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radar operators noticed extraneous echoes showing up on their display. David Atlas was one of the pioneers of radar

meteorology, along with John Stewart Marshall, Walter Palmer and Richard Doviak. Weather radars send pulses of

electromagnetic energy into the atmosphere, a microsecond of long microwave radiation to identify the presence of
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1. Weather Radar

The history of Weather Radar (abbreviation of RAdio Detecting And Ranging) begins during World War II, when military

radar operators noticed extraneous echoes showing up on their display. David Atlas was one of the pioneers of radar

meteorology, along with John Stewart Marshall, Walter Palmer and Richard Doviak . After the second world war, John

Stewart Marshall and Walter Palmer investigated Z-R relationships in the Stormy Weather Group. Furthermore, Richard

Doviak was the father of Doppler radar at the National Oceanic and Atmospheric Administration (NOAA) for storm

forecasting. These are just some of the milestones in the origins of weather radar.

Weather radars send pulses of electromagnetic energy into the atmosphere, a microsecond of long microwave radiation

to identify the presence of hydrometeors . Hydrometeors from the Greek hýdōr-metéōros, which means literally “water

that is high in the sky” represent all phenomena of condensation and precipitation of atmospheric humidity in liquid or solid

particles. When the pulses strike an object such as rain, hail, or snow, Rayleigh scattering occurs and part of the energy is

reflected back to the radar receiver (Figure 1) . Rayleigh scattering takes place when the wavelengths are greater than

the diameters of the hydrometeor particles. Different wavelengths identify particles of different sizes. Rayleigh scattering

starts to become invalid when the hydrometeor diameters are large (e.g., 2–3 cm) compared to the wavelength of the X-

band. The X-band has the shortest wavelength compared to the S and C bands.

Figure 1. Weather radar principle of function. Weather radar image reworked from source .

Weather radar works in three different frequency bands: S, C and X. S-band radar has a longer wavelength (8–15 cm)

and can provide rain detection up to 300 km. C-band radar is medium-range (4–8 cm) and measures up to 200 km, and

finally, the X-band radar is the smallest wavelength (2.5–4 cm). These waves are well-suited for measuring up to a range

of 50 km . Further, L-band radar (15–30 cm), with a frequency of 1–2 GHz, is used for clear air turbulence studies, and

K-band radar (0.75–1.2 or 1.7–2.5 cm), with a frequency of 27–40 and 12–18 GHz, is similar to the X-band, but more
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sensitive when compared to them. For example, in heavy rain, due to radar signal attenuation in the X-Band, the

reflectivity information can be completely hidden from radar scans . This does not happen for K-Bands.

Weather radars have five components: transmitter, antenna, radar processor, receiver, display system. The transmitter

generates electromagnetic pulses and the antenna sends pulses into the atmosphere and receives the reflected pulses.

The antenna dish can rotate 360 degrees horizontally and scan the atmosphere volume using different elevation angles.

The radar processor analyses the received data, and the receiver identifies the signal and amplifies the weak signals

received. Finally, the data system displays the radar data to their viewers.

The precipitation estimate can be driven from different measurement techniques, such as weather radar networks, rain

gauge networks and meteorological satellites.

The weather radar equation is founded on the basic principles of radar, on the power of transmission, propagation and

reception of echo signals:

(1)

(1)

where P  is the received power, P  is the transmitted power, G is the antenna gain, σ is the radar cross-section and λ is the

transmitter’s wavelength . The weather radar does not measure rainfall directly but instead uses an algorithm to

estimate rainfall from radar observation . The radar calculates rainfall intensities, R (mm h ), from the observed radar

reflectivity, Z (mm  m ), in single-polarized radar . The rainfall intensity and reflectivity are related by a power law .

The coefficient of the power law relationship is required to transform reflectivity to rainfall rate . Dual-polarized radar

produces both horizontal and vertical electromagnetic waves to detect the shapes, size, density and distribution of water

droplets in the atmosphere .

The radar reflectivity Z product displays echo intensity measured in decibels (dBZ). Depending on the software system or

user preference, the colors display the different echo intensities, from very weak to very strong hydrometeors. For

example, the green–light-blue is related to light rain precipitation when the dBZ value touches 20. The yellow

(approximately 35 dBZ value) shows moderate precipitation, while red (approximately 50 dBZ value) is for heavy

precipitation. The higher radar reflectivity is related to hailstones mixed in with the liquid hydrometeors (approximately 65

dBZ value).

The rain gauge network measures the accumulated rainfall as a function of time. This technique uses a point

measurement with a temporal resolution of 1 min–1 h. The instruments count drop measure differently to disdrometers,

which measure the statistical distribution of drop size .

Finally, meteorological satellites for rainfall estimation were developed to strengthen hydrological models and weather

forecasting . Rainfall estimates from the radar can also be combined with estimates from meteorological satellites,

potentially strengthening the reliability of hydrological models and weather forecasts.

There are numerous sources of errors that affect the weather radar measurement. The errors are due to hardware error,

radar beam geometry, scan strategy, the distance from the radar site, echoes from the non-meteorological target,

orographic obstacles, attenuation signal and anomalous propagation of the radar beam . It is important to be

familiar with the errors of the radar measurement and the processing complexity.

2. Potential Use of Weather Radar Resources

Radar is used in various applications, such as military, nautical, aviation, marine, meteorology, biology and weather

surveillance. Weather radars are essentially employed for measurement and forecasting atmospheric phenomena.

The drastic increase of extreme weather events has led to increased frequency and severity of flood events. Hus et al. 

developed an automatically combined ground weather radar with images in real-time for flood monitoring. Closed-circuit

television systems were combined with automatically combined ground weather radar, providing information regarding the

water level in flood monitoring. This system allows one to make a quick evacuation decision to reduce the adverse effect.

Rapant et al.  presented a method with a different technique to obtain a dynamic pluvial flash flooding hazard forecast.
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This approach uses weather radar data to carry information on the current precipitation distribution, watershed and

drainage network. In more detail, the 2D weather radar data are transformed into 1D signals related to the section of

watercourses. If the system detects danger, it sends a possible warning of flash flooding to neighbouring municipalities.

The experimental result showed a substantial reduction in false alarms against imminent flash floods, including the

saturation indicator.

Another application of weather radar is wildfire monitoring and filling in the knowledge gaps regarding dangerous fire

conditions. Wildfires constitute considerable natural hazards, and Doppler radar can be used to identify the fire behaviour

of wildfire plumes .

Maki et al.  analyse 3D weather radar data from volcanic eruption clouds to understand the ash-fall transportation. It is

possible to construct a radar reflectivity microphysical model to quantify the eruption regimes . Building off previous

experimental observations, it is possible to achieve the classification of eruption regime and volcanic ash category and

estimate ash concentration.

Voormansik et al.  presented a method to detect thunderstorm hail and lightning with C-band dual-polarization Doppler

radar. These convective storms, associated with lightning and hail, cause financial losses and significant damage to

infrastructure. The radar lightning estimation identifies which cells are rapidly growing and approaching the measures

likely to produce lightning in the foreseeable future. The study is based on four years of the summer periods in Estonia; it

was found that 33.9% of the identified cells produced lightning and 25.9% produced hail.

Weather radar can be used in biology to study bird migration at temporal end spatial scales. The detailed information on

the areal movements of an organism can be explored to create interpreting regional-scale migration patterns and

information in the landscape and aerial environment . Polarimetric radar observation is used for bird detection.

Furthermore, recent studies have been conducted using weather radars to explore the harmful influence of artificial light

on migratory bird populations . Using multi-year weather radar measurement, it has been shown that birds are attracted

to artificial light while in flight, and this inhibits habitat selection. The choice of high-quality stopover habitat is crucial for

the conservation of bird populations. Another study evaluated the spatial and temporal variation in nocturnal migration

patterns that are affected by winds. This first continental-scale study used 70 weather radar stations in Europe for

investigating the ecosystem consequences of large-scale bird movements . Several studies report the impressive

decline of bird population that defined the global biodiversity crisis .

Current weather radar literature research has investigated the offshore wind fluctuations for optimizing the administration

of wind farms in real-time. Trombe et al.  present an automated decision-support system based on the collection of

meteorological observations at high spatio-temporal resolutions to provide relevant inputs to prediction systems. Also of

relevance is the interference of echoes from the wind farm to weather radar .

The use of weather radar also concerns human health. Using machine learning methods and Next Generation Weather

Radar data, it is possible to estimate daily pollen over a 300 km × 300 km region at a resolution of 0.5 km × 0.5 km .

The models are developed using radar measurements of reflectivity, direction and speed of the wind, line of sight Doppler

velocity and spectral width at the lowest two elevations to estimate the daily pollen dispersal. The study results provide

pollen alerts and predict allergic pollen of different species.

Recent weather radar literature has investigated the Radar Simulator, which can reproduce realistic weather radar

measurement . The simulation starts from a known meteorological scenario to build processing algorithms.

The increasing use of weather radar generates a large amount of data transmission and storage. Zeng et al.  present a

weather radar lossless compression approach called spatial and temporal prediction compression (STPC).

Regarding interference in weather radar, the growth of wireless telecommunication systems represents the primary

concern with regards to guaranteeing radar data quality. The electromagnetic interference negatively affects the

quantitative precipitation estimation and can lead to a biased hydrometeor classification . Oh et al.  proposed a

clutter elimination algorithm for the non-precipitation echo of radar data, such as anomalous propagation and interference,

biological target and sea clutter.

Concerning airborne weather radar, the literature is extensive. Airborne weather radar detect potential weather hazards

during flight. Li et al.  introduce a microphysics-based simulator applied in different weather scenarios to address the

theoretical basis and uncertainties of hydrometeor scattering. Nepal et al.  present a radar implementation on a low-

cost weather radar platform for multi-mission applications. Nekrasov et al.  developed a conceptual approach for
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measuring near-surface wind vectors with airborne weather radar to predict the future sea surface conditions and weather

patterns.

3. Hydrologic Applications of Weather Radar

Surface precipitation measurements are extremely important in hydrology, climatology and meteorology studies. These

data can be improved by using weather radar and conventional rain and snow gauges.

Recent advances in digital radar data management make it possible to provide high-resolution quantitative precipitation

information (QPI) for a wide range of hydrological applications . With the progress of Geographical Information System

(GIS) technology, radar-based quantitative precipitation estimates (QPE) have enabled routine high-resolution hydrologic

modeling worldwide . Recent progress and changes in weather radar hydrologic applications make its use a crucial tool

for water resource management. The main topics of growth concerning weather radar applied to hydrology related to: (i)

radar QPE , (ii) multi-radar and multi-sensor precipitation analysis , (iii) hydrologic modelling 

, (iv) urban hydrologic and hydraulic applications , (v) precipitation frequency analysis , (vi)

hydrometeorological process studies , (vii) precipitation nowcasting, forecasting , (viii) hydrometeorological

applications .

Floods Forecasting

Catastrophic impacts caused by floods worldwide will tend to grow due to more frequent climate changes in the next few

years . A flood is an excess of water that inundates usually dry land, with tragic effects. The factors responsible for

flooding include the greenhouse effect, seismic and neotectonics activities, excessive development, soil erosion, damming

of rivers, deforestation, riverbed aggradation, subsidence and compaction of sediments, inadequate sediment

accumulation and local relative sea-level rise . The negative impact of flooding includes economic damage to

structures, roadways and bridges, and especially life loss .

An essential component of flood management is implementing and improving flood forecasting and warning systems.

Over the past years, institutions have adopted different data collection systems for supporting flood management,

including rainfall gauges, hydrological stations, humidity sensors, and weather data. Unlike in situ sensors capable of

monitoring only a limited region, weather radar is remote sensing-based equipment that measures the volume of rainfall

over an entire area instead of measuring a single point.

Recently, several countries have investigated using weather radar precipitation to improve situation awareness in a

disaster and early warnings (e.g., floods). In a case study carried out in São Paulo, Brazil, in the period 2017–2018,

crowdsensing and weather radar data together helped generate high-quality information at more satisfactory spatial and

temporal resolutions to improve the decision-making related to weather-related disaster events. Rainfall data provided by

two weather radars located in the city were used to validate flooded areas identified by volunteered information. Moreover,

a clustering approach identified those flooded areas, which may support more informative decisions in flood management.

Based on the soil saturation, the physical-geographical characteristics of an area and QPEs and forecasts (QPFs) is

possible to calculate a Flash Flood Indicator (FFI). This system is used at the Czech Hydrometeorological Institute to

evaluate the risk of flash floods resulting from torrential rainfall events over the whole Czech Republic. To improve the

accuracy of flash flood forecasting, accurate calculations of QPEs and QPFs are required .

Radar data were also used in 2021 to test a new method in the Czech Republic to forecast the flash flooding hazard

usually occurring in very small, typically ungauged, watersheds using raw weather radar data and watercourse network.

The developed method can provide a map of the flash flooding hazard distribution on the watercourse sections. This

result allows an evaluation of the identified hazard and a risk estimation for inhabitants of the area, with a system of alerts

for municipalities .

In Taiwan, taking advantage of a dense network of surveillance cameras installed in the city, an automatic ground weather

radar (ARMT) and a closed-circuit television system were combined to develop images for real-time flood monitoring. The

system integrates real-time ground radar echo images and automatically estimates a rainfall hotspot according to the

cloud intensity, providing real-time warning information. The ARMT showed reliability between 83 and 92% using historical

data input, while with real-time data, reliability slightly decreased from 79 to 93% .
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