig. 14: Real-time DFW multi-Doppler radar wind retrieval system product at 1-km height 710 

during the high wind event on October 02, 2014, at 20:53UTC: (a) composite reflectivity 711 

overlaid with retrieved wind directions, (b) retrieved wind speed and directions. The 712 

reference speed of 60 km hr-1 corresponds to 16.7 m s-1. 713 

 

Fig. 15. Schematic diagram of the real-time QPE system for DFW urban radar network. 714 

The DFW QPE system consists of the dual-polarization S-band KFWS WSR-88DP radar 715 

and high-resolution X-band radar network. Details about the space time integration can be 716 

found in Section 2.3.  717 

Fig. 16: Sample real-time rainfall products from DFW QPE system on November 27, 2015, 718 

at 12:00UTC: (a) instantaneous rainfall rate, (b) 5-min rainfall, (c) 15-min rainfall, (d) 30-min 719 

rainfall, (e) 60-min rainfall, (f) 3-hr rainfall, (g) 6-hr rainfall, and (h) 12-hr rainfall. The 720 

instantaneous rainfall rate, 5-, 15-, 30-, and 60-min rainfall products are updated every 60 721 

seconds. The 3-, 6-, and 12-hr rainfall products are updated every 60 minutes.  722 

Fig. 17: Locations of rain gauges (red triangles) used for DFW rainfall evaluation. The 723 

gauges are managed and operated by the City of Fort Worth and City of Grand Prairie.  724 

Fig. 18: Rainfall performance as a function of rainfall integration time for the case studies in 725 

Chen and Chandrasekar (2015). The error bars show the variation of rainfall performance 726 

at over 50 different gauge locations. Generally, the variation is within 7%. 727 

Fig. 19: 15-min rainfall (thin lines) and rainfall accumulations (thick lines) from DFW QPE 728 

system versus rainfall observations from gauges at sample gauge locations over a 24-h 729 

period during the 2015 Thanksgiving flood event. 730 
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Fig. 1. Growth rates of urban agglomerations by size class in 2014. (Source: United 

Nations, 2014) 
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Fig. 2. The simplified architecture of a Distributed Collaborative Adaptive Sensing (DCAS) 

system. The real-time data and products are disseminated to various end users. Through 

Meteorological Command & Control (MC&C) the radar network scanning strategy is 

adapted according to the feedback from end users.  
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Fig. 3. Installation of CASA DFW radars. The letter symbols such as “XMDL” correspond to 

the naming of various radars. More information about DFW radar deployment can be found 

in Table 1.  
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Fig. 4. The layout of S-band KFWS WSR-88DP radar (100 km range ring in red) and DFW 

dual-polarization X-band radars (40 km range rings in blue). The letter symbols such as 

“XMDL” correspond to the naming of various radars. 
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Fig. 5. Close-loop real-time dataflow architecture of DFW urban radar network. Through 

Internet the radar data are streamed to DROC, where majority of the real-time products are  

generated and archived. The real-time products are available to a variety of end users.  

Based on the users’ feedback, the radar control commands are sent out from the DROC.  
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Fig. 6. Schematic diagram showing the space time integration of DFW observations at 

different frequency and time scales.  
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Fig. 7. (a) General blocks of traditional fuzzy-logic based hydrometeor classification 

approach. (b) Diagram of the hydrometeor classification and hail detection system for DFW 

urban radar network. 
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Fig. 8: Sample CASA X-band radar observations and corresponding hydrometeor 

classification result at 04:15UTC, May 20, 2011: (a) 𝑍ℎ, (b) 𝑍𝑑𝑟, (c) 𝜌ℎ𝑣, (d) 𝐾𝑑𝑝, and (e) 

classified hydrometeor types. The 𝑍ℎ and 𝑍𝑑𝑟  fields shown here are after attenuation 

correction.   
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Fig. 9: Sample DFW radar (i.e., XUTA) dual-polarization observations and corresponding 

hydrometeor classification result at 20:50UTC, May 12, 2014: (a) 𝑍ℎ, (b) 𝑍𝑑𝑟, (c) 𝜌ℎ𝑣, (d) 

𝐾𝑑𝑝, and (e) classified hydrometeor types. The 𝑍ℎ and 𝑍𝑑𝑟 fields shown here are after 

attenuation correction.   
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Fig. 10. DFW radar network based hail product (path/duration) over Joe Pool Lake from 

20:37 to 20:57UTC, May 12, 2014. The hailfall and hail path have been demonstrated by 

social media reports.  
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Fig. 11. Framework of real-time Doppler wind retrieval system and application for DFW 

urban radar network. 
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Fig. 12: NWS tornado report for the EF0 tornado occurred in Cockrell Hill on May 8, 2014.  
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Fig. 13: Multi-Doppler wind velocity retrieval results based on the DFW radar network 

during the EF0 tornado event on May 8, 2014, at (a) 20:14 and (b) 20:15UTC. The results 

are at 1 km height level. The arrows denote the magnitude and direction of the retrieved 

wind velocity. The reference speed of 100 km hr-1 corresponds to 27.8 m s-1. The maximum 

velocity at 20:14UTC is about 112.7 km hr-1 (31.3 m s-1), and 119.0 km hr-1 (33.1 m s-1) at 

20:15UTC. The color-coded field represents the vertical vorticity. The vortex locations 

agree fairly well with the NWS tornado report shown in Fig. 12.  
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Fig. 14: Real-time DFW multi-Doppler radar wind retrieval system product at 1-km height 

during the high wind event on October 02, 2014, at 20:53UTC: (a) composite reflectivity 

overlaid with retrieved wind directions, (b) retrieved wind speed and directions. The 

reference speed of 60 km hr-1 corresponds to 16.7 m s-1. 
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Fig. 15. Schematic diagram of the real-time QPE system for DFW urban radar network. The 

DFW QPE system consists of the dual-polarization S-band KFWS WSR-88DP radar and 

high-resolution X-band radar network. Details about the space time integration can be 

found in Section 2.3.  
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Fig. 16: Sample real-time rainfall products from DFW QPE system on November 27, 2015, 

at 12:00UTC: (a) instantaneous rainfall rate, (b) 5-min rainfall, (c) 15-min rainfall, (d) 30-min 

rainfall, (e) 60-min rainfall, (f) 3-hr rainfall, (g) 6-hr rainfall, and (h) 12-hr rainfall. The 

instantaneous rainfall rate, 5-, 15-, 30-, and 60-min rainfall products are updated every 60 

seconds. The 3-, 6-, and 12-hr rainfall products are updated every 60 minutes.  
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Fig. 17: Locations of rain gauges (red triangles) used for DFW rainfall evaluation. The 

gauges are managed and operated by the City of Fort Worth and City of Grand Prairie.  
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Fig. 18: Rainfall performance as a function of rainfall integration time for the case studies in 

Chen and Chandrasekar (2015). The error bars show the variation of rainfall performance 

at over 50 different gauge locations. Generally, the variation is within 7%. 
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Fig. 19: 15-min rainfall (thin lines) and rainfall accumulations (thick lines) from DFW QPE 

system versus rainfall observations from gauges at sample gauge locations over a 24-h 

period during the 2015 Thanksgiving flood event. 
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List of Tables  731 

Table 1. Longitude, Latitude, and Altitude above mean sea level (AMSL) of the eight 732 

dual-polarization X-band radars deployed in DFW region, as well as the counties where the 733 

radars are deployed. The one marked with * (i.e., XMKN radar) is yet to be deployed.  734 

 

  

Table 2. System specifications of DFW X-band radar vs. WSR-88DP S-band radar. 735 

 

 

 

 

 

 

Table 1. Longitude, Latitude, and Altitude above mean sea level (AMSL) of the eight 

dual-polarization X-band radars deployed in DFW region, as well as the counties where the 

radars are deployed. The one marked with * (i.e., XMKN radar) is yet to be deployed.  

Radar Name Lat (deg.)  Lon (deg.)  Altitude (m)  City, County  

XUTA 32.7306 -97.1125 300 Arlington, Tarrant County   

XMDL 32.4921 -96.9973 250 Midlothian, Ellis County  

XFTW 32.8385 -97.4257 300 Fort Worth, Tarrant, Denton, Parker, Wise Counties 

XUNT 33.2536 -97.1520 224 Denton, Denton County 

XJCO 32.3717 -97.3890 263 Cleburne, Johnson County 

XADD 32.9814 -96.8391 210 Addison, Dallas County 

XMSQ 32.7556 -96.5332 148 Mesquite, Dallas County 

XMKN* 33.2118 -96.6572 225 McKinney, Collin County 
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Table 2. System specifications of DFW X-band radar vs. WSR-88DP S-band radar. 

Transmitter 

 WSR-88DP S-band Radar DFW X-band Radar 

Transmitter Type  Klystron  Magnetron  

Center Frequency  2.7-3GHz 9.41GHz 

Wavelength  10 cm 3.2cm  

Peak Power  750kw 8kw 

Average Power 1000w 12w 

Max. Duty Cycle  0.2% 0.16% 

Pulse repetition Long: 318 to 452 Hz; Short: 

318 to 1304 Hz 

2.0KHz (maximum) 

Polarization Dual linear, H and V channel Dual linear, H and V channel 

Receiver 

 WSR-88DP S-band Radar DFW X-band Radar 

Type dual channel, linear output I/Q, 

log output 

Parallel, dual channel, linear 

output I/Q 

Dynamic range 95 dB(0.795MHz) 90 dB (1MHz) 

Noise figure  4.6 dB (540 Kelvin) ≤5dB 

Antenna and Pedestal 

 WSR-88DP S-band Radar DFW X-band Radar 

Antenna type 

(diameter) 

center-feed, parabolic (9m) Front-fed parabolic (1.8 m) 

Antenna feed Orthogonal dual polarization Orthogonal dual polarization 

3-dB beam width 0.95 degree 1.4 degree 

Gain 45.5 dB 41dB 

Azimuth motion 

range 

Unlimited Unlimited 

Elevation motion 

range 

N/A 0o-180o 

Scan speed Up to 36 degree/sec Up to 60 deg./sec, typically 

18 deg./sec 

Scan acceleration Up to 17 degree/s2 Up to 60 degree/s2 

Data Products 

 WSR-88DP S-band Radar DFW X-band Radar 

Range resolution  1km (250m super resolution) 60 m 

Update rate 5~6 minutes  Less than 1 minute  

Variables Level II base data 

(𝑍, 𝑍𝑑𝑟,𝑉,𝑊, 𝛷𝑑𝑝,𝜌ℎ𝑣)  

𝑍, 𝑍𝑑𝑟,𝑉,𝑊,𝑁𝐶𝑃, 𝛷𝑑𝑝, 𝐾𝑑𝑝, 

𝜌ℎ𝑣, 

 




