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Abstract

Precipitation mapping at local, regional and global scale

It is well established that the Earth’s water cycle is accelerating, and extreme precip-

itation events are becoming more common. While we cannot avoid this issue, we can be

better prepared to handle it if we can obtain accurate observations of precipitation for use

in short-term and long-term prediction models. Various remote sensing instruments are

available to obtain precipitation data. In this research work, mapping precipitation at local,

regional and global scales is studied. The technology of precipitation mapping at these scales

is very different and elaborated. Examples of precipitation measurements from these scales

are discussed.

At the local scale, rain gauges and disdrometers are two prominent instruments that are

utilized for precipitation measurement. Precipitation observations captured from these two

instruments are introduced. Millimeter wave radars have been previously used in various

domains, and extensive research is currently in progress to improve this technology. This

research will present the potential of using automobile class radars to obtain local surface

precipitation. Since the maximum range of an automobile radar is within a few hundred

meters, we can consider the observations to be at a local scale. With the help of signal

modeling, methods to obtain the rainfall rate at the millimeter wave band by using radar

parameters, such as reflectivity and attenuation are discussed. A simulation tool is developed

that generates the radar signals at the millimeter wave frequency band. The various param-

eters which are used in the signal simulations are explained in detail, and the simulation

results are presented. Experiments for mapping precipitation using a current state-of-the-

art automobile radar are carried out, and the results are discussed. The reflectivity value
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obtained from the experiment using automobile radar is compared to the NWS reflectivity

mosaic and the results match within a couple of decibels (dB).

Weather radars are remote sensing instruments that provide precipitation observations

at a regional scale. They provide data at a large spatial extent. Weather radar observations

obtained at various frequency bands for mapping precipitation is discussed with examples.

The current networks of instruments and system architectures that provide precipitation

information at a regional scale are discussed. The precipitation data obtained from individual

automobile radars is considered as a local data point, and precipitation maps at the regional

scale are constructed. The system analysis of using a network of automobile radars for

mapping precipitation is discussed with the help of simulations. The Dallas-Fort-Worth

urban region is considered for the simulation study, and the potential of using millimeter wave

radars to create precipitation maps is presented. Three different interpolation techniques,

linear, nearest-neighbor and natural are explored to study the reconstruction of precipitation

maps. A system architecture for precipitation mapping using automobile radars is also

discussed.

The attenuation of radar signals has to be addressed and corrected to obtain accurate

precipitation information from radar data. The attenuation correction in weather radars for

rain hydrometeors is well studied in the literature, but attenuation correction for snow is

limited. This is due to the fact that snow does not attenuate much at lower frequency bands

like S and C bands and because the snow particles vary in their particle size distributions

and have complex shapes. Theoretical relationships between specific phase and attenuation

are developed using signal simulations. This research will introduce a new algorithm that

corrects radar signal attenuation in rain and snow. The attenuation correction method

developed is applied to X-band and Ku-band radar data, and the results are discussed.
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It was observed from the data for snow cases that the path integrated attenuation at the

X-band reached up to 2 dB and, at the Ku-band, it reached up to 8 dB.

Mapping precipitation at a global scale is a challenging task. The Dual Precipitation

Radar (DPR) is a spaceborne instrument providing valuable precipitation information at

the global scale, but the observations from this instrument suffer from poor spatial and

range resolutions. Synthetic Aperture Radars (SAR) are well known for providing high spa-

tial resolution data. In the past, SARs have been deployed on airborne and spaceborne

platforms for mapping land cover and constructing surface elevation models. The poten-

tial of using SAR for mapping precipitation is not widely explored. In this research, SAR

signal simulations are carried out to observe precipitation from spaceborne platforms. The

mathematical framework for monostatic and bistatic SAR is discussed. The simulation re-

sults for two specific spaceborne SAR architectures are discussed in detail. The variation of

precipitation parameters such as velocity and spectral width are studied using simulations.

This dissertation presents the roles and challenges of observing precipitation at the three

scales, with suggestions for future research.
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Chapter 1

Introduction

1.1. Remote sensing instruments

The Earth’s atmosphere and atmospheric process play a crucial role in the natural life

on the planet. Various atmospheric parameters, such as water vapor, precipitable water,

temperature, and pressure, affect the climate, climate change, and many other aspects. It

is important to measure and understand the various parameters, processes, and interactions

in the atmosphere to ensure Earth is sustainable. Remote sensing plays an important role

in measuring the parameters of the Earth’s atmosphere. Remote sensing is the acquisition

of information about an object, area, or phenomenon without being physically present at

the point of measurement. Remote sensing plays a prominent role in various fields, such as

meteorology, geology, hydrology, and climate studies. This research concentrates on remote

sensing instruments, used for mapping precipitation. The various remote sensing instru-

ments used for this purpose can be broadly classified into active and passive remote sensing

instruments, as shown in Figure 1.1.

Figure 1.1. Classification of remote sensing instruments.
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The active remote sensing instruments use their energy source to illuminate the target

or region of interest. The energy transmits in the direction of the target, and the instrument

collects the reflected or backscattered radiation. Most of the remote sensing instruments used

for mapping precipitation employ microwave signals. The active remote sensing techniques

vary by what they transmit, such as light or electromagnetic waves and what information is

collected by the instrument, such as precipitation and distance to the target. Researchers and

scientists use a wide variety of active remote sensing instruments, such as radars, lidars, and

scatterometers. Weather radars are widely used among the active remote sensing instruments

present for mapping precipitation.

The passive remote sensing instruments do not transmit their own energy to illuminate

the target or region of interest. Instead, they detect the natural energy reflected or emitted

from the scene. The passive remote sensing instruments sense only the radiation emitted

by the target being viewed or reflected from a source other than the instrument. There

are various passive remote sensing instruments, such as radiometers and sounders. Some

passive remote sensing instruments widely used for measuring precipitation are rain gauges

and radiometers.

Remote sensing instruments can be classified further in various ways based on whether

the instrument is collecting point measurement or volume measurement or whether the in-

strument is ground-based or space-based. Specifically, for measuring the quantity and micro-

physical parameters of the precipitation, the main instruments widely used are rain gauges,

disdrometers, weather radars, and meteorological satellites. Synthetic aperture radars (SAR)

have also been used for precipitation measurement in the past few years. In this dissertation,

the various remote sensing instruments are classified based on the scale at which we obtain
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the precipitation information; they are broadly classified into local, regional, and global

scales. The precipitation mapping obtained at these three scales is also discussed in detail.

1.2. Urbanization and climate studies

Urbanization is a complex socio-economic process that transforms the environment of a

particular area, especially the infrastructure, converting the rural areas which reside around

an urban region to urban settlements and shifting the population towards the urban regions

from rural regions. Therefore, urbanization plays an important role in the development of

any country or region.

The world is growing rapidly in the twenty-first century. Considering various factors,

such as job opportunities and quality of lifestyle, people are moving towards urban regions

at an alarming rate. In 2018, 55 percent of the world’s population resided in urban areas.

As of 2018, 4.2 billion people resided in urban settlements compared to 3.4 billion in rural

areas. The trend of urban and rural populations from 1950 to 2050 is shown in Figure 1.2

[1]. From this figure, it can be seen that the urban population is continuously increasing

while the rural population trend is decreasing. With more people moving to urban areas,

scientists across numerous disciplines need to better plan for these regions, as sustainable

urbanization is the key to successful development. Various factors must be considered for

the well-being of the people.

Multiple aspects need to be considered for the positive development of urban regions;

the climate is one of the factors which needs to be accounted for in urban environments.

Accurate measurement and modeling of climate parameters are required for the safety of

the people. The interaction between precipitation and surface runoff varies with time and

geography.
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Figure 1.2. Urban and rural population trend from 1950-2050 [1]
.

It is crucial to track water because water is always on the move. The water in a distant

ocean might fall as rain today in the urban regions. The rainwater may turn out to be

snow on a high mountaintop. This process of the water in different states and moving to

various places is known as the water cycle. The changes in the climate directly impact the

water cycle. Global precipitation numbers are on the rise every year. The global water cycle

is accelerating and caused by natural processes and artificial processes. Climate change is

one of the factors accelerating the water cycle. Global warming, which is increasing at an

alarming rate due to human influence, will directly affect the global water cycle. Statistics

show it will get much worse in the next 100 years. The warming of global temperatures will

increase the rate of evaporation which will cause parts of the water cycle to speed up.

The intensifying water cycle around the world will have a direct impact on the intensity

of the storms. As the water cycle model gets affected, storms will become bigger and more

intense. The higher evaporation and precipitation rates are not evenly distributed around
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the world. Some areas may experience higher precipitation, while others may be prone to

droughts. Even today, there are a lot of regions around the world that are affected by

flooding. However, we cannot prevent natural processes from happening, but we can better

prepare to handle such situations.

It has become an urgent necessity to map and study the precipitation so that accurate

hydrological mapping and future predictions could be done. The hydrological and meteo-

rological models rely on data available to be used in the models. The accuracy of the data

plays an important role in these models. The accuracy of the data plays an important role

in these models. The water cycle at a global scale, especially in urban regions should be

researched further to have a better understanding of the climate.

The current state-of-the-art technology to capture precipitation information uses various

instruments which were mentioned in the previous section. However, these instruments have

certain shortcomings in accurately providing data at the surface level in urban areas and

remote regions, such as over oceans or remote mountains. The problems encountered by the

remote sensing instruments and the problem statement of this research are described in the

next section.

1.3. Problem Statement

The point precipitation measurement instruments like rain gauges and disdrometers re-

quire a small area for setup and operations, which is an advantage in both remote and urban

areas; they can be installed on top of buildings as well. The data collected by these instru-

ments are at the surface or near-surface level and are considered to be accurate. In the past,

weather radars have used data from rain gauges and disdrometers for calibration purposes.

These remote sensing instruments, as standalone or groups of them, are used effectively to
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map precipitation at the local scale. Though these instruments provide an accurate measure-

ment at a local scale, they are held back by several disadvantages for getting precipitation

values over a large area. One disadvantage is external factors, such as wind, might affect

the accurate measurement of the precipitation. The second disadvantage is that they are

point measurements, meaning they cannot map precipitation over large areas. Even if we

deploy many precipitation instruments, they cannot accurately capture the spatial variabil-

ity of precipitation events. When a localized storm confined to a small region, these point

instruments may miss capturing the precipitation values if the precipitation event does not

overlap on these instruments.

Measuring the precipitation event using volume instruments will overcome the many dis-

advantages mentioned above, such as weather radars and meteorological satellites deployed

at regional and global scales. The ground-based weather radars provide information on the

precipitation on a regional scale. Even though accurately calibrated weather radars provide

good quality data over a large area, they are limited by certain aspects when measuring

precipitation in urban areas and areas with complex terrain.

One of the issues is the observation gaps in the measured data due to the radar beam

propagation in the atmosphere. This is illustrated in Figure 1.3. In this figure, taking

into account the curvature of the earth, the radar beam as it propagates with distance is

represented for various elevation angles; the elevation angles are considered based on the

volume scan from NEXRAD radars [12]. From the Figure 1.3, it can be seen that even for

the lowest elevation angle, as we move away in range, we can notice the observation gap

increases. Observations at the surface level are required as input for hydrological models,

especially in urban regions. To obtain this, we should place radars closer to the urban

regions.
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Figure 1.3. Illustration of observation gaps due to the radar beam propaga-
tion in the atmosphere.

.

Another concern is the radar beam blockage due to structures or terrain blocking the

radar path. Large buildings and towers usually limit the radar observation volume in urban

areas. Any structure will reflect the radar energy and appear as a blockage sector in the radar

scan output. If the radar is deployed close to the ground, the probability of having beam

blockage will be high. If the radar signal is blocked, we cannot get any reliable measurement

further in that particular direction of the radar beam propagation. To overcome the beam
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blockage, weather radars are usually deployed on top of tall buildings or towers, which in turn

limits the observation measurement values close to the ground. Weather radars deployed in

areas with complex terrain, such as mountain ranges, will also have beam blockage limiting

the radar beam propagation.

Remote sensing instruments deployed on satellites, such as precipitation mapping radars,

will provide data on a global scale. It is essential to consider that they provide data over

remote regions, such as mountains or oceans, and precipitation data over urban regions.

One such satellite which maps the precipitation around the world is the Global Precipitation

Measurement (GPM) core satellite, which has the dual-precipitation radar (DPR) operating

at Ku and Ka frequency bands on board. This satellite containing the DPR provides 3D

measurements of rain and snow. Satellites cannot provide continuous coverage over the

same area. They will scan the region according to the orbit in which they are traveling and

usually have a fixed swath width. Useful information for continuous urban area precipitation

measurement would not be possible using satellites because the precipitation events usually

last for hours, and satellites can capture data for a few minutes over the same region.

Also, the resolution of the data from the satellite is very coarse. It will yield inaccurate

precipitation measurements if there is a large variability in the vertical structure of the

storm. The GPM radar resolution is 250 meters vertically. Data obtained at this resolution

is not useful for surface precipitation measurements.

Accounting for the limitations of the different point and volume remote sensing instru-

ments mentioned above for precipitation mapping, new methods for measuring accurate pre-

cipitation information in remote areas and at the surface level in urban regions are required.

Any new techniques or systems for urban precipitation mapping must provide accurate data
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and be feasible to be deployed in urban areas. A method of using automobile radars op-

erating at the millimeter wavelength to map precipitation at a regional scale is discussed

in this dissertation. The potential of using synthetic aperture radars (SARs) for observing

precipitation data is also discussed.

The accuracy of the weather radar data also plays an important factor in obtaining

the true precipitation values from the remote sensing instruments. The remote sensing

instruments have to be calibrated, and the data have to be quality controlled to obtain high-

quality data. The precipitation values in the radar domain are estimated using the radar

moments. The accuracy of the radar moments directly influences the correctness of the

precipitation values. An attenuation-correction algorithm that corrects for rain and snow

attenuation in weather radars is discussed, which will provide accurate precipitation rate

estimates.

1.4. Research objectives

One of the main scientific objectives of this research is to explore the potential of using

the network of automobile radars that operate in the millimeter wave band for accurate

precipitation estimation at the surface level and subsequently use this information to create

precipitation maps at the regional scale. This precipitation information obtained can be used

along with weather radar data to improve the various hydrometeor estimation products.

Using automobile radar networks for precipitation mapping is an emerging research area.

To the best of my knowledge, this is among the first few works that use a network of

automobile radar for precipitation mapping. For any idea to be successful and implemented

in the real world, three different aspects must be considered. As shown in Figure 1.4 science,

technology and system are the three key areas that need to be researched and addressed to
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Figure 1.4. The three key aspects of designing and implementing a system.
.

bring the idea to reality. As seen in the figure, the three areas share feedback for building a

successful end product. The detailed research and analysis for these three areas with respect

to precipitation mapping using automobile radars are discussed in detail in this dissertation.

The second scientific objective of this research is to accurately account for attenuation

encountered in weather radars signal when observing rain and snow particles and correct

them. Previous attenuation correction methods have shown excellent attenuation correction

in the rain, but there are only a few research works that address attenuation correction

for snow in weather radars. A new algorithm that corrects for attenuation in rain and

snow particles is developed based on the Dual-Processing Radar Operational Processing

System (DROPS) algorithm and signal simulations. This new attenuation correction can be

implemented for various frequency bands of weather radars.

The third scientific objective of this research is to study simulations of precipitation from

a SAR platform deployed on a spaceborne platform. SAR operates in different modes. The

most common modes of operation of spaceborne SAR are the stripmap and spotlight modes.

In this research, SAR scanning in stripmap mode is considered. SAR architectures for both
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monostatic and bistatic are used to study the effect of varying parameters of precipitation,

such as the velocity and spectral width of the precipitation particles.

Within these three scientific objectives, specific research goals are devised, including:

(1) Millimeter wave radars for precipitation mapping

(a) Research on the radar signals at millimeter wave frequencies which auto-

mobile radars use, obtain relationships between the radar observed products with

precipitation.

(b) Technology demonstration of an automobile radar for obtaining precipita-

tion information using a state-of-the-art automobile radar available in the market.

(c) Complete system design and analysis of using automobile radar data for

generating precipitation maps which are provided to the end user.

(2) Attenuation correction in weather radars for rain and snow particles

(a) Determine the particle size distribution for the various hydrometeors and

get the relationships between attenuation and specific phase using signal simulations.

(b) Development of the new attenuation correction algorithm and initial test

cases.

(c) Apply the attenuation correction algorithm for weather radar data col-

lected at different frequency bands.

(d) Validation of the results obtained using the attenuation correction algo-

rithm.

(3) Precipitation study using SAR

(a) Development of simulation code for SAR observing precipitation in mono-

static and bistatic modes.
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(b) Carry out signal simulations for a spaceborne case of SAR and study

the simulation results. For the simulations involving bistatic case a specific SAR

architecture is considered.

(c) Study the influence of the precipitation parameters such as velocity and

spectral width on the simulation results.

1.5. Organization of the dissertation

Subsection 1.1 provides a brief introduction to the various types of instruments used

to collect data in remote sensing domain. In subsection 1.2 the urbanization prospects of

the current world and the climate studies are briefly introduced. Subsections 1.3 and 1.4

describe the problem faced in precipitation measurement in urban areas and the limitations

of different remote sensing instruments for mapping surface precipitation. The three main

objectives of this research study, along with the specific goals of this work are also described.

Chapter 2 introduces the various remote sensing instruments used to map precipitation

at the local scale. Data from rain gauges and disdrometers are briefly discussed considering

actual data collected during precipitation events. The advantages and disadvantages of using

these instruments for precipitation mapping is also described.

Chapter 3 starts with an introduction to automobile radars. Next, in this chapter,

the various relationships for mapping precipitation at the millimeter wave frequencies are

derived based on simulation studies. The relationships between the rainfall rate and radar

parameters such as reflectivity and attenuation are introduced. This chapter also focuses

on the technological aspect of millimeter wave radars. A timeseries simulation tool that can

generate pulsed radar signal at millimeter wave band is introduced and discussed in detail.

The current technology and various automobile radars available in the market are briefly
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introduced. The experiments conducted to map precipitation using automobile radars are

also presented.

Chapter 4 introduces weather radars and the various estimated products obtained from

radars in meteorology. Weather radar data from multiple radars are considered and the

precipitation maps obtained at the regional level are presented. The chapter also briefly

introduces the current systems at a regional scale which are available for precipitation map-

ping.

Chapter 5 describes the attenuation problem due to ice hydrometeors in weather radars

in detail. The existing algorithms, DROPS1.0 and DROPS2.0, which deal with attenuation

for rain hydrometeors, are described. Theoretical simulations are carried out using the T-

matrix method for the ice hydrometers are explained from which relationships are obtained

and used for attenuation correction. Next, this chapter presents the proposed attenuation

correction algorithm for ice hydrometeors. The Ku-band and X-band radar data are used to

show the performance of the algorithm and the results are discussed.

Chapter 6 focuses on the method of using automotive radars for creating precipitation

maps at a regional scale. The simulation results of creating precipitation maps using auto-

mobile radars are explained step by step. This chapter also discusses the various challenges

and problems encountered in the simulation study. A potential system architecture that can

be deployed is also discussed in this chapter.

Chapter 7 starts with a brief introduction of using satellites for precipitation measurement

on a global scale. SAR simulations are carried out in various modes of the radar for a

precipitation target and the results are discussed. In this chapter, the effect of variation of

weather parameters on the SAR processed signals are also presented.
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Finally, Chapter 8 summarizes the research work and the results corresponding to the

three main research objectives. The chapter ends with suggestions for future work.
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Chapter 2

Precipitation mapping at local scale

The rain gauges and disdrometers fall under the category of point measurement instru-

ments. In the point measurement class of instruments we get a data value at a point in

the geological location. A network of these instruments is usually deployed to obtain data

values over a large region. A rain gauge is an instrument that gives us data on the amount

of precipitation collected during a precipitation event. There are a wide variety of rain

gauges varying from manual to automatic. Another type of point instrument which gives

additional information on particle size and density along with the amount of precipitation

is disdrometers. Disdrometers are useful as we can obtain microphysical information about

the occurring precipitation event. Disdrometers are broadly classified into three main types,

video, acoustic, and impact disdrometers. Each has its own operation technology and ad-

vantages for obtaining accurate measurements. A brief discussion on the rain gauge and

disdrometers will be provided in this chapter.

2.1. Rain gauges

Rain gauges are remote sensing instruments that provide data specific to geolocation.

Most of these instruments are located at the surface level and provide accurate estimates

of the precipitation information on the surface. The variety of rain gauges depends on the

technology of the operation. The manual rain gauges require operators to record gauge data

and manually empty the gauge to start the next observation. Researchers rarely use manual

rain gauges. There are many types of automatic rain gauges present today. The following

section provides a brief overview of some of the most common rain gauges:.
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(1) Weighing rain gauge: These gauges operate on the principle of the instrument weigh-

ing the rainwater. The rain measurement is the difference in the values in the time

intervals. A weighing rain gauge’s accuracy is dependent on the precision of the

water accumulation measurement.

(2) Tipping-bucket rain gauge: In this type of rain gauge, the rainwater is collected in

a bucket of known size and capacity. After a given amount of water is collected, the

bucket tips and drains. Each bucket tip occurrence sends a signal to the measure-

ment device using a switch. These instruments are usually deployed for recording

precipitation information on the land surface.

(3) Optical rain gauges: Optical rain gauges measure the scintillation in an optical beam

produced by the shadows of the rain drops falling between a light source and an

optical receiver. The light source can be a light-emitting-diode (LED). The intensity

of variation caused by the natural raindrops is proportional to the rainfall rate [13].

(4) Capacitance rain gauge: The capacitance rain gauge was developed for potential use

on buoys at sea [14]. The rainwater is collected in a chamber, and the capacitance

varies based on the height of the water present in the chamber. This capacitance

is converted to a voltage proportional to the height of the water in the chamber.

The difference in the rainwater accumulation is used for measuring the amount of

precipitation in a given time interval. More details regarding this can be found in

[15].

Other types of rain gauges operate on the principle of sound, known as acoustic rain

measurement system [15]. Various organizations deploy a large number of rain gauges across

the globe to capture precipitation information, particularly at a local scale. The Global

Historical Climatology Network (GHCN)-Daily is a database that addresses the critical need
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Figure 2.1. Daily precipitation accumulation data from CSU-Fort Collins
weather station between 2019-2021.

for historical daily temperature, precipitation, and snow records over global land areas. The

precipitation gauge deployed at the Colorado State University (CSU) main campus uses a

precipitation gauge to gather the total daily precipitation accumulation data for the past

four years, as shown in Figure 2.1. This figure shows that the amount of precipitation varies

from year to year. We observe that the data over the four-year period has a similar trend,

such as precipitation values, which are maximum between day 100-200. The information
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from the precipitation gauge and data from other instruments, such as temperature, can be

used for studying seasonal patterns and climate studies.

2.2. Disdrometers

Similar to rain gauges, disdrometers are surface measurement instruments. Their main

difference is that they provide information, such as the drop size distribution (DSD), in

addition to the rainfall accumulation estimates. In addition, disdrometers measure other

precipitation particle types, such as snow and hail. Disdrometers are grouped broadly based

on their technology of operation into three groups. Some of the most common disdrometers

include:

(1) Impact disdrometers: This type of disdrometers measures the precipitation infor-

mation based on the impact of the precipitation particles on the measuring surface of

the disdrometer. One popular impact disdrometer is the Joss-Waldvogel Disdrom-

eter (JWD), which has an impact-type electromechanical counter considered as a

reference instrument for drop size distribution (DSD) measurements. The JSD has

been commercially available for over 30 years, and researchers have widely used it in

many field campaigns to complement validation efforts of radar rainfall estimation.

The GPM ground validation program uses this instrument [16] [17].

(2) Acoustic disdrometers: Different sized raindrops splashing on a water surface pro-

duce sound underwater that is distinctive and can be used to measure the drop size

distribution in the rain [16]. The acoustic disdrometers are based on this principle

and were designed to obtain measurements of rainfall in remote oceanic regions.

(3) Optical disdrometers: Optical disdrometers with laser-based sensors measure pre-

cipitation by determining the size and velocity of raindrops when falling through
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Figure 2.2. Data from the OTT Parsivel recorded during a rain event on
November 10, 2017.

the measuring area. These types of disdrometers are the most widely used and are

classified further into three types: light occlusion, linear scanning and planar imag-

ing. Two-dimensional video disdrometer (2DVD) and OTT Particle size velocity

(Parsivel) are two well-known optical disdrometers. The 2DVD uses two high-speed

line scan cameras to provide continuous measurements of size distribution, shape,

and fall velocities of all precipitation particles and types. The OTT Parsivel mea-

sures the properties of the precipitation particles based on the signal loss due to

light occlusion and determines the size and fall velocity of raindrops [17].

Datasets of OTT Parsivel disdrometer are considered for rain and snow events and the

information obtained from the instrument is briefly discussed. The data shown here were

collected from the disdrometer at the YongPong Observatory (YPO) in South Korea during

the ICE-POP field campaign.

Figure 2.2 shows snapshots of the data collected by the OTT Parsivel disdrometer during

a rain event on November 10, 2017. Two cases of data are considered one hour apart. The
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Figure 2.3. Data from the OTT Parsivel recorded during a snow event on
February 28, 2018.

first case was collected during the initial phase of the rain event where light rain was present,

and the second case was taken when there was significant rain in the region. Figure 2.2 (a)

shows the data collected during the initial phase of the rain event. The figure shows that

the drop size is concentrated between 0.3 mm to 1.2 mm in diameter and 1 m/s to 5 m/s in

velocity. Figure 2.2 (b) shows the data collected during the heavy phase of the rain event.

The figure shows that the drop size is concentrated between 0.3 mm to 2 mm in diameter

and 1 m/s to 7 m/s in velocity. From these two figures, we can understand the drop size

distributions during the different phases of the rain event. This data gives us information

for the validation of other instruments and algorithms.

Next, Figure 2.3 shows the data collected by the OTT Parsivel disdrometer during a

snow event on the February 28, 2018 The snow event lasted several hours on this day with

varying precipitation particle types. Two cases of data are considered eight hours apart.

The first case was collected during the initial phase of the snow event, where light snow was

present and the second case was taken when there was significant snow in the region with

large aggregates. Figure 2.3 (a) shows the data collected during the initial phase of the snow

20



event. The figure shows that the drop size is concentrated between 0.45 mm to 2 mm in

diameter and 1 m/s to 2.5 m/s in velocity. Figure 2.3 (b) shows the data collected during the

heavy phase of the snow event; from the figure, we can see that the drop size is concentrated

between 0.3 mm to 4 mm in diameter and 0.25 m/s to 3.8 m/s in velocity. From these

two figures, we can understand the drop size distributions during the different phases of the

snow event. During the initial phase, smaller particles are detected compared to the heavy

phase. We can infer that larger aggregate particles are formed during the heavy phase of

the snow event, which increases the particle size of the snow. We explore more details on

the computation of the reflectivity from the OTT Parsivel data in Chapter 5.

From the rain and snow disdrometer data, we can see that the velocity of rain particles is

larger than that of snow particles. Both rain gauges and disdrometers are widely used across

the globe for getting precipitation measurements and particle size distributions. With the

technology improving rapidly, there is the capability of obtaining precipitation information

using other instruments primarily used for applications other than precipitation mapping.

The potential is using automobile radars, which operate at the millimeter wave frequencies

for precipitation mapping, is explained in the next chapter.
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Chapter 3

Automobile radars for precipitation measurement

The potential use of automobile radars for mapping precipitation is an emerging field of

study. This chapter will discuss the introduction to automobile radars from a science and

technology perspective. The block diagram of an automobile radar and the use of automobile

radars as rain gauges are discussed in detail in this chapter. Signal simulations are carried

out to obtain the relationship between reflectivity, attenuation, and rain rates at frequencies

in which automobile radars operate. A new simulation tool developed at the CSU radar

group for millimeter wave pulsed radars based on the total volume of particles backscattering

method is also discussed, with simulation results carried out at 77 GHz. This chapter also

provides a short overview of the automotive radar sensors available in the market. Finally, a

field experiment using automotive radars to measure precipitation and recorded results are

discussed.

3.1. Introduction to automobile radars

Automobile radars have been an integral part of the majority of modern automobiles.

Most of the current automobile radars work on the principle of millimeter wave technology,

meaning the wavelength of the transmit signal from the radar is a few millimeters. The

initial usage of millimeter wave technology dates back to the early 1970s. Many compa-

nies and research labs were working on small-scale radars which could detect distance from

automobiles. Due to the lack of technology and cost constraints at that time, it was not

until 1999 that the first automotive sensors were built. High-end cars were equipped with

automotive radars which performed simple operations like cruise control. As years passed
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Figure 3.1. Diagram illustrating different types of automobile radars and
their uses. [2].

by, in the current world, most cars have more than a hundred sensors including automotive

radars on them, which carry out various functionalities.

Initially, automotive radars were working in the 24 GHz band. Due to the advantages of

the 76-81 GHz frequency band, automotive radars later shifted from 24 GHz to the 76-81

GHz frequency band. The advantages of using the 76-81 GHz frequency band over the 24

GHz band include wide bandwidth, smaller system size, high range resolution and accuracy,

and increased velocity resolution and accuracy [20]. Due to these additional advantages,

most of the automotive radars currently in the market operate at the higher frequency band

of 76-81 GHz. Few automobile radars are still operational at the 24 GHz band. Other radar

frequency bands such as the 10 GHz (X-band) are being considered for automobile radar

applications and the research is currently in progress.

Various sensors are available in the market now used for automotive radar purposes. Ma-

jor electrical and electronic manufacturing companies are constantly updating the technology

of automobile sensors to increase their capability and efficiency. The automotive radars are

used for various operations, including driving assistance, cruise control, parking assistance,
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and lane change assistance. Different automotive radars, such as long-range radars, medium-

range radars, and short-range radars, suit specific applications. Figure 3.1 presents different

automotive radars and their applications. The various radar sensors present in automobiles

have unique systems and technical specifications. For example, in long-range radars, the

range is given priority over the field of view, which is used for applications, such as adaptive

cruise control. In short-range radars, the radar design is prioritized based on the field of

view rather than the distance of the radar range.

The early generation automobile radar sensors were significantly larger than the indus-

try’s current automobile radars. The semiconductor technology has developed to the point

that automotive radar sensors are available on a single chip within a few millimeters. Com-

panies like Texas Instruments and Analog devices are actively involved in research to expand

the capabilities of automotive radar sensors. Various system blocks of the automobile radars

are similar to that of any other radar system, such as the antenna module and the transceiver

module, which houses the transmitter and the receiver, the signal processing module and

the data storage and communication module.

Initially, automotive radar technology started by transmitting continuous waves (CW) of

electromagnetic signals. Since then various methods of transmitting signals such as pulsed

Doppler, Frequency Modulated Continuous Wave (FMCW) and Phase Modulated Contin-

uous Wave (PMCW) have been developed and used. In automobile radars, the maximum

range of detection of the targets lies within a few meters to a few hundred meters. A con-

tinuous wave transmission is preferred for short-range radars, which can detect within a few

meters. For this purpose, FMCW technology is still widely used in automobile radars. The

basic idea of FMCW radars is to generate a linear frequency ramp for transmitting the radar

signal. Since the transmitted signal varies only with frequency, the amplitude modulation of
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Figure 3.2. Basic block diagram of an automobile radar operating at 77
GHz.

the signal is not required. The use of FM allows the transmit circuit to operate in saturation,

which is the most efficient mode for any RF amplifier.

Detailed information regarding the FMCW for automotive radars can be found in [18].

Pulsed radars are also considered and used in automobile radars. However, pulsed radars

were not commonly used for automobile radar applications previously. With the advance-

ment in technology and efficient design principles, pulsed Doppler radars have the potential

to be used in all automobile radars.

There are various block diagrams for automobile radars available in the literature such

as the one shown in [19]. A basic block diagram of an FMCW automobile radar operating at

77 GHz is shown in Figure 3.2. The architecture of the radar using FMCW is much simpler

compared to pulsed radars. The control block, along with the 77 GHz FMCW transmitter,

generates the transmitted signal required according to the design specification required for

the radar. The signal is then sent through the bandpass filter, which transmits only the

required band of frequencies (i.e., an approved band of frequencies around 77 GHz). It should
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be noted that appropriate licensing should be obtained before transmitting electromagnetic

signals in the atmosphere. The frequency bands from 76-81 GHz have been approved for

automobile radars by the United States Federal Communications Commission.

The next stage in the radar block diagram is the power amplifier, where the radar sig-

nal power is amplified before transmission. The signal is amplified based on the receiver

characteristics and the application in which the radar is used.

Separate antennas are used for the transmission and reception of the radar signals since

the block diagram of the radar shown here is an FMCW radar. The isolation between the

transmission and receiver antenna should be considered when designing the radar system.

This isolation directly influences any signal leakage from the transmitter to the receiver and

will affect the system’s performance. After the receiver antenna receives the signal, the first

stage the signal passes through is the low noise amplifier. In this stage, the received signal

is amplified. Then the signal is passed through a bandpass filter where the unwanted signal

components are cut off. Next, the signal is sent to a mixer stage, where the signal is brought

down from the carrier frequency of 77 GHz to the baseband.

In some cases, using the mixer, the radar signal is brought down to the intermediate

frequency (IF), and then another mixer is used to bring the signal down to the baseband. In

a weather radar system the carrier signal is brought down to the baseband using two mixing

stages. Next, the signal is converted into digital samples using an analog-to-digital (ADC)

converter. After which, the signal is filtered using a digital low-pass filter and then the

Fast Fourier Transform (FFT) for the signal is done to get the frequency components of the

received signal. This signal is then processed to extract the range and Doppler information.

These processes are carried out in the control and detection unit of the radar system. More
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details on the process of detecting range and Doppler for automotive radar can be found in

[18].

The antenna assembly on an automotive radar is an important factor to be considered.

An advanced antenna system can perform multiple operations and increase the efficiency of

the radar. The antenna system can be broadly classified into four categories: quasi-optical

beamforming, digital beamforming, analog beamforming and mechanical scanning. Each of

these antenna systems has advantages over the other. While most automotive sensors avoid

mechanical scanning antennas, they do exist. Phased arrays are gaining popularity in this

domain and many radar systems are being developed based on this technology.

More advanced and current research topics like Multiple Input Multiple Output (MIMO)

and Virtual array concepts are also gaining popularity in the automotive radar field and

systems are designed based on them. Two linear, orthogonally placed arrays are used to

simultaneously achieve azimuth and elevation angle measurements. [20]. More current re-

search on two-dimensional digital beamforming for automotive radars can be found in [21].

All the currently ongoing research for automobile radars indicates a promising future for this

technology.

3.2. Automobile radars for precipitation measurement

The majority of the existing precipitation measurement and monitoring methods are pre-

cipitation gauges, weather radars, and meteorological satellites. Most of the radars which

operate for meteorological purposes are independent instruments operating at the S-, C-,

X-, Ku-, Ka- and W-band frequencies. These instruments provide good quality data but

are limited in observations of urban regions, as explained in Chapter 1. The meteorological
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satellites have poor resolutions in mapping precipitation in urban areas. To map the precip-

itation accurately in urban areas, we can use other sensors in the region. Each automobile

is equipped with more than a hundred sensors, so automobile radars can be a perfect fit

for mapping precipitation in urban regions. As mentioned previously, automobile radars are

used for many applications such as assistance and safety for the driver. By modifying certain

parameters of the operation of automobile radar and using them as systems of systems, we

can use the automobile radar to map precipitation.

Research on using automobile radars to measure precipitation is in the initial stages and

there are only a couple of prior literature available currently. Using automobile radar to

measure precipitation, we can get a more accurate value of precipitation rate at the surface

level. The concept of using automobile radars for measuring precipitation is a new and

emerging technology. There are thousands of automobiles going around in each urban city.

We can take this as an advantage to measure accurate precipitation in cities that are densely

populated. Since automobile radars operate at 24 GHz and 77 GHz frequencies, the radar

signal characteristics at these frequencies should be studied theoretically to understand the

scope of the problem. Although most automobile radars operate at millimeter wavelength,

i.e., around 77 GHz, in this study results of 10 GHz, 24 GHz and 77 GHz are discussed with

respect to automobile radars.

Figure 3.3 illustrates the application of automobile radars for measuring precipitation.

The automobile radars have the capability to scan in a couple of different modes. Although

mechanical scanning is avoided, using the antenna configuration electronic scanning is pos-

sible. In the fixed mode, the azimuth and elevation angles are fixed. In the partial plan

position indicator (PPI) mode, the radar scans a sector in azimuth with a fixed elevation

angle. Scanning a sector in elevation is usually not carried out using automobile radars.

28



Figure 3.3. Automobile radars for measuring precipitation - concept dia-
gram.

.

However, with the advancements in phased array radar technology, the data along elevation

direction will be available in future automobile radars.

If we obtain the precipitation rate from each automobile radar using the information of

reflectivity or attenuation, which are explained in the next section, it will be very useful to

measure and update rainfall estimations in a very short temporal resolution. Also, these

surface precipitation observations could benefit real-time monitoring operations in urban

areas. At the same time, it is a challenge to retrieve accurate measurements of meteorological

variables using automobile radars. In this research, the use of automobile radars as rain

gauges is presented. In the future, the application of automobile radars can be studied for

other hydrometeors, such as, snow as well. A detailed description of how automobile radars

can be used as a rain gauge is explained in the next section.

3.3. Automobile radars as rain gauges

Automobile radar can be used as a rain gauge to map the precipitation rate during a

weather event. To consider automobile radar for measuring rain rate, various radar-derived

parameters such as attenuation and reflectivity must be considered. The reflectivity of radar

signals which was defined earlier gives us information on the intensity of the precipitation.

More details on reflectivity and how it is computed can be found in chapter 4. Attenuation
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Figure 3.4. Atmospheric attenuation at various frequencies [3].

is weakening of a radar signal beam due to some of the energy being lost due to scattering

and absorption as it traverses through the atmosphere. The attenuation of radar signals

is caused by precipitation particles, cloud droplets, gases and lithometeors. Attenuation

depends primarily upon the wavelength of the radar pulse relative to the particle size and

composition. Shorter the wavelength, the greater the attenuation of the radar signal. The

attenuation of the radar signal occurs both on the outward path and on the return path. The

atmospheric absorption and attenuation must be considered since they can put constraints

on the data from the maximum usable range from the radar.

One of the factors on which the attenuation of the radar signal depends is the attenuation

due to absorption of the signal by the contents in the atmosphere even though there is no

precipitation event. As we all know earth’s atmosphere contains gases and water vapor, these

contents of the atmosphere will influence the amount of absorption of radar signals. The

oxygen and water vapor molecules are the major contributors to the absorption of signals
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Figure 3.5. Rain attenuation versus frequency for different rain rates.

in the atmosphere. The value of attenuation varies depending on the height and humidity

present in the atmosphere.

Figure 3.4 shows the atmospheric attenuation at different frequencies [3]. In this figure,

it can be seen that the attenuation peaks with water and oxygen molecules at various fre-

quencies. Radars usually avoid these frequencies at which the attenuation peaks. It should

also be noted that the attenuation peaks vary with different altitudes. This figure shows

attenuation values at sea level and 4 km height. We can see that at sea level, the attenuation

is more compared to 4 km in height. Also, it can be seen that the attenuation increases as

we go higher in frequency. The atmospheric absorption at the frequency range of 77 GHz is

about 1 dB/km. This value is considered sufficiently low for the applications of automotive

radar as a rain gauge. Also, considering the atmospheric absorption curve seen in the figure,

we can say that 77 GHz absorption is located in one of the minimums.
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Along with this attenuation discussed above, attenuation caused by precipitation par-

ticles such as rain, snow, and hail during a precipitation event should be considered. The

attenuation caused by precipitation particles has a very large value compared to the gaseous

atmospheric attenuation. The specific attenuation values are computed for varying intensi-

ties of rain and snow hydrometeors to understand the influence of the attenuation caused by

precipitation particles on the radar signal. First, the attenuation values are computed for

the rain hydrometeors based on the International Telecommunication Union (ITU) specific

attenuation model for rainfall [22]. This model considers the radar signal frequency, rainfall

rate, polarization and elevation angle and outputs the specific attenuation. The attenuation

values are specified in the units of dB/Km. The specific attenuation is modeled as a power-

law fit with respect to the rain rate, as shown in Equation 1. The procedure to obtain k and

α is provided in detail in [22].

(1) SpecificAttenuation(Ah) = k ∗Rainrateα

The range of the rainfall rate can vary from less than 0.25 mm/h for very light rain to

over 200 mm/h for extreme rains. The attenuation values for different intensities of rain are

considered and the variation of attenuation with frequency for different rain intensities is

shown in Figure 3.5. From Figure 3.5, it can be clearly seen that as the intensity of the rain

increases, the attenuation also increases. It can also be seen that as the frequency increases,

the attenuation values increases. The attenuation is particularly worse for the combination

of high frequency and heavy rainfall.

Figure 3.5 shows the rain attenuation around 77 GHz varies from 2 dB/km for light rain

with a rain rate of 2.5 mm/hr to 35 dB/km for a downpour with a rain rate of 100 mm/hr.
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One of the previous works also mentions that the attenuation varies from 0.4 dB/km for a

rain rate of 0.25 mm/h to 42 dB/km for a rain rate of 150 mm/hr [23]. It should also be

noted that if both horizontal and vertical polarizations are used, the attenuation in horizontal

polarization will be greater than the vertical polarization due to the distribution of the rain

drops in the radar resolution volume. But dual-polarization in automobile radars is another

new concept that is not covered in this research work. It should also be considered that

there will be an attenuation of about 0.07 dB/km caused by dry air and 0.36 dB/km caused

by the water vapor component.

Considering the above points regarding attenuation, in most cases, the free space at-

tenuation is less than 0.5 dB/km. When considering a rain rate of around 20 m/hr, the

attenuation is less than 15 dB/km. Since we consider only a short distance in front of the

radar (usually within a few meters) close to the vehicle, these values do not become a limi-

tation for using automobile radars as a rain gauge. We can utilize this information on signal

attenuation to map precipitation rates.

3.3.1. Particle backscattering region - Mie and Rayleigh. In addition to the

incident electromagnetic wave, the scattering properties of the hydrometeors depend on the

size shape and other physical properties of the particles. By studying the characteristics

of the scattering waves, we can infer the physical properties of the hydrometeor particles.

The radar antenna receives only a part of the electromagnetic wave which was transmitted,

this scattered signal from the hydrometeor particles are known as backscattered signals. The

backscattered signal depends on the cross-section of the particle from the radar’s perspective,

known as the backscattering cross-section or the radar cross section. The received signal

strength depends on the amount of back scattering ability of the hydrometeor particles.
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The dimensionless scale parameter α is a frequently used factor to study physical prop-

erties including the backscattering of the particle. It is given as follows;

(2) α =
2πr

λ
=

πd

λ

where r is the radius of the particle, d is the diameter of the particle, λ is the wavelength of

the incident electromagnetic signal. The type of scattering also influences the interpretation

of the received radar signal. The two most common scattering regions in weather radars are

Rayleigh scattering and Mie scattering.

Mie scattering theory was established by Gustav Mie when studying the scattering of

colloidal metal particles [24]. Mie derived the exact solution of the scattering wave of a

homogeneous spherical particle against a plane electromagnetic wave using Maxwell’s equa-

tions. The solution is a mathematical series that gives the amplitude of the scattering

electromagnetic field of the particle and the amplitude of the electromagnetic field in the

particle in far field, called Mie scattering coefficients.

Mie scattering can be used for all particle sizes, but the computation is complex. The

Rayleigh scattering is the approximation of Mie scattering and the calculation is much sim-

pler than that of Mie scattering. When the size of the hydrometeor particles is much smaller

than the wavelength of the incident electromagnetic wave (scale parameter α is very small),

Rayleigh scattering can be used instead of Mie scattering for computations. In other words,

in the Rayleigh scattering region, the particle size is considered much smaller than the op-

erating wavelength of the radar. When the particle size is comparable to the wavelength of

the radar, then it will fall under the Mie scattering.
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The backscattering cross-sections calculated by Mie scattering and Rayleigh scattering

are different for the same particle. Rayleigh scattering is the approximation of Mie scattering

ignoring the higher order coefficients. It can be found that the calculation of Rayleigh

scattering is much simpler than Mie scattering. However, only when the scale of the particle

is in certain ranges, can Rayleigh scattering be adopted in computation, otherwise, Mie

scattering must be used.

As mentioned earlier, the particle size determines the scattering computation that can

be used. Considering a hydrometeor particle of about 1 cm, it will fall in the Rayleigh

scattering region when using an X-band radar (around 10 GHz). In contrast, it will be

in Mie scattering at the Ka-band (about 35 GHz). The 77 GHz region does not fall in

the Rayleigh scattering region when observing the hydrometeor particles. The scattering

at 77 GHz will fall in the Mie scattering region and signal properties should be considered

appropriately. The scattering regions for the 77 GHz frequency is shown in Figure 3.6. In

this figure the three scattering regions, Rayleigh, Mie and Optical are shown with respect to

the scale parameter α.

3.3.2. Precipitation rate estimation using reflectivity and attenuation.

Estimating the accurate precipitation rate is needed to correctly interpret weather events

as they directly impact the hydrometeorological models. Estimation of precipitation rate is

well-researched in the field of weather radars. The radar moments, such as reflectivity and

specific differential phase, are commonly used for this purpose. Attenuation of radar signal

can also be used to estimate the precipitation rate as we go higher in frequencies.

Computing radar parameters at 77 GHz frequency is not straightforward as they lie in

the Mie scattering region. In this research work, two simulations programs which account for

the particle size distributions of the various hydrometeors are considered and the results are
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Figure 3.6. Scattering regions at 77 GHz.
.

discussed in detail. The first set of simulations are carried out using the T-matrix method.

As mentioned before, the raindrops will be considered to be perfect spheres and the signal

parameters are computed. This approximation will provide a reasonable estimate for the

raindrops and the final results would not vary much due to this assumption. Accounting

that the scattering falls into the Mie scattering region, the radar reflectivity equation can be

given as in Equation 3.

(3) Z =
λ4

π5|K|2
∫ Dmax

0

σbMieN(D)dD
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where K is the absorption coefficient of water, D is the spherical particle diameter, N(D)

is the drop size distribution, λ is the wavelength and σMie is the radar backscattering cross

section of a raindrop calculated according to Mie scattering theory. The σMie factor depends

on the wavelength at which the radar is operated.

Knowing the drop size distribution of the radar resolution volume, the rainfall rate can

be computed using the equation 4.

(4) RR = 6π10−4

∫ Dmax

0

D3N(D)v(D)dD

Where v(D) is the terminal velocity of the rain drops.

The T-matrix code was used to carry out signal simulations from which an equation

relating the radar reflectivity and rain rate was determined. This relationship is usually

known as the Z-R relationship, as shown in Equation 5. Previously, one of the research works

[23] provided a Z-R equation at 77 GHz, it is given as in Equation 6. Similarly, Equation 7

defines the attenuation and rain rate relationship. More details of the attenuation of radar

signals is discussed in the next chapter.

(5) Z = A(RR)B

(6) Z = 130RR0.65
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Figure 3.7. Scatterplots of reflectivity versus rain rate from signal simula-
tions at (a) 10 GHz, (c) 24 GHz and (e) 77 GHz. Scatterplots of attenuation
versus rainrate from signal simulations at (b) 10 GHz, (d) 24 GHz and (f) 77
GHz. The red line indicates the power-law fit in all the plots.

.

38



(7) Att = C(RR)D

Signal simulations were carried out to obtain the relationships between the rain rate

and reflectivity, as well as rain rate and attenuation. The simulation parameters for rain

particles considered were as follows. The temperature was set at 10 degrees Celsius and

Beard and Chuang axis ratio model was used. The µ parameter was varied between -2 to

5, D0parameters was varied between 0.2 and 2, and Nw was varied between 200 to 3000.

Twenty thousand simulation points were carried out to obtain the scatter plot of the data

and then a fit was made using the data points to obtain the relationship.

As mentioned previously, we computed this relationship using signal simulations, which

is frequency-dependent. Hence, if the frequency of the radar changes, the respective Z-R

relationship should be derived accordingly. The simulations were carried out at the 10 GHz,

24 GHz and 77 GHz frequency bands. Large raindrops were not convergent, so we considered

only a small subset of raindrops for the initial simulation.

The scatterplots of reflectivity and rainfall rate were generated for 10 GHz, 24 GHz and

77 GHz frequencies using signal simulations.The scatterplots of simulated data of attenuation

and rainfall rate for the three frequencies considered are shown in Figure 3.7. The red line

shows the power-law fit to get the parameters of the relationship.

From the power-law fits of the scatter plots, the A and B values for rain rate and reflec-

tivity relationships for simulations using T-matrix are provided in Table 3.1. The C and D

values for rain rate and attenuation relationships for simulations using T-matrix are provided

in Table 3.2.
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The difference in the A and B parameters at 77 GHz from the simulations and the

parameters mentioned in the literature [23] may be due to the different range of RR values

considered. In that particular research, they considered RR up to 150 mm/hr, whereas the

maximum RR in this simulation study goes only up to 26 mm/hr. Further simulation studies

will better assess an accurate Z-RR relationship.

The next set of simulations at 77 GHz uses the Maetzler MATLAB toolbox. The Maetler

MATLAB toolbox [25], can be used for simulations to obtain reflectivity, attenuation and

rainfall rate at 77 GHz. This toolbox handles the Mie scattering of the particles and improves

the accuracy of the outputs. In the Maerzler toolbox, a set of Mie functions computes the four

Mie coefficients, efficiencies of extinction, scattering, backscattering and absorption. Along

with this the asymmetry parameter and two angular scattering functions are obtained.

In this research, the Mie efficiencies and cross sections are considered for computing the

radar parameters. The efficiencies are defined as the cross section normalized to the particle

cross section. The Mie efficiencies are given as

(8) Qi =
σi

πa2

Where i stands for extinction (i=ext), absorption (i=abs), scattering (i=sca) and backscat-

tering (i=b) the radar reflectivity equation can be given as in Equation 3. The efficiency is a

unit-less quantity. We must multiply the particle cross section to obtain the back scattering

cross section from backscattering efficiency.

In the Maetzler toolbox the backscattering efficiency Qb, applicable to a monostatic radar

is given by:
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(9) Qb =
1

x2

∣

∣

∣

∣

∣

∞
∑

n=1

(2n+ 1)(−1)−n(an − bn)

∣

∣

∣

∣

∣

2

The reflectivity and rainfall rate are computed using the equations shown in Equations

3 and 4. The equation for the terminal fall velocity considered in the computations is given

as below.

(10) v(D) = 9.65−10.3 exp(−0.6D)

The specific attenuation in dB/km is computed using the equation below.

(11) Att =
0.01

ln(10)

∫ Dmax

0

σeN(D)dD

The refelctivity, specific attenuation and rainfall rates are computed considering varying

drop size distributions. The scatterplot of reflectivity and rainfall rate simulated values and

the scatterplot of attenuation and rainfall rate simulated values simulations at 77 GHz are

shown in Figure 3.8. The red line shows the power-law fit to get the parameters of the

relationship.

From the power-law fits of the scatter plots, the A and B values for rain rate and reflec-

tivity relationships for simulations using computations of Maetzler toolbox are provided in

Table 3.1. The C and D values for rain rate and attenuation relationships for simulations

with computations from Maetzler toolbox are provided in Table 3.2.
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Figure 3.8. (a) Scatterplot of reflectivity versus rain rate from signal simula-
tions using Maetzler toolbox at 77 GHz. (b) Scatterplot of attenuation versus
rain rate from signal simulations using Maetzler toolbox at 77 GHz. The red
line indicates the power-law fit in all the plots.

.

Table 3.1. The relationships obtained from simulations at various frequen-
cies for Z = A(RR)B.

Method Frequency A B

T-matrix 10 GHz 687.9 1.39
T-matrix 24 GHz 856.8 1.19
T-matrix 77 GHz 61.8 0.736

Maetzler toolbox 77 GHz 239 0.69

Table 3.2. The relationships obtained from simulations at various frequen-
cies for Att = C(RR)D.

Method Frequency C D

T-matrix 10 GHz 0.015 1.147
T-matrix 24 GHz 0.118 1.069
T-matrix 77 GHz 0.729 0.836

Maetzler toolbox 77 GHz 0.718 0.803
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3.4. Time-series simulation study

Automobile radars have the potential to be deployed for meteorological purposes. In

the previous sections of this chapter, the science aspect of the automobile radars was dis-

cussed. The technology of the current automobile radars is briefly introduced in the follow-

ing sections. The technology of automobile radars has been progressing rapidly in the last

decade. With more funding resources directed to the automobile industry for making fully

autonomous vehicles, the progress in the automotive radar is looking at an upward trend in

the short future. Also, there is active research in the electronic manufacturing companies

for accommodating the automotive sensors on a very small-sized chip.

Simulation of radar signals plays a crucial role in radar signal analysis and system design.

The simulations of radar signals aid in the testing and comparison of different algorithms

or processing techniques in a radar system. Current radar systems have the features of

Doppler and polarimetric capabilities. The simulations must account for both these factors

to get accurate radar signals. In the current and next section, we will explore the simulation

of precipitation echoes from a pulsed Doppler radar, specifically for rain hydrometeors for

meteorological applications.

The radar systems having coherent detection techniques are usually based on the use of a

couple of phase-sensitive detectors in the horizontal and vertical channels, which provide the

in-phase (I) and quadrature (Q) components of the precipitation echo. The IQ data corre-

sponds to the real and imaginary parts of the complex envelope of the received precipitation

signal. The radar received signal is a complex voltage signal represented as V = I + jQ.

An IQ data simulation code will generate the in-phase and quadrature components of the

received voltage signal in horizontal polarization and vertical polarization modes. The IQ
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data samples are obtained at regular intervals of time which depends on the PRT of the

radar; the IQ data is also commonly called timeseries data.

Previously, many timeseries simulation programs have been developed which were based

on the properties of the precipitation echoes. Some of the earlier methods simulate IQ data

with correct marginal and joint densities [26]. The primary assumption for the simulation

method is that the precipitation echo is assumed to be a stationary Gaussian process. The

precipitation signal can be completely characterized by its covariance matrix and it is suf-

ficient to correctly simulate the autocovariance and mutual covariance between the H and

the V channels. At the CSU radar group, a frequency domain algorithm based on statistical

properties for the generation of dual-polarized timeseries signal was developed previously

and is still used currently. Other methods that use the fast convolution generator were also

proposed by [26] [27]. In this research, a timeseries simulation program that accounts for

each individual hydrometeor particle in the radar resolution volume is developed. The sim-

ulation code accounts for the total volume of the backscatters and the Doppler shift of the

particles with time. More details of the timeseries simulation program are described in the

next section.

3.5. Method of simulating timeseries using direct volume of particle

backscattering method

In the direct volume of particles backscattering method, the timeseries simulation uses the

time domain algorithm to generate dual-polarized echoes. Here the primary motivation is to

generate the time series corresponding to a specified correlation structure of the precipitation

particles. Once a pulse of width τp is sent through the atmosphere or precipitation medium,

the echo signal is a result of scattering from a large collection of hydrometeors packed in
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a close volume, known as the radar resolution volume. The radar range resolution, the

distance between the start and end of the radar resolution volume, is given as cτp
2
. The radar

resolution volume is defined as in Equation 12.

(12) V olume =
Rθφ

8

Where R is the distance to the radar resolution volume θ and φ are the beamwidths

corresponding to the antenna. The radar resolution volume increases as we go further away

from the radar due to the radar beam broadening. The beamwidth of the antenna used for

the simulation influences the radar resolution volume considered for the signal simulation.

The received signal, Utr(t), at the radar due to a point scatterer moving at a constant

speed is the replica of the transmit waveform scaled to a very small value. This signal will be

shifted in time which will correspond to the range-time delay (t0) and is shifted in frequency

which is corresponding to the Doppler shift. The received voltage of this single moving

particle is given as.

(13) Vr(t) = Ae−j2πf0τUtr(t− τ)

Where A is the scattering amplitude, f0 is the center frequency and τ is the time delay.

In general, precipitation is composed of a large number of hydrometeors extending over a

large range with widely different scattering amplitudes moving with different velocities. Now

consider the received voltage is obtained due to the scattering of the precipitation particles

within a radar resolution volume extending from r to r + δr as shown in Figure 3.9. The
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Figure 3.9. Random collection of the precipitation particles in the radar
resolution volume whose instantaneius locations are described by the set of
vectors rk relative to the radar.

.

received voltage can now be expressed as a discrete sum of the contribution from individual

particles in the medium and is given as

(14) Vr(t) =
∑

k

Ak(τk; t)e
−j2πf0τkUtr(t− τk)

Where Ak is the scattering amplitude of the kth particle and τk = 2rk/c.Figure 3.10

illustrates another way of understanding the received voltage at the radar receiver by con-

sidering the complex plane consisting of the instantaneous phasors of the scattering particles.

Equation 14 represents the received voltage at any instant of time is the instantaneous sum

of the elemental phasors. The phase angle θk is uniformly distributed in the interval (−π, π).

The resultant phasor has the components I + jQ.

The hydrometeor particles in the radar resolution volume will be scattered following

a distribution model. This distribution of particles is known as particle size distribution
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Figure 3.10. Complex plane plot of the instantaneous sum of the elemental
phasors.

.

(PSD). The PSD within the radar resolution volume should be considered for the correct

simulation of the timeseries signals. The distribution for rain hydrometeors is known as drop

size distribution (DSD). The DSD varies based on many factors of the weather event, such

as the type of the storm and the climatological conditions. The DSD gives us information

such as the number of raindrops and mean drop diameter within the radar range resolution

cell. There are various DSD defined in the literature, such as the exponential model, the

gamma model and the lognormal distribution model.

A DSD model usually contains a few free parameters that should be easy to determine

and the model should be capable of capturing the main physical processes and properties

[28]. The exponential distribution is the most commonly used distribution model for rain
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hydrometeors and has two free parameters. Equation 15 defines the exponential distribution

model.

(15) N(D) = N0exp[−3.67
D

D0

]

Where D0 is the mean volume diameter in mm and N0 is the number concentration in

mm−1m−3. This distribution has only two varying parameters and can be estimated using

the radar variables. Ulbrich suggested using the Gamma distribution to represent raindrop

spectra as the gamma DSD has a broader variation than the exponential DSD. Equation 16

defines the gamma distribution model.

(16) N(D) = N0D
µexp[(−3.67 + µ)

D

D0

]

Where µ is the shape parameter of the model. When µ = 0, the DSD is an exponential

distribution, this is a special case of the gamma DSD. Estimation of the parameters in the

distribution models is carried out using remote sensing data such as disdrometer data and

weather radar data. The parameters vary for different climatological conditions and prior

works in the literature can be found regarding parameter estimation.

A histogram of the exponential drop size distribution of the rain particles in the radar

resolution volume is shown in Figure 3.11. In this figure, the data was generated considering

5000 rain particles in the resolution volume. The minimum size of the drop diameter was

0.1 mm and the maximum drop size was 8 mm. This figure also shows that most of the

raindrops are concentrated in the lower diameters below 2 mm.
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Figure 3.11. The exponential DSD considering 5000 rain particles in the
radar resolution volume

.

The cross section σ of a scatterer (e.g., hydrometeor) is an apparent area that intercepts

a power which, if radiated (i.e., scattered) isotropically, produces at the receiver a power

density. The backscattering cross-section of the precipitation particles has to be considered

correctly to get accurate simulation output. The backscattering cross section depends on the

frequency at which the simulation is carried out. At lower frequency bands, the scattering

will fall in the Rayleigh scattering region; this is when particle size is much smaller than

the wavelength. As the frequency increases, the wavelength decreases, which will make the

scattering shift to the Mie scattering region. We previously saw the dependency of Rayleigh

and Mie scattering earlier in this chapter.

The backscattering cross section in the Rayleigh region can be computed directly using

Equation 17.
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(17) σb =
π5

λ4
|K2

m|D6

where Km is given as

(18) Km =
m2 − 1

m2 + 2

Where m is the complex refractive index, for raindrops the value of |K2

w| is considered as

0.93. This value is well defined in prior literature [29]. This equation holds good up to the

Ku band frequencies. At the millimeter wave frequency band, we have to account for radar

scattering due to Mie scattering.

For computing the radar backscattering cross section at Mie scattering, the Maetzler

MATLAB toolbox is used. In this toolbox, functions have been developed to compute

propagation parameters for freezing rain and melting graupel, assuming Marshall-Palmer

drop-size distribution, including functions to compute the complex dielectric permittivities

of ice and water. Mie Theory is based on the formulation of Bohren and Huffman (1983),

in short, BH. A full detailed description of the computation of the scattering coefficients at

the Mie band can be found in [25].

The backscattering efficiency Qb for the interaction of radiation with a sphere of radius r

is the backscattering cross section σb (called Cb BH) normalized to the geometrical particle

cross-section as provided below:
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Figure 3.12. Block diagram of the simulation program.
.

(19) Qb =
σb

πr2

The backscattering cross section is obtained from the backscattering efficiency depending

on the diameter of the rain particle and then used in the simulation program. A look-up

table (LUT) is created for various drop diameters and the backscattering coefficient at the

frequency band in which simulation is carried out. This LUT is then used to determine

backscattering cross-section values.

The various radar parameters such as the frequency of the radar signal, pulse repetition

time (PRT), sampling frequency, range resolution and pulse width are given as the input for

the simulation program. The various antenna parameters such as beamwidth and antenna

size were considered for the signal simulations. Along with these parameters, there are

various other simulation parameters such as the number of pulses and start range is also

specified.
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Table 3.3. Radar parameters considered for the simulation.

Parameter Value

Pulse repetition frequency 10 KHz
Pulse width 10 ns

Range resolution 3 m
Antenna aperture 0.1 m

Antenna beamwidth 0.1 degrees
Number of pulses 50000
Sampling frequency 200 MHz

The characteristics of the rain particles distributed in the radar resolution volume, such

as the mean velocity and spectral width, are also specified for the simulations. We can

change the characteristics of the precipitation particles to mimic a real weather event by

changing the values of mean velocity and spectral width.

Figure 3.12 shows the overall simulation procedure as a block diagram. The simulation

procedure is coded in the MATLAB software. The radar parameters, drop size distribution

parameters and simulation parameters are given as input for the core time-domain simulation

program. In the core signal simulation program, there are mainly two loops that handle the

signal generation: One of the loops iterates over each radar pulse, while the other loop iterates

over each particle in the radar resolution volume constructing the received radar signal. The

position and velocity of all the particles are initialized before the loop process and the position

of each and every drop is updated after each pulse based on the velocity distribution of the

particles. This way, the signal simulation considers each individual hydrometeor particle in

the radar resolution volume. The time series output is then provided to the output signal

averaging, signal statistics and plotting modules for further analysis.

A radar signal simulation at 77 GHz was carried out. The various simulation parameters

for the radar signal simulation are specified in Table 3.3.
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The noise signal was not considered for the timeseries I and Q data that was generated.

The statistics of the I and Q data generated are shown in Figure 3.13. From this figure,

it can be seen that the histograms of both I and Q data follow a Gaussian (bell-shaped)

distribution centered around zero. The scatterplot of I and Q data is concentrated around

the zero value and the histogram of I2 + Q2 has an exponential distribution. These figures

are as expected and can be validated with the literature [29].

The magnitude spectrum of the same data is shown in Figure 3.14. From this figure, it

can be seen that the data is centered around the mean velocity of 0 m/s and has a Gaussian

distribution. Since we use 50000 pulses for the simulation, we have more number of data

points in the magnitude spectrum.

The mean power of the received radar signal is computed by taking the average of all

the pulses in the radar resolution volume. The greater the number of pulses, the better the

signal quality as the signal to noise ratio increases. There are trade-offs between using more

pulses and signal correlation. However, we will not discuss them in this dissertation.

3.6. Current technology of automobile radars

There are various automobile radars available in the market. Usually, the whole assembly

of the millimeter wave frequency band radars is accommodated on a single printed circuit

board.Having the whole radar system on a single PCB ranging a few centimeters makes de-

ploying in systems with space constraints feasible. This section discusses some of the current

automobile radar boards available on the market. A brief discussion on the specifications of

the board is also given. Two radar boards from Texas Instruments (TI) and Analog Devices

(AD) are introduced. The radar board from TI is studied in detail. Both these boards

have been currently used for research and applications in real-time. Other companies are
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Figure 3.13. Statistics of the simulated timeseries IQ data. (a) Histogram of
I data, (b) Histogram of Q data, (c) Histogram of I2 +Q2 and (d) Scatterplot
of I and Q data.

.

also actively researching automobile radars, including many small-scale startup companies.

However, those are not discussed here due to space constraints.

The analog devices have a radar system on a single board called the Eval-TINYRAD.

This radar evaluation system operates in the 24 GHz to 24.25 GHz frequency range and has

the capability of multiple input multiple outputs (MIMO) for transmission and reception.

The 3dB beamwidth of the system is specified as 75° in azimuth and 15° in elevation. Also,

the azimuth resolution using MIMO angle estimation is 20 degrees. The whole system is
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Figure 3.14. Magnitude spectrum of the simulated timeseries signal.
.

assembled on a PCB with dimensions of 85 mm × 55 mm. There are two front-side transmit

antennas and four front-side receive antennas. More details can be found in [30].

Texas Instruments (TI) have a single chip automobile radar sensor that operates at the

millimeter frequency bands. The TI automobile sensor, AWR 1642, is a single chip auto-

motive radar sensor that integrates the digital signal processing (DSP) and microcontroller

unit (MCU). The sensor has the capability to operate in the frequency ranges of 76 GHz

to 81 GHz. The device is built with TI’s low-power 45-nm RFCMOS process and enables

unprecedented levels of integration in an extremely small form factor. The AWR1642 is an

ideal solution for low-power, self-monitored, ultra-accurate radar systems in the automotive

space. This radar chip operates on the FMCW technology and has built-in calibration and

self-test technology.

The block diagram of using this sensor for automotive applications is shown in Figure

3.15. With the integration of power management, antenna elements, oscillator, flash memory
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Figure 3.15. TI AWR1642 automobile radar block diagram [4].
.

and control signals, a fully functional automobile radar unit can be deployed. This automo-

bile radar sensor is integrated with various other interfacing units and it is already being

studied using an evaluation module [4]. This evaluation module has all the capabilities to

test the automobile radar unit. An external board can be used to acquire the raw radar

signals directly from the signal processing unit. A picture of the evaluation module which

uses the AWR 1642 is shown in Figure 3.16.

3.7. precipitation measurement experiment and results

In this section, the millimeter wave automobile radar from TI is used to observe pre-

cipitation. The TI AWR1642 boost evaluation module is used for the experiments. The

capability of this evaluation module for mapping the rain rate is discussed. Mapping pre-

cipitation using the automobile radar is similar to obtaining precipitation information from

a precipitation gauge. The range of the automobile radars is in the order of a few tenths
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Figure 3.16. TI AWR1642 evaluation module [4].
.

of meters to a couple of hundred meters. The precipitation intensity does not vary signif-

icantly in such a short range and can be considered constant. With this information that

the precipitation values are the same in the observation region of automobile radars, the

attenuation encountered by the signal can be measured and the rainfall rates can be derived

as explained earlier in this chapter.

Table 3.4. Parameters of the TI AWR1642 radar evaluation module.

Parameter Value

Frequency 77-81 GHz (W band)
Configuration 4 Rx, 2 Tx
Beamwidth 15 degrees

Range resolution 0.4 meters
Max range 50 metres

Next, the operational setup and configuration for the automotive radar to work as a rain

gauge is explained. The various parameters of the TI AWR1642 radar evaluation module are

given in Table 3.4. From this table, it can be seen that the radar frequency spans from 77-81

GHz and the beamwidth of the antenna elements is about 15 degrees. A suitable power
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Figure 3.17. Graphical illustration of the experiment setup for checking the
evaluation module to observe water droplets.

.

source supplies the power to the evaluation module, and a personal computer that runs the

mmWave studio software interfaces with the module

The TI mmWave studio software is a code package with a collection of tools that enhances

the evaluation of TI mmWave sensors. These easy-to-use tools provide the capability to ex-

periment with the TI evaluation module on hand. The tools are hosted directly on TI.com.

This can be accessed anywhere with the help of a stable internet connection and enable in-

teraction with mmWave sensor evaluation modules. This software is a stand-alone Windows

GUI that provides the ability to configure and control mmWave sensor modules. The soft-

ware is also used for the collection of analog-to-digital (ADC) data for offline analysis. The

software also provides basic post-processing and visualization of ADC data. Various param-

eters required for the operation of the evaluation module can be selected from the dropdown

menu in the GUI, which makes it easy to set up and operate the evaluation modules.

To test the sensitivity of the TI automobile radar module for detecting and measuring

water particles, an experiment involving artificially putting the water particles in the radar

resolution volume was carried out. For this experiment, a garden watering can is used to drop
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Figure 3.18. (a) scene of observation and (b) Snapshot of water being poured
in front of the automobile radar evaluation board.

.

water in the range of the radar and the observed data is stored on the personal computer

and analyzed offline. The setup of this experiment is shown in Figure 3.17. The scene of the

experiment location and the water being poured using the water can in front of the radar is

shown in Figure 3.18.

The expected result from this experiment is when we have water drops in the radar

resolution volume. The received power should give a large value corresponding to the targets.

The radar scans were first run in a static environment and the noise profile was recorded.

Then the water was poured in front of the radar at a distance of 1 meter and the data was

recorded. Ten seconds of data was recorded for both cases. The data was analyzed and the

output plots obtained are shown in figure 3.19. In this figure, the recorded noise profile is

shown in orange, and the data collected when water is present in the resolution volume is

plotted in blue. It can be clearly seen from this picture that when water was present in the
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Figure 3.19. Results of the experiment where water is poured in front of the
automobile radar evaluation board.

.

radar resolution volume, we see a spike in the received power. This corresponds close to 1m

in the range where the water was poured. From this experiment, we can conclude that the

water articles in the resolution volume can be observed with the automobile radar evaluation

board.

Next, the radar evaluation board was installed in front of a car to collect precipitation

data. The power supply module for the evaluation board was replaced with a similar module

that converts the 12 V output from the car electric port to the 5V, which is required by

the evaluation board. The setup of the automobile valuation board for this experiment is

graphically illustrated in Figure 3.20.

The experiment data was collected at the Colorado State University (CSU) main campus

in one of the parking lots. A very intense storm was passing over the CSU campus on the

15th of July 2022, around 23:00 UTC. The radar evaluation module was set up to collect
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Figure 3.20. Graphical illustration of the experiment setup for precipitation
measurement, the radar is placed in front side of the automobile.

.

Figure 3.21. (a) Scene of observation and (b) Setup of automobile radar
evaluation module inside the car.

.

precipitation data from the storm. The scene of precipitation observation and the automobile

radar evaluation module connected inside the car is shown in Figure 3.21.

The noise profile for the scene under observation was collected around 22:00 UTC when

there was no precipitation event and the precipitation data were collected around 23:00 UTC.

Figure 3.22 shows the noise and precipitation data in front of the car. We can clearly see

the precipitation data being observed by the evaluation module. It should be noted that the
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Figure 3.22. Results of using automobile radar evaluation board for observ-
ing precipitation.

.

raw radar data obtained from the evaluation board is extracted using a python code package

and plotted. Also, a moving window filter is used for smoothing the radar data along the

range.

As the radar signal propagates in the range, the data is collected corresponding to the

resolution volumes. As the radar signal propagates through the precipitation medium, the

radar signal attenuates. Accounting for the two way attenuation encountered by the radar

signals, the information on the signal attenuation is used to estimate the rain rate in this

experiment. Figure 3.23 shows the data recorded during precipitation. From this figure, it

can be seen that the received power peaked at 47.56 dB at 3.5 meters in range and is reducing

along the range. The received power reached a value of 46.1 dB at 32 meters. Considering the

precipitation in the observed volume does not vary much and the corresponding precipitation

rate is constant, the difference in the received power and accounting for two way attenuation

will yield the amount of signal attenuation. The difference value of the received power is
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Figure 3.23. Difference in power level long the range from the data collected
using automobile radar evaluation board observing precipitation.

.

1.46 dB within 28.5 meters. This corresponds to signal attenuation of 25.5 dB/km due to

the rain particles.

A high attenuation value of 25.5 dB/km is obtained from the data collected. Using the

Equation 7 and the coefficients obtained using the T-matrix method, we get a rain rate value

of 72 mm/hr. Using the Equation 7 and the coefficients obtained using the Maetzler toolbox,

we get a rain rate value of 84 mm/hr. The relationship between attenuation and rain rate at

77 GHZ given by the International Telecommunications Union (ITU), a specific attenuation

model for rain for use in prediction methods, is shown Equation 20. Using equation 20 the

rain rate obtained corresponding to 20.5 dB/km attenuation is 78 mm/hr.

(20) Att = 1.132(RR)0.7177
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Figure 3.24. Screenshot of the National Weather Service (NWS) reflectivity
mosaic over the CSU campus. The region in the black circle is where the data
was collected.

.

To validate the estimated rain rate, the National Weather Service (NWS) reflectivity

mosaic constructed using the NWS S-band weather radar network is considered. The reflec-

tivity mosaic over the CSU campus at 22:03 UTC on the July 15, 2022 is shown in Figure

3.24. The reflectivity value is approximately 52 dB in the region where the experiment was

conducted. There are various equations in the literature that are used to compute reflec-

tivity using the rain rate value. Table 3.5 shows three different equations that are used to

compute the reflectivity values from the three rain rate values derived earlier. From this

table, comparing to the reflectivity value obtained from the reflectivity mosaic, it can be

seen that the automobile radar evaluation board can be used to estimate the rain rates. The

concept of using a network of automobile radar for mapping precipitation on a regional scale

is explained in chapter 6.
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Table 3.5. Computing reflectivity from rain rate values obtained.

Relationship Z corresponding Z corresponding Z corresponding
to 72 mm/hr to 84 mm/hr to 78 mm/hr
rain rate rain rate rain rate

NWS WSR-88D (Z = 300R1.4) 50.8 dBZ 51.7 dBZ 51.3 dBZ
Marshall-Palmer (Z = 200R1.6) 52.7 dBZ 53.8 dBZ 53.3 dBZ
Rosenfeld Tropical (Z = 250R1.2) 46.3 dBZ 47.1 dBZ 46.7 dBZ
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Chapter 4

Precipitation mapping at regional scale

Precipitation maps at a regional scale have various advantages compared to point mea-

surement instruments. At a regional scale, we can get precipitation information over a large

span of area. The climate varies from region to region around the Earth, and the precipi-

tation maps obtained at the regional level are useful for climate studies of that particular

region. We need remote sensing instruments that have the capability to observe over large

distances to obtain precipitation maps.

Weather radars and meteorological satellites fall under the category of volume measure-

ment instruments. The volume measurement instruments can acquire data over a large area

and are useful in tracking the progress of the precipitation event. Weather radars have many

advantages. They can provide data over a large area and the time resolution of data obtained

is considered good. In addition to the precipitation rate, weather radars can be used for ob-

taining derived products such as precipitation particle type. More details of weather radars

are provided in this chapter. In this research work, the precipitation maps obtained using

weather radars are discussed. The meteorological satellites give precipitation information on

a global scale and are explained in detail in chapter 7.

4.1. Weather radars for remote sensing of atmosphere

Among the remote sensing instruments, RAdio Detection And Ranging (RADAR) is one

of the key instruments. Radars are often preferred in the remote sensing domain due to their

spatial and temporal resolution. The research and invention of radar date back to the period

of world war II. Since then, with the help of continuous research in the radar field, radars can

now detect the target’s position, velocity, size and even shape. The applications of radars
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have found uses in multiple areas such as aviation, object tracking, military, remote sensing

and automobiles.

The radar system consists of many complex subsystems such as the transmitter, receiver

and antenna. All the subsystems are carefully designed and operated to achieve maximum

efficiency. The fundamental concept of radar is to transmit electromagnetic waves in the

propagation medium and then extract information from the received electromagnetic wave,

which is reflected back from the target. After the electromagnetic wave is transmitted, once

it hits the target, the signal is scattered isotropically from the target and a part of the

signal travels back towards the radar. The intensity of the received signal, which is also

known as the backscattered signal, varies on many factors, such as the transmitted signal

power and target properties. Also, the medium in which the electromagnetic wave travels

has a direct impact on the strength of the signal received at the radar. Once the signal

is received, signal processing methods are applied to extract the desired information. This

system described above corresponds to a single polarization radar. In the initial days of

radar technology, this simple concept was used to detect the position and intensity of the

target. Next, the Doppler technology was introduced in radars which opened doors for single

polarization Doppler radars. These radars could measure the velocity of the target along

with its position and intensity, the frequency change in the received radar signal was used

to determine the velocity. The pulsed radar concept, which sends pulses of electromagnetic

energy instead of continuous transmission was the next big step in radar technology. The

characteristics of the pulses can be varied to improve the quality of the signal.

Dual-polarization radars in which two polarizations (horizontal and vertical) of signals

are transmitted instead of one have various advantages. This also came with additional

complexity for the radar system. With the advancement of technology, dual-polarization
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Figure 4.1. The radar resolution volume ranging from (r, r+∆r), the re-
ceived voltage at the radar are due to scattering of particles located within
this volume.

Figure 4.2. Illustration of range-time axis and sample-time axis for received
radar signal (pulse repetition time of Ts).

radars became operational in the early 1990s. With the dual-polarization capability, it was

possible to determine additional features of the target, such as orientation and shape.
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The radars which are used to measure and characterize precipitation events are known

as weather radars. Today, most weather radars are pulsed radars and have the capability of

dual-polarization and Doppler. Weather radars work on the same principle as hard target

radars, except that the target here is the precipitation volume. The target is not a single

point; rather it is a collective distribution of particles over a volume. The volume at which

the radar samples is the range resolution volume, which extends radially from r to r+δr and

the received voltage Vr(t) at t = τ is based on the scattering of particles located within the

resolution volume as illustrated in Figure 4.1. Resolution volumes are typically spaced cT0/2

apart, where T0 is the pulse width [29]. The smaller the range resolution volume, the more

information we get about the microphysical process happening in the precipitation event.

Pulsed radar transmits a train of pulses at a time interval known as the pulse repetition time

(PRT). These trains of pulses are sampled and are divided into range-time and sample-time.

For a periodic pulsed train Ts apart, the range-time and sample-time is illustrated in Figure

4.2.

The range-time for a single pulse transmitted is given by r = 2τ/c, and the received

voltage Vr(t) at t = τ is due to back scatter from particles located in the resolution volume

at range-time τ . Here, for a periodic train of pulses, the received voltage at the same range-

time is given as Vr(t = τ), Vr(t = τ + Ts), . . . , Vr(t = τ + nTs) which forms a sequence

of temporal samples from the same resolution volume. The received voltage value for a

given range-time can be viewed as uniformly spaced samples along the sample-time axis ts.

From this we can define the received voltage as a two-dimensional function with respect to

range-time and sample-time. Due to the time-varying properties of particles located in the

resolution volume, which correspond to τ , we see fluctuations in the sample-time axis.
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The signal received by the radar is a complex stochastic signal. For a stochastic signal, the

power spectral density provides the decomposition of the signal power into various frequencies

contained in the signal. A Gaussian-shaped power spectral density or the Doppler spectrum

[29] is given as

(21) S(Ω) =
∞
∑

n=−∞

R(n)e−jΩn

The corresponding Doppler velocity spectrum is given by

(22) S(v) =
S0

σv

√
2π

exp[−(v − v̂)2

2σ2
v

]

The auto-correlation coefficient for a reflectivity weighed velocity spectrum is given as

(23) R(n) = |R(0)|e−j 4π
λ
v̂nTsexp(−8π2

λ2
σ2

vn
2T 2

s )

where v̂ is the mean Doppler velocity and σv is the Doppler spectral width.

Pulsed Doppler weather radars with polarization diversity can transmit and/or receive

two orthogonal polarized signals. The transmission and reception of the signal in most

pulsed radar systems are achieved through a single antenna. The intrinsic backscattering

properties of particles in the resolution volume from the two polarization states enable the

measurement of characteristics of the particles such as size, shape, spatial orientation and

type. The backscattering covariance matrix is used to describe these characteristics and is

given as
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Where Shh, Shv, Svh and Svv are the elements of the scattering matrix and angle brackets

represent the ensemble averaging. The subscripts vh refers to ”transmit horizontal polar-

ization and receive vertical polarization” and vice versa. The ∗ denotes complex conjugate.

Polarimetric variables are computed using the backscattering covariance matrix elements.

Meteorological moments and polarimetric variables are estimated from the covariance ma-

trix of the vector of received signals. The received signal Z and the corresponding covariance

matrix K are given as follows:

(25) Z =
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Vhh Vhv Vvh Vvv

]T
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Where T indicates transpose and H is the Hermitian operator. The elements of K give

us the estimates of ΣBSA . The relationship between K and ΣBSA is given by
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(27) K =
CΣBSA

r2
0

Where C is the radar constant and r0 is the radar range to the resolution matrix of

measurement. The various radar moments are now calculated as explained below

(1) Equivalent reflectivity factor: The radar reflectivity (η) is the backscattering cross-

section per unit volume. η is dependent on the number, shape, physical state and

their aspect of the hydrometeor particles with respect to the radar. In radar meteo-

rology, it is conventional to represent η in terms of the equivalent reflectivity factor

(Ze). Ze is the product of the received power, radar constant and the range factor

expressed in mm6m−1 or dBZ in the decibel scale. The equivalent reflectivity factor

in the decibel scale is given below:

(28) Z = P (dBm) + C + 20logr

where P (dBm) is the received power, C is the radar constant and r is the range.

For a horizontally polarized received signal the received power is given by

(29) P h =< |Vhh|2 >

(2) Differential reflectivity: The differential reflectivity (Zdr) gives information on the

difference in received energy from the horizontal and vertical polarizations. Posi-

tive values of Zdr indicate the hydrometers are larger in the horizontal direction
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compared to the vertical. In the decibel scale, Zdr is the difference between the

horizontal and vertical received power as given below

(30) Zdr = P h(dB)− P v(dB)

(3) Co-polar correlation: The behavior of the horizontal and vertical polarized pulses

within the resolution volume is measured using the Co-polar correlation (ρHV ). The

values extend from 0 to 1, with higher values indicating similar behavior and lower

values indicating dissimilar behavior. When the same type of hydrometeor particles

are present in the radar resolution volume, the value of ρHV is very close to 1. The

co-polar correlation is given as follows:

(31) ρHV =
| < VhhV

∗

vv > |√
P h

√
P v

(4) Differential phase shift: The phase shift between the horizontal and vertical signal as

the signal propagates through the propagation medium gives the differential phase

shift (φdp). The two-way attenuation of the radar signal is dependent on φdp. As

the radar signal propagates through the propagation volume, it slows down, causing

the phase to change. The phase of the complex correlation between the co-polar

signals provides the differential phase as below

(32) φdp = arg[< VhhV
∗

vv >]
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(5) Specific differential phase: The specific differential phase (Kdp) is a derived radar

product that indicates the gradient of the differential phase shift.

(33) Kdp(r) =
1

2

dφdp(r)

dr

(6) Radial velocity: The radial velocity is the component of the wind velocity parallel

to the direction of the radar beam, either toward or away from the radar. This

gives information about the velocity of the precipitation particles. The relationship

between the Doppler frequency shift (fd), wavelength (λ), and radial velocity is

given by

(34) vr = −λfd
2

The negative sign in the above equation indicates that the precipitation particles

are moving towards the radar. The maximum Doppler shift that can be measured

is dependent on the PRT and is given by

(35) fmax =
1

2PRT

(7) Spectral width: The spectral width (σw) gives information on the distribution of

the velocities within a radar resolution volume. The spectral width is computed

using the variance and provides information on the spread of the Doppler power

spectrum.
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(8) Hydrometeor classification: The information on the type of hydrometeor particle

present in the radar resolution volume is obtained by hydrometeor classification

(HID). The HID is a derived product and there are various algorithms that

provide accurate identification of the particle types.

4.2. precipitation information from weather radar data

Weather radars are widely used for precipitation mapping at a regional scale. The oper-

ational range of a weather radar increases as the operating frequency of the radar increases

[31]. The S-band radars weather radars usually have a very long observational range of

around 250 km. An X-band radar deployed in urban regions will have an observation range

of about 40 km. A network of radars is deployed to obtain precipitation information over a

large area of interest. Some systems that use a network of remote sensing instruments for

precipitation mapping are explained later in this chapter.

The National Weather Service (NWS) has more than 160 next-generation S-band weather

radars (NEXRAD) deployed all over the continental US. Each radar in the network has an

operational range of about 250-300 km. NEXRAD radars perform volume scans every five

minutes, and the radar plan position indicator (PPI) plot at a certain elevation angle repeats

approximately every five minutes. Precipitation information obtained from each radar is

used for constructing the combined precipitation map for all the radars. Figure 4.3shows the

reflectivity and rain rate of a NEXRAD S-band radar (KDAX) deployed in Sacramento, CA.

In NEXRAD, the rain rate is estimated based on a simple relationship with the reflectivity

obtained from the radar. The relationship used to obtain the rain rate is Z = 300R0.4. Most

NEXRAD radars use this relationship between radar reflectivity and rain rate. Figure 4.3
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Figure 4.3. NEXRAD S-band radar (KDAX) reflectivity (left) and esti-
mated rain rate (right) at Sacramento, California.

(b) shows the corresponding rain rate estimated based on the equation mentioned above. It

can be seen from the figure that the higher the reflectivity, the higher the rain rate values.

The specific differential phase (Kdp) moment is obtained from dual-polarization radars.

Since the Kdp is estimated based on the phase change in the received radar signals, it is

widely used for obtaining precipitation information. It should be noted that this method is

only applicable to dual-polarization radars. Most weather radars today have the capability

of dual polarization. Increasing Kdp indicates an increase in the size and concentration of

raindrops and thus, an increase in the rain rate. Data from the X-band radar (XSCV)

deployed in Santa Clara, CA, is considered to discuss the rain rate obtained from Kdp. The

Kdp is obtained from the DROPS algorithm, which uses a robust estimation method [32]

more details are provided in the next chapter. Figure 4.4 (a) and (b) show the reflectivity

and specific phase of the XSCV radar data taken on the December 17, 2018 at 3:00 UTC.

The rain rate shown in Figure 4.4 (c) is estimated based on the equation RR = 20K0.65
dp

76



Figure 4.4. The X-band (XSCV) radar output at Santa Clara, California.
(a) radar reflectivity, (b) specific phase and (c) rain rate.

[33]. More accurate estimates of rain rates are obtained when using specific phase instead

of reflectivity when available.

Figure 4.5 shows the reflectivity and rain rate from the dual-frequency dual-polarization

Doppler weather radar (D3R) deployed at the ICE-POP field campaign. The DROPS algo-

rithm is used to estimate the rain rate. The data is taken from November 3, 2017 at 17:14

UTC. We see no data in the southeast part of the PPI scan. This lack of data is due to

part of the PPI sector being blocked. During this field campaign, the D3R radar collected

interesting snow events; research was carried out to estimate the snow rate from D3R by
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Figure 4.5. D3R Ku-band radar reflectivity (left) and estimated rain rate
(right) during a rain event at ICE-POP field campaign.

Figure 4.6. D3R Ku-band radar reflectivity (left) and estimated snow rate
(right) during a snow event at ICE-POP field campaign.

deriving a relationship between the reflectivity and snow rate for the region where the radar

was deployed SR = 0.0921Z0.5809. More details regarding the derivation of the relationship

can be found in [34]. Figure 4.6 shows the reflectivity and snow rate data taken from the

78



snow event on February 28, 2018 at 08:00 UTC. The figure shows that the snow event cov-

ered the entire domain of the radar up to 40 km. The figure also shows that the snow rate

increases with the increasing reflectivity values.

4.3. Current systems of precipitation mapping

In today’s world, there are various remote sensing system networks that are successfully

deployed. A few precipitation measurement systems which are currently active are discussed

in this section. Based on the architecture of the various precipitation measurement systems,

a system of automobile radar network for mapping precipitation is proposed.

4.3.1. CASA Radar Network. The United States National Science Foundation Engi-

neering Research Center (NSF-ERC) for Collaborative Adaptive Sensing of the Atmosphere

(CASA) is dedicated to revolutionizing our ability to observe, understand, predict, and re-

spond to hazardous weather events using a dense network of small, low-power and low-cost

X-band radars that can collaboratively and adaptively sense the lower atmosphere [35].

There are many advantages of using multiple X-band radars instead of a S-band radar as

deployed by WSR-88D Next Generation Doppler Radar (NEXRAD) such as overcoming the

earth-curvature blockage and make up the resolution degradation caused by spreading of

radar beams at long ranges and large temporal sampling intervals.

CASA consisting of a system of X-band weather radars, has proposed a new atmo-

spheric sensing paradigm called Distributed Collaborative Adaptive Sensing (DCAS), which

adaptively and collaboratively operates the radar network according to real-time changing

atmospheric conditions, prevailing weather information, and the needs of various end users

[36]. The distributed network primarily refers to the large number of X-band radars de-

ployed in the network. These radars operate collaboratively through the proposed detecting,
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Figure 4.7. The architecture of the Distributed Collaborative Adaptive
Sensing (DCAS) system used in the CASA radar network. [5].

tracking and predicting schemes. Based on the needs of the various end users, changing

weather conditions, prevailing weather data and information and changes in the associated

communication and computing resources the system is dynamically adapted.This adaptive

nature of the system will provide flexibility in real-world operations. These system aspects

of DCAS are shown in Figure 4.7 [5].

In brief, a DCAS system should include remote sensing instruments, algorithms that

can detect and predict hydrometeorological hazards such as flash floods and storms, an

underlying substrate of distributed computation that will dynamically process the data which

is collected and manages the system resources, and user-friendly interfaces which will provide

the ability for the end-users to access and interact with the system. The main goal of such

a DCAS system is to give accurate information and warning to everyone, which saves lives

and reduces property damage. Some of the applications of this type of system is using the

system for improving flash flood prediction and reducing the tornado false alarm rate.
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4.3.2. NEXRAD radar Network. The Next Generation Weather Radar (NEXRAD)

systems are Doppler weather radars that detect and produce over a hundred different long-

range and high-altitude weather observations and products, including areas of precipitation,

winds, and thunderstorms. NEXRAD is a network of 160 high-resolution Doppler weather

radars operated by the NOAA National Weather Service (NWS), the Federal Aviation Ad-

ministration (FAA), and the U.S. Air Force (USAF). The current NEXRAD system com-

prises more than 150 sites throughout the United States and a few select overseas locations.

Most of the radars in the NEXRAD radar are S-band radars. The NEXRAD radars provide

volume data by scanning PPIs at different elevation angles.

Figure 4.8 shows the system architecture of the NEXRAD radar network [6]. Unlike the

CASA radar network, the radar scans do not change based on user feedback and the system

parameters in the NEXRAD network. Compared to the CASA radar network, the NEXRAD

radar network can be considered as a rigid network with minimal changes in operations and

data type. The scan strategy of the NEXRAD radars is fixed and will provide data at regular

intervals of time (about 5 min interval for each volume scan). However, they have different

scan strategies, such as precipitation and clear air modes.

The radar data is then sent for processing and storage through the Internet. The stored

data and end products are available to the data users through the Internet. The metadata

of the radar scan, such as the radar names are stored separately, which will help in sorting

and finding the data easily. The monitor database is used to monitor the radars signal flow

and correct any data drops. The data archive system is a pipelined Extraction, Transform,

Load (ETL) process. Each module functions independently on input files and communicates

with each other using XML. This process allows for high-performance and fault tolerance as

the processes can be duplicated and distributed across machines[6].
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Figure 4.8. The architecture of the NEXRAD system [6].

4.3.3. Point precipitation measurement network. The rain gauge and disdrom-

eter provide point measurements of the precipitation data. However, a single disdrometer

or rain gauge fails to give the spatial variability of the storm. Also, a single measurement

from these point instruments might be inaccurate in a few instances, such as when the mea-

surements are affected by factors such as wind or mechanical issues with the instrument

itself. To overcome the above-mentioned problems, usually a network of point instruments

is deployed.
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CoCoRaHS, which stands for the Community Collaborative Rain, Hail and Snow Net-

work, is a unique, non-profit, community-based network of volunteers of all ages and back-

grounds working together to measure and map precipitation (rain, hail and snow). The

measurements in CoCoRaHS mostly comprise measurements from point measurement in-

struments such as rain gauges.

The system is designed such that anyone with a rain gauge can sign up in the network as a

volunteer and update the precipitation information daily. Since this measurement network is

completely driven by the users and it has few potential risks. Having multiple measurements

in the same region will be helpful in reducing the error estimates. Once there are many

volunteers, the network will be able to provide accurate precipitation measurement data. It

should be noted that there will be large observation gaps in rural areas and the precipitation

data will be more concentrated in urban regions. A snapshot of the CoCoRaHS network’s

24-hour precipitation data from the Denver and Fort Collins area is shown in Figure 4.9.

From this figure, it can be clearly seen that the precipitation measurements are concentrated

in the cities of Denver and Fort Collins. In the remote regions outside the urban areas, the

precipitation measurements are less frequent.

Other precipitation networks consisting of rain gauges and disdrometers are present in

various parts of the world. In the United States, the rain gauge network at each state

level is used along with the NEXRAD radar network to provide accurate estimates of the

hydrometeorological products. There are various algorithms that have been researched in

the past which interpolated the rain gauge data spatially and temporally. Some of the

researchers have also used machine learning to improve rain gauge estimates [37]. The

design of the optimal rain gauge network is a topic of active research. There are various

statistical methods that are used in the optimal design of a rain gauge network. A review of
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Figure 4.9. A snapshot of the CoCoRaHS network’s 24-hour precipitation
data from the Denver and Fort Collins taken on February 17, 2021.

all the methods can be found in [38]. The spatial-interpolation methods are most commonly

used in the processing of the rain-gauge networks. Geostatistical interpolation methods are

stochastic methods, with kriging being the most well-known in this category [39].
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Chapter 5

Attenuation correction in weather radars

Weather radars play a prominent role in the remote sensing of the atmosphere. The

quality of the radar data should be maintained at the highest standards as they make a direct

impact in the models and algorithms where the radar data is used. The end users of radar

data like meteorologists would require accurate data to interpret and predict information

obtained correctly. There are issues associated with radar data, such as calibration offsets

of radar moments; these issues can be solved by periodically calibrating the weather radars.

There are various calibration methods that are used to ensure accurate data is measured

from the radar [40]. There are other issues in weather radar data that cannot be avoided,

but these issues can be considered and corrected. One such issue is the loss of signal power

due to attenuation.

The attenuation of radar signals is one is the factors that need to be considered carefully.

A brief discussion about the attenuation in radars was provided in chapter 3. Based on

the previous literature, the attenuation values for rain can be well defined for different rain

rates. The determination of attenuation values for ice hydrometeors is quite tricky. This is

because of the varying density of the ice particles and also the amount of water covering the

ice particles.

To understand the amount of attenuation encountered by the radar signal beam due to

snow particles, the specific attenuation is computed using the Gunn-East model [41]. The

computation of specific attenuation based on this model is given in Equation 36. Where RR

is the liquid water equivalent (LWE) snow rate and λ is the wavelength. The model used for
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Figure 5.1. Snow attenuation versus frequency for different snow rates.

computing the losses due to snow is parameterized by the equivalent liquid content instead

of volume. The model assumes 0◦C with snow particles.

(36) Ah = 0.00349
SR1.6

λ4
+ 0.00224

RR

λ

Figure 5.1 shows the variation of snow attenuation with respect to frequency and varying

snow rates. For light snow the equivalent liquid water content was considered as 0.1 mm/h,

for moderate snow the value was chosen as 1 mm/h and for heavy snow the value was 4

mm/h. The snowfall rates are characterized based on the society of automotive engineers

(SAE) [42].

Ice particles can be classified as dry ice and wet ice. In dry ice, there is no influence

of water in the liquid state covering the ice particle. As temperature increases, some parts
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Figure 5.2. Attenuation coefficient versus frequency for dry ice spheres and
ice spheres with water shell [7].

of the ice particles begin to melt and a water coating will be present on the ice particles,

which we call wet ice. This will further increase attenuation. The attenuation for dry ice

spheres and ice spheres with water shells is shown in Figure 5.2. From this figure, it can be

seen that the attenuation for dry ice spheres is much lower than the ice spheres with water

shells. A complete summary of how the variations of attenuation coefficient with frequency

and diameter of the ice spheres can be found in [7].

In this chapter, the attenuation correction in weather radars for rain is introduced. A

new method for attenuation correction for ice hydrometeor particles is discussed and the

results are presented with the help of the X-band and Ku-band radars. This method of

attenuation correction can be used for correcting the received signals at the radar at various

frequency bands.

5.1. Current methods for attenuation correction in weather radars

Accounting for attenuation and correcting it for data obtained from weather radars is a

challenging task. A procedure based on the combination of a Bayesian changepoint model

and ordinary least squares was used to identify attenuation in radar signals [43]. In [44] large
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attenuation values were observed at the X-band frequencies, which led to large errors in rain

estimation techniques. Reflectivity and differential reflectivity are the two radar variables

that are affected by attenuation [45]. The problem of attenuation correction in weather

radars has been investigated for more than three decades. Various algorithms have been

developed for attenuation correction for rain particles and the improvement in the derived

products have been published.

Procedures to estimate the specific and differential attenuation using dual-polarization

radar moments at C-band frequencies were shown in [46] and [47]. An attenuation correction

procedure was developed based on raindrop size distribution (DSD) obtained from disdrom-

eter measurements by [48]. An attenuation correction method developed by [49] was based

on the property that the differential propagation phase is nearly linearly proportional to

cumulative attenuation in the usual radar frequencies. [50] discusses a self-consistent ZPHI

method for attenuation correction of reflectivity and differential reflectivity for rain atten-

uation. The improved ZPHI method, based on a self-consistent approach for attenuation

correction in a practical environment was discussed in [51]. An evaluation of attenuation

correction methodology for dual-polarization radars operating at the X band frequencies us-

ing a differential phase-based algorithm as well as the range-profiling algorithm are discussed

in [52].

Researchers have also used various indirect methods to address the problem of attenua-

tion; some researchers even used microwave links to determine attenuation [53]. In [54], the

arbitrarily oriented microwave link is used to optimize the ratio of specific attenuation to a

specific differential phase, a key parameter in attenuation correction schemes.

The problem of attenuation correction in weather radars has been researched in the CSU

radar group for over three decades. Various algorithms have been developed for attenuation
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correction for rain particles and improvement in the derived products has been published.

The Dual-Polarization Radar Operational Processing System (DROPS), an attenuation cor-

rection and quality control algorithm developed at CSU, is widely used to estimate accurate

radar moments. The improved radar moments are used for enhancements of the quantitative

precipitation estimation (QPE).

There are currently two different versions of the DROPS algorithm. The first version

of DROPS is referred to as DROPS1.0. The DROPS1.0 algorithm was invented to ensure

quality data is obtained after processing the raw weather radar data. The algorithm estimates

the specific phase (Kdp) based on a robust method and hydrometeor classification using a

bin-based fuzzy logic approach. More details of the DROPS1.0 algorithm can be found in

[55]. Rainfall rate estimation was improved after using the DROPS1.0 algorithm. Many prior

works validated the results of outputs from the DROPS1.0 algorithm. This was accomplished

using the CSU-CHILL and National Weather Service NEXRAD radars.

The improved version of the DROPS1.0 algorithm, referred to as the DROPS2.0 algo-

rithm, provides various advantages and additional features for correcting radar data. The

step-by-step procedure of the DROPS2.0 algorithm is explained next. The first step of the

DROPS2.0 algorithm involves data quality correction and Kdp estimation. The adaptive

algorithm developed by [32] is used to estimate the Kdp which is then used to filter out

non-meteorological echoes and ground clutter. The non-meteorological targets are classified

based on characteristics of differential phase and co-polar correlation.

The quality-controlled data is provided as an input to the advanced hydrometer classi-

fication module. The hydrometeor classification in the DROPS2.0 is based on region-based

classification. This is a semi-supervised hydrometeor classification method that has shown

promising results in the past. A brief discussion of the hydrometeor classification is described
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Figure 5.3. Steps for hydrometeor classification in DROPS2.0 algorithm.

next as we will be using this output in the proposed algorithm. More detailed information

regarding the hydrometeor classification can be found in [8].

The radar quality controlled moments reflectivity (Zh), differential reflectivity (Zdr), co-

pol correlation (ρhv) and Kdp are the inputs for the hydrometeor classification module. The

vertical temperature profile obtained using a nearby sounding station is provided as an input

to the module. The various steps of the classification module are given in Figure 5.3. As

the first step, the bin-based fuzzy logic approach with four general blocks is implemented

to get initial hydrometeor classification results [56]. This is a traditional way of obtaining

the classification outputs. The quality of wet ice classifications is then used to adjust the

temperature profile, which is essentially the average confidence of all the bins identified as
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Figure 5.4. CASA IP1 RHIs of dual-polarization variables at 04:14 UTC
20 May 2011, along the azimuth 101.6◦: (a) observed Zh, (b) attenuation
corrected Zh, (c) Zdr, (d) ρhv, (e) Kdp and (f) final hydrometeor classification
[8].

wet ice based on the inference rule [8]. As a second step to incorporate the spatial continuity

and microphysical constraints for each class, a modified K-means clustering technique is

applied. The connected component labeling algorithm is then employed to derive connected

regions [57], and the final classification is performed over connected regions where unique

labeling of regions populated with adjacent bins are assigned to the same hydrometeor type.
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In total, sixteen class labels are obtained from the hydrometer output as below: No data,

Ground clutter, Non-meteorological clutter, clean air (CA), Attenuation, not classified, large

drops (LD), drizzle (DR), rain (RA), heavy rain (HR), rain–hail mixture (RH), hail (HA),

graupel (GR), wet ice (WI), dry ice (DI), crystals (CR), and dendrites (DN). This region-

based approach is appealing because of its operational application and easy interpretation

compared to the conventional fuzzy-logic method. Figure 5.4 illustrates the radar observa-

tions and corresponding hydrometeor classification results for a range–height indicator (RHI)

scan from CASA IP1 radar on May 20, 2011 at 04:14 UTC. From this figure, it can be seen

that the various regions of the storm are classified according to the particle type present.

This information will be useful for further interpretation of the data.

Another important feature of the DROPS2.0 algorithm is the rainfall rate estimation.

The rainfall rate algorithm uses the information of the corrected radar moments to accurately

estimate the values. The comparisons of using DROPS1.0 versus DROPS2.0 is explained

with results in [5]. From the comparison, it is mentioned that DROPS2.0 gives better

rain rate estimates and cleaner hydrometeor classification. A comparison of rainfall rates

computed using various algorithms from NPOL radar data taken on May 20, 2013 at 03:50

UTC is shown in Figure 5.5. From this figure, it can be seen that the DROPS1.0 rainfall

rate estimates perform better than the NEXRAD Z-R and NEXRAD DP methods. It is also

seen that the DROPS2.0 rainfall rate is better than DROPS1.0 estimated, detailed analysis

for this case can be found in [5].

The DROPS2.0 algorithm is used in the proposed method for attenuation correction

for ice hydrometeors; this is discussed later in this chapter. Before looking at the new

attenuation correction algorithm, it is important to get a basic idea of attenuation correction

for ice hydrometeors which is explained in the next section.
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Figure 5.5. Rainfall rate estimates comparisons using different rainfall rate
computation algorithms along with the corresponding radar moments data for
NPOL radar data at 03:30 UTC 20 May 2013: (a) Zh, (b) Zdr, (c) φdpP, (d)
ρhv, (e) NEXRAD Z-R, (f) NEXARD DP, (g) DROPS1.0 and (h) DROPS2.0
[5].

5.2. Attenuation correction for ice hydrometeors

It was mentioned earlier that the attenuation values vary for different precipitation par-

ticle types. The attenuation depends on the type of precipitation particle present in the

atmosphere. Rain particles produce large attenuation values compared to ice particles. Also,

ice particles have different shapes and densities, which are related to different environmental

factors such as temperature. The snow morphology diagram shown in Figure 5.6 represents

various types of ice crystals that are formed in the atmosphere. From this figure, it can be

seen that the snow type depends on the temperature and the supersaturation level of the

environment. We can also see that different shapes of the ice crystals, such as plates and

columns, are present at different temperatures. One or many of these various types of ice

hydrometeors can be present during a precipitation event.

Snow aggregates consist of ice crystals merged together. As smaller snow particles such

as plates, needles and dendrites fall from the top layer of the atmosphere, they tend to melt

a bit and merge with other particles nearby due to the increase in the temperature. This

93



Figure 5.6. The snow crystal morphology diagram [9].

process can happen in various ways. However, we will not discuss them further here. A

combination of many ice particles merged together will give us aggregate particles. The

density of aggregates is much lower compared to individual ice crystals as aggregates largely

contain air due to the packing of the ice particles in a loose manner. Dendrites consist of

individual snowflakes, the snowflakes have branches around them and the axis ratio of the

dendrites is usually very low. The ice plates and columns have high density and the axis ratio

of these particles are very low too. Graupel and hail are bigger particles in size compared

to other hydrometeors and their number concentration is very less compared to other ice

populations. A particular shape of symmetric graupel with an axis ratio of 0.8 is considered

in this research. Hail can be of spherical and conical shape. In this study, only spherical hail

is considered.
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Figure 5.7. Parameters considered for T-matrix simulations for different hy-
drometeor particles.

In order to understand the attenuation produced by various precipitation particles, the

theoretical results should be studied in detail. Different precipitation particles have differ-

ent particle size distribution (PSD) and temperature range associated with them. T-matrix

simulations were carried out to understand the relationship between various radar moments

and specific attenuation. The input for the T-matrix simulations requires distinct particle

size distribution and the shape information of the hydrometeors. The particle shape and

distribution vary widely for each ice hydrometeor type. There are no fixed values in the

literature to characterize each hydrometeor’s size, shape and distribution. Most researchers

in the past have used observational data to estimate the characteristics of the ice particles.

Based on [58], [59], [60], [61] the characteristics of the hydrometeor particles were consid-

ered in this work. Figure 5.7 summarizes the various parameters for different hydrometeors

considered in this study.

The T-matrix method [62] is considered for simulation of the radar signals. The T-matrix

method for computing the scattering properties from a radars perspective is a well-established

method. This method was developed in the early 1990s and has proved very useful since

then. There are additional code wrappers for the T-matrix code, such as in Python and

FORTRAN programming languages. A FORTRAN code is used to obtain the scattering
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properties of the ice particles in this study. This method assumes the precipitation particles

as spheres even if they are of different shapes and computes the scattering coefficients. For

ice particles like plates, this will be an approximation, but the results can be used for ice

studies.

The simulations presented here are carried out at the Ku and X frequency bands. Simula-

tions for other frequency bands, such as the Ka-band, can be carried out, and the scattering

regime of the precipitation particles should be considered when carrying out simulations

above Ku band frequencies. The simulation takes a long time to converge for cases in

which the hydrometeor particles are very small in size. A shell script was written to run

the T-matrix code for twenty thousand instances for each particle type. The particle size

distribution was generated randomly within the range corresponding to each particle. The

scattering computations are done for each particle and the corresponding radar parameters

are computed and stored at the output. Then a MATLAB code was written, which reads

the twenty thousand data points and computes the required relationships, and also for gen-

erating the scatter plots. Using such a large number of simulation points ensures that there

is a minimal error in the retrieved relationships. Also, the simulations were conducted for

various elevation angles as the scattering properties vary depending on the radar incidence

elevation angle. The radar moments estimated from the simulations will have different val-

ues at different elevation angles even if the precipitation particle’s characteristics remain the

same. Elevation angles from 0 degrees up to 45 degrees in steps of 5 degrees were considered

and the simulation outputs were obtained.

Reflectivity (Z), differential reflectivity (Zdr), specific phase (Kdp) and specific attenu-

ation (Ah) parameters are obtained from the simulation output. Relationships between Ah
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and Z and between Ah and Kdp are used to estimate the specific attenuation in weather

radar data. The relationship between Ah and Kdp is defined in Equation 37.

(37) Ah = aKb
dp

Since Kdp is a derived product obtained using the information of differential phase, it

is preferable to use the relationship between Ah and Kdp when Kdp is available. The Kdp

estimated by the DROPS2.0 algorithm can be considered very accurate. Hence, this rela-

tionship is used in this study. When Kdp is unavailable, for example, in single polarization

radars, the relationship between Ah and Z can be used to estimate the Ah. The use of the

relationship between Ah and Z is not presented in this work.

Figure 5.8 shows the scatter plots of Ah and Kdp of both horizontal and vertical polariza-

tions for various hydrometeors at an elevation angle of zero degrees at the X band. The red

line in the figures represents the power-law fitted line for these two parameters. The values

for parameters a and b obtained from the fit for various hydrometeors and elevation angles

are given in Appendix A. The error plots are also shown for the corresponding hydrometeor

type in this figure. The errors are low for both polarizations for all hydrometeor types. The

results obtained for only zero degrees simulation outputs for all hydrometeors are shown here

considering the space constraints.

Figure 5.9 shows the scatter plots of Ah and Kdp for three different elevation angles for

snow aggregates at the X band. The red line in the figures represents the power-law fitted

line for these two parameters. It can be seen from this figure that as the elevation angle

increases, for the same Ah value, the Kdp value decreases, and the decreasing Kdp values are

more prominent at higher elevation angles around 45 degrees.
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Figure 5.8. Scatter plots of specific phase versus specific attenuation for
different hydrometeors at 0◦ elevation angle at the X band (a) Rain, (b) Snow
aggregate, (c) Crystals, (d) Graupel and (e) Hail. The red line represents the
power-law fit line.
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Figure 5.9. Scatter plots of specific phase versus specific attenuation for
snow aggregates at the X band (a) 0◦ elevation angle, (b) 20◦ elevation angle,
(c) 45◦ elevation angle.

Figure 5.10 shows the scatter plots of Ah andKdp of both horizontal and vertical polariza-

tions for various hydrometeors at an elevation angle of zero degrees at the Ku band. The red

line in the figures represents the power-law fitted line for these two parameters. The values

for parameters a and b obtained from the fit for various hydrometeors and elevation angles

are given in Appendix B. The error plots are also shown for the corresponding hydrometeor

type in this figure; the errors are very low for both polarizations for all hydrometeor types.

The results obtained for only zero degrees simulation outputs for all hydrometeors are shown

here considering the space constraints. For getting a correct relationship, the exact PSD and

particle characteristics used for X band simulations were used for the Ku band simulations.

Twenty thousand data points were simulated at the Ku band frequency as well.
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Figure 5.11 shows the scatter plots of Ah and Kdp for three different elevation angles for

snow aggregates at the Ku band. The red line in the figures represents the power-law fitted

line for these two parameters. It can be seen from this figure that as the elevation angle

increases, for the same Ah value, the Kdp value decreases, and the decreasing Kdp values are

more prominent at higher elevation angles around 45 degrees. The relationships obtained

for various hydrometeor types at both horizontal and vertical polarizations are used in the

attenuation correction algorithm explained in the next section.

5.3. The New attenuation correction algorithm

In this section, a new algorithm used for attenuation correction, which will work for

rain as well as ice hydrometeors is introduced. The attenuation correction for rain particles

was discussed previously. With the information from the theoretical simulations using the

T-matrix and the DROPS2.0 algorithm, a new algorithm which corrects for attenuation for

all types of hydrometeors is developed in this work. Figure 5.12 shows the flowchart of the

new proposed attenuation correction algorithm.

The first step of the algorithm involves providing the observed data from the radar to

the DROPS2.0 algorithm. The DROPS2.0 algorithm estimates the specific phase for the

full radar scan. The additional feature as explained earlier, is that the DROPS2.0 algorithm

outputs specific attenuation variables for only rain particles. In other words, the specific

attenuation values are obtained for all the rain particles below the melting layer in the data.

The DROPS2.0 also outputs the hydrometeor classification in sixteen different classes. These

hydrometeor class are further simplified to six different classes to be used in the proposed

algorithm. The six different classes are Rain, Hail, Graupel, Crystals and Snow aggregates.

This information of hydrometeor classification along with specific phase is used to determine
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Figure 5.10. Scatter plots of specific phase versus specific attenuation for
different hydrometeors at 0◦ elevation angle at the Ku band (a) Rain, (b) Hail,
(c) Graupel, (d) Snow aggregate, (e) Crystals and (f) Dendrites. The red line
represents the power-law fit line.
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Figure 5.11. Scatter plots of specific phase versus specific attenuation for
snow aggregates at the Ku band (a) 0◦ elevation angle, (b) 20◦ elevation angle,
(c) 45◦ elevation angle.

the specific attenuation for all the hydrometeors. The specific attenuation is related to the

specific differential phase as shown in Equation 37.

The simulation studies discussed in the previous section are used to obtain the parameters

a and b used in the above equation, which depend on the type of precipitation particle,

polarization and elevation angle. Based on the elevation angle, the specific attenuation is

computed for all resolution volumes in the radar data. The rain attenuation is directly taken

from the DROPS2.0 algorithm as they have proved to be robust in prior research works.

Once we have the specific attenuation values, the Path Integrated Attenuation (PIA) is

computed for each ray of the radar data. A ray of radar data corresponds to all the radar

resolution volumes along the range for a particular azimuth or elevation, which depends on

102



Figure 5.12. The new algorithm for attenuation correction for all hydrom-
eteors.

whether the radar collected data in Plan Position Indicator (PPI) or Range Height Indicator

(RHI) scan. The PIA of radar resolution volume is the sum of the attenuation values (two-

way) of all the preceding resolution volumes. The PIA for the horizontal polarization and

vertical polarization are defined in equation 38 and 39 respectively.

(38) PIAh(r) = 2

∫ r

0

Ah(s)ds

(39) PIAv(r) = 2

∫ r

0

Av(s)ds
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Where r is the range, s is the propagation interval path length and PIA (r) is in decibels.

Once the PIA is obtained for all the resolution volumes, the attenuation values are corrected

in the radar variables. Reflectivity and differential reflectivity are the two variables in which

attenuation should be corrected. The attenuation corrected reflectivity is computed using

Equation 40.

(40) Zh(corr) = Zh + PIAh

The attenuation corrected differential reflectivity is obtained according to Equation 41.

(41) Zdr(corr) = Zdr + PIAh − PIAv

The attenuation corrected reflectivity and corrected differential reflectivity are more ac-

curate values for data interpretation than the direct radar moments. The validation of the

radar reflectivity values is shown in this research work. This method can be applied to radars

operating at any frequency band which lies in the Rayleigh scattering region. Although we

only show the relationships developed in this work for the Ku and X-bands, we can ex-

plore further research for obtaining relationships for the Ka-band radars. We can apply this

algorithm to both PPI and RHI scan data.

5.4. Attenuation correction for Ku band data

5.4.1. D3R radar data and ICE-POP 2018 field campaign. The dual-frequency,

dual-polarization, Doppler weather radar (D3R) was developed by NASA, Colorado State
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Figure 5.13. The D3R radar deployed on a rooftop of a building in
PyeongChang region, South Korea during the ICE-POP field campaign. Cred-
its: Aron Dabrowski.

University and Remote Sensing Solutions as a collaborative effort to support the Global Pre-

cipitation Measurement (GPM) mission. The D3R radar operates at the frequency bands

of Ku (13.9 GHz) and Ka (35.5 GHz). Some of the main features of the D3R include the

use of a solid-state amplifier and a novel waveform composed of two consecutive, frequency

modulated, frequency separated pulses [63]. The D3R radar operating at these high frequen-

cies is affected by attenuation. The attenuation in the Ka band is much worse compared

to the Ku band in the rain, but Ka band radar has the advantage of observing smaller ice

hydrometeors. This advantage is because as the wavelength of the radar increases the ability

to detect smaller size hydrometeors increases. So the Ka-band radar is much more useful for

capturing snow observations.
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Figure 5.14. The maximum unambiguous range coverage of the D3R radar
during ICE-POP field campaign. Credits: Google Earth.

During the past seven years, the D3R has participated in various field campaigns col-

lecting quality data [64]. The various field campaigns in which D3R participated include

the GPM Cold-season Precipitation Experiment (GCPEx), Olympic Mountain Experiment

(OLYMPEX), Integrated Precipitation and Hydrology Experiment (IPHEx), Iowa Flood

Studies (IFloodS) and International Collaborative Experiment during the PyeongChang

Olympics and Paralympic winter games 2018 (ICE-POP). In this work, the data collected

during the ICE-POP field campaign is discussed.

The ICE-POP field campaign held in the PyeongChang region of South Korea had many

weather sensing instruments from around the globe to capture and understand winter pre-

cipitation better. The D3R radar which operates at Ku and Ka was also deployed, which

had the advantages of high-frequency radar with large spatial coverage for capturing remote

sensing observations of both rain and snow. The picture of D3R deployed at the Daegwal-

lYeong Weather Office is shown in Figure 5.13. The 40 km unambiguous range coverage
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of the D3R radar is shown in Figure 5.14. Studying winter precipitation using D3R radar

opens doors for many research fields. Therefore, providing accurate data for researchers and

scientists around the world is a priority task. Though the D3R radar was well calibrated

during the campaign, the effects of attenuation need to be corrected to provide quality data

to end users. The D3R Ku band radar data is used here to present the performance of the

attenuation correction algorithm.

The new algorithm for attenuation correction for all hydrometeors used on the D3R

Ku band radar is explained next and the performance is studied. The algorithm performs

attenuation correction as explained in Section 5.3, but the theoretical relationships between

attenuation and specific phase is based on simulations at Ku band. Also, it should be noted

that no prior work has been done to correct for attenuation for ice hydrometeors in the D3R

radar.

To study the performance of the algorithm, we present two case studies from ICE-POP

campaign data in this work. The first case study is for a rain case which was captured in

early November and the second case study was captured in late February, when it was the

peak snow season in PyeongChang region. Figure 5.15 shows the various radar moments

from an RHI scan corresponding to a rain case. This data was collected on November 10,

2017 at 07:34 UTC. From this figure, we can see that the storm is extending up to 6 km in

height. The melting layer of this case is around 1200 m. The specific phase and hydrometeor

classification outputs are obtained after applying the DROPS2.0 algorithm to the data.

From the Figure 5.15 (a), it can be seen that the reflectivity values go up to 40 dBZ

below the melting layer around 5 km in range. Regions with high reflectivity values will

cause the radar data to get attenuated as they pass through the peak region of the storm.

It should also be noted that in the Figure 5.15 the data at low elevation angles after 10
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Figure 5.15. Radar moments for the D3R Ku band for RHI scan data col-
lected on November 10, 2017 at 07:34 UTC. (a) Observed Reflectivity, (b)
Observed Differential reflectivity, (c) Specific phase, (d) Copolar correlation
(e) and (f) Hydrometeor classification output.
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Figure 5.16. Radar moments for the D3R Ku band for RHI scan data col-
lected on November 10, 2017 at 07:34 UTC. (a) Observed Reflectivity, (b)
Observed Differential reflectivity, (c) Path integrated attenuation - H Pol, (d)
Path integrated attenuation - V Pol, (e) Corrected reflectivity and (f) Cor-
rected differential reflectivity.
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km range is not present. This is due to the blockage of the radar beam by the mountains

present in the region. The other moments captured by the radar are also shown. We can

clearly see the melting layer in the differential reflectivity and co-polar correlation pictures.

The differential reflectivity is shown in Figure 5.15 (b); the values are higher below the

melting layer compared to above the melting layer. Figure 5.15 (e) shows the hydrometeor

classification of all 16 classes from the DROPS2.0 algorithm, Figure 5.15 (f) shows the

simplified hydrometeor classification, used to obtain the attenuation parameters and correct

the data.

Figure 5.16 shows the attenuation parameters and the corrected reflectivity computed

using the new algorithm. Figures 5.16 (c) and (d) shows the path integrated attenuation at

horizontal and vertical polarizations. The specific attenuation in the rain region is greater

compared to the snow region. As seen in the equation earlier, the specific attenuation values

get added to construct the path integrated attenuation. It can be seen from this figure that

as the elevation angle increases, the attenuation decreases, which is dependent on the specific

phase. Also, the PIA increases as we go along the range which is as expected. Figure 5.16

(e) shows the attenuation corrected Ku band reflectivity. Comparing this figure with 5.16

(a), it can be seen that the rain attenuation and the snow attenuation have been corrected

and the results look visually better. Figure 5.16 (f) shows the attenuation corrected Ku

band differential reflectivity. Comparing this figure with 5.16 (b), it can be seen the value

are slightly increased in the farther range bins.

The second case study considered is for a snow case captured during a huge snow storm

on the February 28, 2018. The RHI scan considered here is taken during the peak time of

the snow storm. Figure 5.17 shows the various radar moments from this RHI scan. This

data was collected at 11:25 UTC. For this snow storm, the vertical profile extended up to 8
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Figure 5.17. Radar moments for the D3R Ku band for RHI scan data col-
lected on February 28, 2018 at 11:25 UTC. (a) Reflectivity, (b) Differential
reflectivity, (c) Specific phase, (d) Copolar correlation (e) and (f) Hydrome-
teor classification output.
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Figure 5.18. Radar moments for the D3R Ku band for RHI scan data col-
lected on February 28, 2018 at 11:25 UTC. (a) Observed Reflectivity, (b) Ob-
served Differential reflectivity, (c) Path integrated attenuation - H, (d) Path
integrated attenuation - V, (e) Corrected reflectivity and (f) Corrected differ-
ential reflectivity.
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km in height. Data up to 6 km is shown in this figure. Since this is a snow case, the melting

layer can be considered to be below the surface of the ground. The specific phase and

hydrometeor classification outputs are obtained after applying the DROPS2.0 algorithm for

the data. Since DROPS2.0 corrects attenuation only until the melting layer for rain particles,

no attenuation data from DROPS2.0 is used in the new algorithm for this case.

From the Figure 5.17 (a) we can see reflectivity values going up to 30 dBZ. These reflec-

tivity values are sufficient enough to get noticeable attenuation in the snow at far ranges.

It should also be noted that in the figure, the data at low elevation angles after 5 km range

is not present. This is due to the blockage of the radar beam by the mountains for this

scan. From figures 5.17 (b), (c) and (d), we can see a band of bright specific phase. In

the same band, the differential reflectivity increases and the co-polar correlation decreases.

This corresponds to a mixture of ice crystals and aggregates present. More details regarding

this study can be found in [65]. Figure 5.17 (e) shows the hydrometeor classification of all

16 classes from the DROPS2.0 algorithm, figure 5.17 (f) shows the simplified hydrometeor

classification which was used to obtain the attenuation parameters and correct the observed

radar data.

Figure 5.18 shows the attenuation parameters and the corrected reflectivity computed

using the new algorithm. It was observed from the specific attenuation obtained for different

ice hydrometeors that the attenuation is peaking near the band where ice crystals and ag-

gregates are present; this corresponds to the peak in specific phase. Figure 5.18 (c) and (d)

show the path integrated attenuation for horizontal and vertical polarizations. It can be seen

from this figure that as the elevation angle increases, the attenuation decreases as expected

with the theoretical simulations. As expected, the PIA increases as we go along the range.

Figure 5.18 (e) shows the attenuation corrected Ku band reflectivity. Comparing this figure
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Figure 5.19. Comparison of attenuation corrected reflectivities considering
rain attenuation parameters for the complete scan versus the new method for
attenuation correction (a) and (b) November 10, 2017 at 07:34 UTC case, (c)
and (d) February 28, 2018 at 11:25 UTC case.

with 5.18 (a), it can be seen that the snow attenuation has been corrected and the results

look better. Figure 5.18 (f) shows the attenuation corrected Ku band differential reflectivity.

Comparing this Figure with 5.18 (b), it can be seen the value are slightly increased in the

farther range bins.

In prior literature, many researchers correct the attenuation caused by hydrometeors for

the full scan (all hydrometeors) using the rain attenuation parameters determined. This
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way of attenuation correction will yield large or incorrect results in the ice region. Other

researchers do only attenuation correction until the melting level where the rain hydrome-

teors end. This method will give correct results only till the melting layer and the data in

the ice region will still be inaccurate. The new algorithm in this work which corrects the

attenuation for rain and ice regions effectively will provide a more accurate data set to be

used. Figure 5.19 shows the comparison of the results of attenuation correction considering

rain parameters for the full scan and using the new algorithm for rain and snow cases. From

these figures, it can clearly be seen that using rain parameters for the full scan overestimates

the reflectivity value in the ice region. With the new algorithm, the results look reasonable.

Comparing the radar attenuated corrected values to the actual truth value of reflectivity

is a challenging task. Direct and indirect methods are used to check the accuracy of at-

tenuation correction which was done for the radar data. In the direct way of comparison,

the attenuated corrected values such as reflectivity are compared with reflectivity data from

other instruments such as disdrometers or other radars. It should be noted that the system

bias should be accounted for when comparing the data using two different platforms. The

indirect way of comparison involves comparing the derived products such as rain rate, which

use the attenuated corrected variables. For example, the rain rate obtained using the at-

tenuated corrected reflectivity could be compared to the rain gauges. A close match would

indicate correct attenuation correction has been done for the data.

To check the accuracy of attenuation correction done for reflectivity data of the D3R Ku

band, data from a Parsivel disdrometer which was located at YongPyong Cloud Physics Ob-

servatory (YPO) is considered. This disdrometer is located 5.7 km away and approximately

at 233 degree azimuth from the location of the D3R radar. The disdrometer’s reflectivity

values were computed using the Equation 42.
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Figure 5.20. Comparison of observed reflectivity and attenuation corrected
reflectivity of D3R data with reflectivity from a Parsivel disdrometer.

(42) Zh =
λ4

π5|kw|2
∫

σh(D)N(D)dD

where kw is the dielectric factor of water, λ is the wavelength and σh is the radar cross

section, which is computed using the scattering model.

In Figure 5.20, the reflectivity data taken on February 28, 2018 from 08:30 to 13:30 UTC

is considered. This is the same day from which the snow case for attenuation correction was

considered. From the Figure 5.20, it can be seen that the uncorrected reflectivity from D3R

has lower values than the corrected reflectivity. Also, the attenuated corrected reflectivity
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Figure 5.21. (a) X-band radar deployed at Santa Clara, California and (b)
X-band radar deployed at Mt. Crested Butte, Colorado.

values are much closer to the disdrometer-derived reflectivity values which indicate that the

attenuation correction gives us more accurate data.

5.5. Attenuation correction for X band data

In this section, the attenuation correction results obtained for the X-band radar data

are discussed. The X-band radars deployed at Santa Clara, California (XSCV) and Mt.

Crested Butte, Colorado (SAIL) are considered to study the performance of the attenuation

correction algorithm at the X-band. The pictures of both the radars are shown in Figure

5.21.

The first case is taken from the XSCV radar; more details on this radar can be found in

[33]. A stratiform precipitation case from this radar is considered here. The case study is

for a rain case that was captured in early February. The data is taken from the February

8, 2019 at 22:38 UTC. We can see stratiform rain events in this region with a clear melting

layer during the timeframe of the data.
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Figure 5.22. The X-band radar data and DROPS output for rain case on
February 8, 2019 at 22:38 UTC. (a) uncorrected reflectivity, (b) uncorrected
differential reflectivity (c) Specific phase, (d) Copolar correlation, (e) and (f)
Hydrometeor classification output.
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Figure 5.23. The X-band radar data and attenuation corrected output for
rain case on February 8, 2019 at 22:38 UTC. (a) uncorrected Reflectivity, (b)
uncorrected Differential reflectivity, (c) Path integrated attenuation - H, (d)
Path integrated attenuation - V, (e) Corrected reflectivity and (f) Corrected
differential reflectivity.
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Figure 5.22 shows the PPI plots of the original data and the results obtained from the

DROPS algorithm. Each range ring in the figure corresponds to 10 km in range. Figure

5.22 (a) shows the radar reflectivity without accounting for attenuation correction; this will

be addressed as uncorrected/observed reflectivity from here on. It can be seen in this figure

that a bright band is present in the data approximately 15 km in range. Figure 5.22 (b)

shows the differential reflectivity, Figure 5.22 (c) show the specific phase and Figure 5.22 (d)

shows the copolar correlation. The hydrometeor classification output from the DROPS2.0

algorithm is shown in Figures 5.22 (e) and (f). From the figures, it can be seen that closer

to the radar, rain is present and then the snow takes over the PPI scan.

Figure 5.23 shows the attenuation parameters and the corrected reflectivity computed

using the new algorithm. The specific attenuation was computed for this radar scan using

the information of elevation angle, hydrometeor classification and specific phase. Since the

specific phase values are greater in the southern region, it was observed that the specific

attenuation values are higher here compared to other regions. Figure 5.23 (c) and (d) show

the path integrated attenuation for horizontal and vertical polarizations. It can be seen from

this figure that as the elevation angle increases, the attenuation decreases as expected with

the theoretical simulations. Also, the PIA increases as we go along the range which is as

expected. Figure 5.23 (e) shows the attenuation corrected X band reflectivity. Comparing

this figure with 5.23 (a), it can be seen that the snow attenuation has been corrected and

the results look better. Figure 5.23 (f) shows the attenuation corrected X band differential

reflectivity. Comparing this figure with 5.23 (b), it can be seen the values are slightly

increased based on the difference in path integrated attenuation at H and V polarizations.

The second and third cases are taken from the SAIL X-band radar. Snow cases are

considered from the radar data during peak winter in Colorado region. The second case
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Figure 5.24. The X-band radar data and DROPS output for rain case on
January 8, 2022 at 20:30 UTC. (a) uncorrected reflectivity, (b) uncorrected
differential reflectivity (c) Specific phase, (d) Copolar correlation, (e) and (f)
Hydrometeor classification output.
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Figure 5.25. The X-band radar data and attenuation corrected output for
rain case on January 8, 2022 at 20:30 UTC. (a) uncorrected Reflectivity, (b)
uncorrected Differential reflectivity, (c) Path integrated attenuation - H, (d)
Path integrated attenuation - V, (e) Corrected reflectivity and (f) Corrected
differential reflectivity.
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data is taken from the January 8, 2022 at 20:30 UTC. We can see from the case data that

the snow storm is going up to 3 km in height and is present up to 30 km of observational

range of the radar.

Figure 5.24 shows the PPI plots of the original data and the results obtained from the

DROPS algorithm. The maximum unambiguous range of the radar is 40 km. Data until

30 km is shown in the radar plots. Figure 5.24 (a) shows the radar reflectivity without

accounting for attenuation correction. It can be seen in this figure that the reflectivity values

are higher in the lower heights, which may indicate the snow aggregation process taking place

and large snow aggregates present. Figure 5.24 (b) shows the differential reflectivity, Figure

5.22 (c) show the specific phase and Figure 5.24 (d) shows the copolar correlation. The

hydrometeor classification output from the DROPS2.0 algorithm is shown in figures 5.24 (e)

and (f). From the figures, it can be seen that at lower heights, snow aggregates are present

and at higher heights ice crystals are present.

Figure 5.25 shows the attenuation parameters and the corrected reflectivity computed

using the new algorithm. The specific attenuation was computed for this radar scan using

the information of elevation angle, hydrometeor classification and specific phase. Figure 5.25

(c) and (d) show the path integrated attenuation for horizontal and vertical polarizations. It

can be seen from this figure that as the elevation angle increases, the attenuation decreases

as expected with the theoretical simulations. Also, the PIA increases as we go along the

range which is as expected. We can see attenuation of about 2 dB in the radar scan, which

needs to be corrected. Figure 5.25 (e) shows the attenuation corrected X band reflectivity.

Comparing this figure with 5.25 (a), it can be seen that the snow attenuation has been

corrected and the results look better. Figure 5.25 (f) shows the attenuation corrected X

band differential reflectivity. Comparing this figure with 5.25 (b), it can be seen the values
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are slightly increased based on the difference in path integrated attenuation at H and V

polarizations.

The third case data is taken from the December 24, 2021 at 08:28 UTC. We can see from

the case data that the snow storm is going up to 3 km in height and is present in the entire

observational range of the radar.

Figure 5.26 shows the PPI plots of the original data and the results obtained from the

DROPS algorithm. The maximum unambiguous range of the radar is 40 km. Figure 5.26

(a) shows the radar reflectivity without accounting for attenuation correction. It can be seen

in this figure that the reflectivity values are lower compared to the previous case considered.

Figure 5.26 (b) shows the differential reflectivity, Figure 5.26 (c) show the specific phase and

Figure 5.26 (d) shows the copolar correlation. The hydrometeor classification output from

the DROPS2.0 algorithm are shown in figures 5.26 (e) and (f). From the figures, it can be

seen that at lower heights, snow aggregates are present and at higher heights ice crystals are

present.

Figure 5.27 shows the attenuation parameters and the corrected reflectivity computed

using the new algorithm. The specific attenuation was computed for this radar scan using

the information of elevation angle, hydrometeor classification and specific phase. Figure 5.27

(c) and (d) show the path integrated attenuation for horizontal and vertical polarizations. It

can be seen from this figure that as the elevation angle increases, the attenuation decreases as

expected with the theoretical simulations. Also, the PIA increases as we go along the range

which is as expected. We can see attenuation close to 2 dB in the radar scan present which

needs to be corrected. Figure 5.27 (e) shows the attenuation corrected X band reflectivity.

Comparing this figure with 5.27 (a), it can be seen that the snow attenuation has been

corrected and the results look better. Figure 5.27 (f) shows the attenuation corrected X
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Figure 5.26. The X-band radar data and DROPS output for rain case on
December 24, 2021 at 08:28 UTC. (a) uncorrected reflectivity, (b) uncorrected
differential reflectivity (c) Specific phase, (d) Copolar correlation, (e) and (f)
Hydrometeor classification output.
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Figure 5.27. The X-band radar data and attenuation corrected output for
rain case on December 24, 2021 at 08:28 UTC. (a) uncorrected Reflectivity, (b)
uncorrected Differential reflectivity, (c) Path integrated attenuation - H, (d)
Path integrated attenuation - V, (e) Corrected reflectivity and (f) Corrected
differential reflectivity.
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band differential reflectivity. Comparing this figure with 5.27 (b), it can be seen the values

are slightly increased based on the difference in path integrated attenuation at H and V

polarizations.
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Chapter 6

System analysis of automobile radars for

precipitation mapping at regional scale

Previously in this dissertation, a brief introduction to automobile radars was provided.

In the previous chapters, the science and technology aspects of using automobile radar for

meteorological applications were explained in detail. In this chapter, the systems aspect

of the automobile radar for meteorological applications, in specific obtaining precipitation

maps are discussed. Simulation studies are carried out and a potential system of automobile

radar network for precipitation mapping is also discussed.

6.1. Simulation studies of precipitation mapping using automobile radar

network

Precipitation maps are images or data of the amount of precipitation over a particular

geographical area of interest. Previous studies for mapping precipitation used many methods,

including nowcasting algorithms [66]. Short-term forecasting, also known as nowcasting of

rainfall typically within a few hours is widely used in providing early warning and therefore,

has many practical applications [67]. Although it is common for these maps to represent

rain rate or rain accumulation, we can also obtain snow rates and snow accumulation. In

this study, the focus is limited to rain hydrometeors.

Precipitation maps obtained at the ground level are a very useful tool for hydrologists

as they can use this to compute the amount of surface runoff and map the water levels in

the urban regions. There are various ways to obtain precipitation maps. To obtain coverage
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Figure 6.1. Observed precipitation map for May 30, 2020 for the continental
United States [10].

over a large area, weather radars and satellites are the most preferred tools used for this

purpose.

Many real-time systems which are currently operating provide real-time rain rates and

accumulation in various parts of the USA. The NSF and NOAA have a webpage that puts

out the observed precipitation map over the continental United States constantly. An image

of the quantitative precipitation accumulation is shown in Figure 6.1. From this figure, it

can be seen that using this information; one can obtain the amount of rain in a particular

region/area. It should be noted that the resolution as we zoom the image to any particular

city will be limited.

Simulation studies are essential before deploying any system in the real-world. Using

simulations, we can study and modify the influence of various parameters on the system.

Simulation studies gives us useful information to design an efficient and robust system. The

potential use of a network of automobile radars for precipitation mapping is looked at by
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Table 6.1. Vehicle ownership in the U.S. as of 2016

Jurisdiction 2016 households
without vehicles
(%)

2016 vehicles per
household (%)

New York, New York 54.4 0.63
Jersey City, New Jersey 37.1 0.85
San Francisco, California 29.9 1.10
Miami, Florida 18.6 1.24
Atlanta, Georgia 16.4 1.28
Los Angeles, California 12.2 1.62
Tempe, Arizona 9.4 1.65
Dallas, Texas 9.1 1.59
FortWorth, Texas 4.8 1.83

performing simulations at the system level. The detailed discussion on the simulations is

explained next.

6.2. Study area considered for simulation

For studying the potential of using automobile radars to map precipitation in urban

areas, the Dallas-FortWorth (DFW) urban region is considered in this study. There are

many reasons which are explained next as to why DFW area was chosen for this study. Some

of the vehicle statistics support that the DFW region has a large number of automobiles on

the road. According to the statistics of automobiles report, there are more than 22 million

automobiles on the road in Texas as of 2018 [68]. Table 6.1 shows a 2016 vehicle ownership

report that indicates that the DFW region has more number of vehicles per household

compared to other major urban cities in the U.S.

Also, the DFW region is a perfect location to study urban precipitation as it houses

many precipitation instruments, including weather radars, rain gauges and disdrometers.

The CASA X-band radar network is also located in this region. The CASA radar network

comprises eight X-band radars. Additionally, the National Weather Service KFWS S-band

radar is present in the region. This radar network produces precipitation accumulation
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Figure 6.2. A Google earth view of the Dallas-FortWorth (DFW) region
considered for the simulation study. Credits: Google Earth.

every 1 min, 30-min and hourly. More information about the CASA radar network and the

precipitation maps generated can be found in [69].

For the simulation study the DFW area between 32.5 N to 33 N degree latitudes and

96.5 W to 97.5 W longitudes is considered. A google map image of this area is shown in the

Figure 6.2.

6.3. Precipitation map simulation studies considering automobile radars

As explained earlier in the dissertation, considering each automobile produces a rainfall

rate estimate, we end up with a large number of rainfall rate estimates from a small region.

This is considering the automobiles have radars installed on them and have the capability

to estimate precipitation values. For simulating the radar data from automobiles, the road

data of the particular region of interest should be obtained as the first step.

The US road map data can be obtained from the United States Census Bureau [70] for

any particular region free of cost. This source provides data on primary and secondary roads
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Figure 6.3. Primary and secondary road data for the DFW region.

as well as data of all the roads present in the region. The data for the DFW region was

downloaded and the road data plot of primary and secondary roads are shown in Figure

6.3. The road data for all roads for a small sub-region highlighted in red color in Figure

6.3 is shown in Figure 6.4. We can see from this figure that if we consider all the roads,

the simulation points obtained will be a huge number. So, for simplifying the simulation,

only primary and secondary roads considered in figure 6.3 are used for this study. However,

it should be noted that we can expect much larger data for the simulation points if all the

roads are considered.

Next, the simulation steps are explained in detail. Once the road data is obtained, a fixed

number of points are randomly generated for the area of DFW considered. In this simulation

study, ten thousand data points are randomly generated. The randomly generated points can

be seen in Figure 6.5. The reason for considering these points is because we can represent the
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Figure 6.4. All roads data for a part of the DFW region which was high-
lighted in red in Figure 6.3.

automobiles in the region with these points. Since automobiles cannot be randomly spread

across the region, there should be a method to consider only the points on the road and

remove the remaining points from the simulation.

To consider the points nearest to the road and remove the remaining data points, the

distance between the randomly generated points and the nearest road should be computed.

To get the distance, each randomly generated point is checked for the distance with the road

locations; the minimum distance is recorded for that particular point using the distance

formula. Once the distances for all the randomly generated points are computed, we can

filter out the points which are very near to the road and eliminate the remaining points. A

picture of the distance of the point to the nearest road is shown in Figure 6.6. Note that in

this figure, the units for distance in degree units of latitude or longitude. For simplicity in

this study, the distance between 1 degree latitude and longitude is considered as 100 km.

133



Figure 6.5. Ten thousand random points generated on the DFW area which
are considered for the study.

A threshold of 0.001 is applied to the computed distance points to extract only the points

closer to the road. Points that have a distance value greater than 0.001 are removed from

the study. A distance of 0.001 degrees from the road corresponds to 100 meters. The reason

for choosing such a large threshold value was because we have considered only 10000 points

for simulation. If more data points are to be considered, then the threshold can be set to a

very small value.

A rain map had to be considered to assign the actual weather data to these points which

will then give a simulated data set of automobile radar data. The CASA radar network

outputs the merged rain rate product, this data was considered for this study. On May 29,

2015, a large storm spread across the DFW area was captured by the network of radars,

the Quantitative Precipitation Estimation (QPE) output was obtained for this day. A rain
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Figure 6.6. Distance to the nearest road for the ten thousand simulation
points considered.

Figure 6.7. Merged radar rainrate map from the CASA radar network on
May 29, 2015 at 05:30 UTC.
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Figure 6.8. Rain rate values corresponding to the selected points on/near
the roads.

intensity frame around 05:30 UTC was used to obtain the rain rate values for the simulation

points. The merged radar rain rate product at 05:30 UTC for our simulation area is shown

in Figure 6.7. The corresponding data points nearest to the road are assigned with the rain

rate values from the merged radar rain rate; these rain rate values are shown in Figure 6.8.

From these data points, we can see that they represent rainfall rate values according to the

merged rainfall rate from the CASA radar network output. Note that the rain rate scale in

the figures is in mm/hr.

The next part of the simulation study shows how we can use these data points, which

represent the automobile radars on the road, to recreate the precipitation map. To obtain

the continious precipitation maps from data points, data processing techniques such as inter-

polation can be applied. Interpolation of the data has to be done in two dimensions to create

the rainfall map. There are various interpolation methods in the literature. In this study,
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Figure 6.9. Performance of the three different interpolation methods used
in this study, the magenta circles are the data points (a) Exact solution for
sin(x) + cos(y) (b) Linear interpolation (b) Nearest neighbour interpolation
and (d) natural neighbour interpolation

we examine three types of interpolation methods. The three interpolation methods linear

interpolation, nearest interpolation and natural interpolation which is used in this study are

explained next.

To understand the performance of the three interpolation methods used in this study.

First the function f(x, y) = sin(x)+cos(y) is considered, fifty random points are constructed

for x and y in the interval [-3,3]. The exact solution for this function and the random

points generated are shown in Figure 6.9 (a). Using these fifty data points, the interpolation

methods are used for filling the data between the points and the output results are discussed.

For the linear interpolation output, as shown in Figure 6.9 (b), it can be seen that the

interpolation method captures most of the trend of the exact solution, but there are more

sharp edges in the interpolation output. For the nearest neighbor interpolation output, as
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Figure 6.10. Rain map output after using linear interpolation method for
the simulated data points.

shown in Figure 6.9 (c), it can be seen that the interpolation method captures the trend of

the exact solution in a step manner. It performs worse than linear interpolation output. For

the natural neighbor interpolation output, as shown in Figure 6.9 (d), it can be seen that

the interpolation method captures almost all of the trend of the exact solution and there are

fewer sharp edges compared to the linear interpolation. Overall among the three methods,

the natural neighbor performs well. Next, these interpolation methods are applied for the

precipitation simulation points created and the results are discussed.

For the precipitation point values shown in Figure 6.8, if we apply the linear interpolation

method to create a rain map, then we obtain the output as shown in Figure 6.10. From this

figure, it can be seen that the features of the storm are captured, but sharp edges along the

data is also observed.
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Figure 6.11. Rain map output after using nearest neighbour interpolation
method for the simulated data points.

When the nearest neighbor interpolation method is used, the output obtained is shown in

Figure 6.11. From this figure, we can see that there are definite polygon types of structures

for a particular data value. This interpolation method is not smooth over all the data values

and performs worse than the linear interpolation method.

The output when the natural neighbor interpolation method is used is shown in Figure

6.12. This interpolation method performs the best among the three interpolation methods

discussed until now. The features of the storm are captured well. Compared to the original

rainfall map image, the nearest neighbor method is still misses a few features. This is because

of the limited number of points used for the data simulation.

To asses whether we need to increase the data points for getting a better reconstructed

rain map.
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Figure 6.12. Rain map output after using natural neighbour interpolation
method for the simulated data points.

To asses whether we need to increase the data points for getting a better reconstructed

rain map. The natural neighbor interpolation result shown above is compared with the

output obtained from natural neighbour interpolation utilizing the complete ten thousand

points. The result of using natural neighbor interpolation with all ten thousand points is

shown in Figure 6.13. Clearly, from this figure, we can see that increasing the number of

points of simulation will yield us a better-reconstructed rain map. As mentioned before, we

have considered only primary and secondary roads for this study. If we had used all roads,

the results would have been similar to Figure 6.13. This can be studied in the future using

data from actual radars and applying advanced image processing techniques.

In all the simulation studies shown above, we assess 200 bins along the x-axis (longitude)

and 100 bins along the y-axis (latitude). If we approximate the 1 degree latitude and longi-

tude to 100 km, each resolution bin is 0.5km2. The consideration for multiple automobiles in
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Figure 6.13. Rain map output after using natural neighbour interpolation
method for the simulated data points, considering all ten thousand points.

single resolution volumes should be studied as well. In Figure 6.14 we can see two resolution

volumes. In the first resolution volume, there is only one car, and in the second resolution

volume, there are six cars. Considering each of these cars are having radars on them and

we obtain the rain rate from all of them, a suitable method should be applied to obtain one

single value for the rain rate from each resolution bin. In reality, there will be multiple cars

in a single resolution volume.

Some of the methods to obtain a single value for the resolution cell when we have multiple

data points inside the resolution volume are given below:

• Maximum value

• Mean value

• Weighted data point value
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Figure 6.14. Description of data points from the resolution volume - concept
diagram.

In the above simulation study, we use the maximum value method. In this method, if

there are more than one data point (rain rate values) inside a single resolution volume, then

the maximum value of the available data points are considered. For the mean value method,

the mean of the available data points is considered. If there is only one data point present

in the resolution volume, it will be considered directly. If there are no data points then the

resolution cell will be marked as no data present. Obtaining a single value for the resolution

cell using the above mentioned methods will influence accuracy of the rain rate spatially,

but the values do not vary significantly as the rain rates will be similar within a resolution

volume.
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Figure 6.15. Proposed system architecture of using automobile radar net-
work for obtaining precipitation information.

Various other factors have to be considered and studied further for these simulations.

A couple of considerations are described briefly next. Accurate calibration of the radars

will influence the correct estimation of the precipitation. When automobile radars are not

correctly calibrated for precipitation, we may get data that are incorrect. These data points

can be considered as outliers as till be different from the remaining data. Integrating the

outliers points for the estimation of the rain rate within the resolution cell might give incor-

rect values of output rain rates. These outliers in the data should be handled correctly. In

short, further ideas should be explored to correctly handle data quality and quantity. Other

aspects to consider is the system configurations to get the rain rate from automobile radars,

such as the refresh rate of the rain map and the memory requirements.
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6.4. Proposed system of precipitation mapping using automobile radars

The system of automobile radar network should be designed efficiently. Various sys-

tem designs were looked into, as discussed earlier in this chapter for obtaining precipitation

products and sending it to the end user. Based on the knowledge of prior systems, a pro-

posed system architecture for obtaining precipitation information using automobile radars

is discussed in this section. The system architecture diagram is shown in Figure 6.15.

Most of the time, automobiles are constantly on the move. It is necessary to group the

radar data obtained from each automobile into groups assigned to a particular region. These

groups can be spread over a few tenths or a few hundred meters, depending on the region of

interest. The data from these groups are collected and sent to the local data processing server.

This local data processing server should have the capability to connect many groups. We do

not need to uniformly distribute the concentration of the local servers over a geographical

region. For sending the data from each automobile to the local data processing server, we can

make use of the Internet, or with the advancement of embedded systems and smart cities,

data can be sent to the local data processing servers directly from the automobiles with the

least latency time. Considerations should be given to the geolocation of the automobiles

and the geolocation information has to be sent to the local servers. This is because the

automobile can be in one group at an instant of time and can move to a different group after

a few seconds. The GPS devices present on automobiles can be used for this purpose. The

geolocation of the automobile and the data latency plays a crucial factor. The most accurate

information would be necessary for the system to be working successfully.

Once the data from each automobile arrives at the local data processing station, the

data is pre-processed. The pre-processing of the data includes removing any data points

which are incorrect. The data is also quality corrected to include any known bias in the
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system. These local data processing servers can also provide calibration information to the

automotive radar sensors. Then the data in each group are merged together based on the

resolution requirement and then transferred to the main data processing servers.

The main data processing server receives and stores all the data obtained from the local

data processing servers. The server then merges the data again based on the resolution

requirement of the end user. The main data processing servers control many local servers

ranging up to a few hundred kilometers. Once the server generates the data processing and

meteorological products, the data is stored and transmitted to the end users.

The end users include emergency response service members, weather forecasters, National

Weather Service (NWS) and research groups. The data can be transmitted to them over

the Internet by accessing the main data storage servers. Feedback from the end users to

the main data processing servers is considered and the parameters of the data processing

and data collection can be updated. Overall, the system will improve the data product by

collecting feedback and changing the system dynamically.
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Chapter 7

Precipitation mapping at global scale

Precipitation mapping at the global scale is useful for studying the climate and variation

in the seasons across the globe. However, it is very challenging to gather data on such a

large scale. Precipitation mapping using remote sensing instruments deployed on satellites

has proven to be very useful for various applications. Various precipitation products in multi-

scale and multi-time have been developed using the data collected from the satellite remote

sensing instruments. Remote sensing data from satellites play a crucial role in mapping

remote areas where ground-based instruments cannot be deployed, such as over the ocean

or over large mountains. The Low Earth Orbit (LEO) and Geosynchronous Equatorial

Orbit (GEO) meteorological satellites orbiting the Earth can sense the radiation emitted or

reflected by atmospheric hydrometeors from space. The infrared data from satellites are also

used for precipitation measurements [71].

One of the well-known radar instruments deployed on a satellite is the Global Precip-

itation Measurement (GPM) mission’s Dual-frequency Precipitation Radar (DPR) which

operates at the Ku and Ka band frequencies. The GPM mission was initiated by the Na-

tional Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration

Agency (JAXA). The GPM mission comprises of many satellites carrying remote sensing in-

struments to collect remote sensing data. The DPR is deployed on the core GPM satellite.

The swath width of both the Ku and Ka radars is 245 km, with a range resolution of 250 m

and spatial resolution of 5 km. Figure 7.1 shows a graphical picture of the GPM DPR [11].

Some of the main goals of the GPM mission include a better understanding of Earth’s water
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Figure 7.1. The GPM DPR radar and its specifications [11].

cycle and climate change, calculating better rainfall rate estimates and improving winter

precipitation measurement.

A picture of data collected from the GPM DPR Ku and Ka band radars is shown in

Figure 7.2. The data was collected near the Dallas-Fort Worth region on the March 18, 2015

at 08:56 UTC. The Ku band radar had a larger swath width compared to the Ka band at

that time. The ground-based NEXRAD radar’s range ring is also shown in this figure, from

which we can see the benefits of the satellites in obtaining precipitation information over a

large area spatially.

Some methods combine data from satellites and other ground-based remote sensing in-

struments to obtain precipitation maps at the global scale. The National Oceanic and
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Figure 7.2. The GPM DPR radar data over the Dallas-Fort Worth (DFW)
region collected on 18th March 2015 at 08:56 UTC, the range ring of the DFW
NEXRAD radar is also shown for reference, (a) Ku band data and (b) Ka band
data.

Atmospheric Administration (NOAA) Climate Prediction Center have developed a morph-

ing technique (CMORPH) to produce global precipitation products by combining existing

space-based observations and retrievals. The infrared (IR) brightness temperature informa-

tion observed by geostationary satellites and passive microwave (PMW)-based precipitation

retrievals from low earth orbit satellites are used to derive the CMORPH products. The

data is reprocessed on a global grid with an 8km by 8km spatial resolution. The temporal

resolution is 30 minutes [72].

With the advantage of space-based precipitation products serving as an excellent tool for

hydrologic and climate studies, their accuracy is limited due to restrictions of spatial and

temporal sampling and the applied parametric retrieval algorithms, particularly for light

precipitation or extreme events such as heavy rain. Currently, researchers are working on

developing novel methods which improve the spatial and temporal sampling of precipitation

measurements from spaceborne instruments. Synthetic aperture radars (SAR) to observe

precipitation is an emerging research field. In this research work, the feasibility of using
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SAR for observing precipitation is introduced with simulation results from a spaceborne

perspective.

7.1. Synthetic aperture radars for mapping precipitation

For more than three decades, Synthetic Aperture Radars (SAR) have been widely used for

remote sensing of the Earth. In the past, spaceborne synthetic aperture radars (SAR), which

operate at various frequencies, have been deployed on airborne and spaceborne platforms

supporting various missions. SAR systems are preferred for imaging the Earth as they

provide data in high resolution and they are invariant with respect to the time of the day

(day or night). Obtaining high-resolution images/output of the scene under observation is

one of the main advantages of SAR. SAR is basically an imaging radar mounted on a moving

platform. The data is collected for an appropriate coherent time, during which many data

samples are collected at different positions of the SAR. The coherent combination of the

data collected is used to construct a virtual aperture that is much larger than the physical

antenna length. This basic attribute of SAR constitutes the name “synthetic aperture.”

SAR is used for a wide variety of applications such as interferometry and tomography.

More than twenty SAR systems have been successful in the past in imaging the Earth. The

applications of SAR include vegetation mapping, landcover monitoring and earth imagery.

SAR systems have also been used for planetary exploration missions and 4-D mapping of

the Earth. The SAR instruments operate over a wide range of frequencies specific for the

applications.

SAR systems have a side-looking imaging geometry and are based on a pulsed radar

installed on a platform with a forward movement [73]. SAR can operate in multiple modes,

such as stripmap and spotlight modes of operation. The spotlight mode of operation is used
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to obtain higher resolution images compared to the images obtained when using stripmap

mode at the expense of not obtaining the images continuously. In the stripmap mode of

SAR, the platform moves along the azimuth direction, scanning one swath of the ongoing

weather event. Thus, this mode can be considered as a continuous strip of scan data. In the

spotlight mode of SAR, the SAR scanning the weather event will be fixed to a particular area

as the platform moves. In this mode, the SAR antenna is moved physically or electronically

in the azimuth direction to sample the same region of the observed weather storm. There

are other modes of SAR that are not considered in this research work such as the scan SAR

mode, in which the SAR platforms scan the imaging scene along the swath as it moves in

azimuth. A picture of the SAR platforms in the stripmap, spotlight and scanSAR modes

are shown in Figure 7.3.

The SAR systems are also widely classified into monostatic and bistatic SAR, which

are based on the locations of antennas used for signal transmission and reception. In the

monostatic SAR, the transmission and reception of the radar signal are accomplished using

one radar platform with one antenna. In a bistatic SAR, the transmission and reception of

the radar signals are accomplished using two separate antennas, typically the antennas are

located on different platforms. It should be noted that there are various missions of SAR

that involve multiple satellite platforms for transmission and reception. We do not consider

these SAR missions in this dissertation.

Understanding the precipitation event at a microphysical scale is important in atmo-

spheric sciences and meteorology. SAR deployed on satellites can be a potential tool for

capturing precipitation data and providing data globally. The precipitation data captured

by a spaceborne SAR will have a high resolution compared to data captured by other space-

borne platforms. Since SAR can obtain data at very high resolution, understanding the
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Figure 7.3. SAR scanning modes, (a) Stripmap SAR, (b) ScanSAR and (c)
Spotlight SAR.

precipitation process at microphysical levels will be possible. The potential for using SAR

for meteorological applications is yet to be explored. Currently there are no satellites with

SAR which is dedicated to this purpose. In the future, there is a high possibility that SAR

systems will be deployed on satellites for studying precipitation.

Simulation studies will aid in understanding meteorological targets from a SAR’s per-

spective and to support future deployments of SAR systems for mapping precipitation. SAR
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simulation studies are necessary to fully understand the different operating modes and signal

processing which is carried out for precipitation targets. This simulation study is focused on

understanding how SAR will benefit precipitation observations.

Researchers in the past have worked on the problem of mapping precipitation from SAR

platforms [74]. Both airborne and spaceborne platforms were utilized for this purpose.

Some researchers have even considered other instruments such as weather radars to study

precipitation from a SAR’s perspective [75]. This work introduces a simulation tool for the

spaceborne SAR platform observing precipitation.

It is important to simulate the realistic scenario of mapping precipitation from SAR plat-

forms to help design future SAR missions and understand the effects of varying parameters

in the SAR system. Simulation studies are required to fully understand the influence of SAR

system parameters and the various signal processing algorithms which are used to obtain

the final output. A simulation program written in MATLAB programming language is con-

sidered in this study. The simulation program was developed based on the mathematical

framework described in the next section.

In this simulation study, first, the stripmap mode of the SAR is studied in detail for

fixed and weather targets, then the simulation study for the pseudo-spotlight mode is briefly

introduced. First we study the SAR simulations for the monostatic case, in which transmit

and receive are from the same antenna located on a spaceborne platform. Then we study

the bistatic case where there transmit and receive antennas are on different spaceborne

platforms. The results are studied in detail and a comparison between the stripmap and

pseudo-spotlight mode of operation is also presented.
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Figure 7.4. SAR architecture, (a) Side view and (b) 3-D view.

7.2. Mathematical framework for monostatic and bistatic SAR for

observing precipitation targets

In this section, the relevant mathematical framework used in this SAR study is briefly

discussed for both monostatic and bistatic modes of SAR operation. The simulation program

developed is based on the framework described in this section. The SAR architecture for

monostatic and bistatic are also presented. There can be many possibilities for the bistatic

SAR architecture, simple architecture of bistatic SAR is considered for the simulations pre-

sented in this work.

7.2.1. Mathematical framework for monostatic SAR. The monostatic SAR

transmits and receives the radar signal from the same platform. Considering the SAR ar-

chitecture shown in Figure 7.4, the platform is located at a height H from the surface of the
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Earth and is moving at a speed of Va m/s. Figure 7.4 shows both the side-view as well as

the 3-D view of the SAR architecture for clarity. The SAR platform is scanning pointing

toward the surface of the Earth at an angle of θ with respect to the nadir. This angle is

referred to as the incidence angle. The time in the range direction (direction of transmission

of pulses) is usually referred to as fast-time. The time in the azimuth or cross-range direction

(direction of movement of the platform) is usually referred to as slow time. The beamwidth

of the antenna is represented by φ. In the architecture considered, the platform moves in the

azimuth direction. The slant range is the distance perpendicular to the radar flight path.

The cross-range resolution δa is given by the smallest separation between two point targets

that can be detected by the radar. For a given cross-range resolution δa, the antenna length

in meters (da) is 2 δa.

The beamwidth of the antenna Θa in radians can be approximated by λ/da, where λ is

the wavelength

The corresponding synthetic aperture length in meters is given by:

(43) Lsa = Θa R =
λ R

da

where R is the distance to the target

At any time t, the distance between the radar moving at constant velocity Va and a point

on the ground, described by its coordinates (R, 0, H) is easily obtained applying Pythagoras’

theorem

(44) r(t) =
√

R2 + V 2
a t

2 ≈ R +
V 2

a t
2

2R
for vt/r0 ≪ 1
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where Va is the SAR platform velocity in cross-range direction. At any time t, the received

signal at SAR is given by:

(45) s(t) = exp{j2πf(t− 2R

c
)}exp{−j2π

V 2

a

λR
t2}

where c is the speed of light, f is the center frequency

The Doppler frequency is given by:

(46) fdk =
2V 2

a

λR
t

The Doppler rate is given by:

(47) fd =
2V 2

a

λR

The Doppler bandwidth is given by:

(48) fb =
Va

δa

The synthetic time is given by:

(49) Td =
fB
fdk

=
Lsa

Va

=
λR

2Vaδa

Range compression and azimuth compression have to be carried out on the received SAR

signal to get the final output. We have not considered range compression in the simulation

module. The equations to carry out range compression using the range compression filter

along with the equation to get the range compression output is shown below.
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(50) p(tr) = exp{jπBW

tp
tr

2} for − tp
2
≤ tr ≤

tp
2

(51) RCoutput = F
−1{F (s) ∗ (F (p))∗}

The equations to carry out azimuth compression using the azimuth compression filter

along with the equation to get the azimuth compression output is shown below. If range

compression is not used for the simulations, then the received SAR signal can be directly

given as the input for the azimuth compression module to get the final SAR processed image.

(52) az(ta) = exp{jπfdkta2} for − Td

2
≤ ta ≤

Td

2

(53) AZoutput = F
−1(F (RCoutput) ∗ (F (az))∗) if range compression used

(54) AZoutput = F
−1(F (s) ∗ (F (az))∗) if range compression is not used

We make a few assumptions to modeling the SAR received signal from the precipitation

(rain) medium. The first assumption is that the random volume of the SAR received signal

consists of spherical raindrops in the entire range resolution volume. The second assumption
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is that the raindrops have zero mean radial velocity with a Gaussian spectrum distribu-

tion. A detailed mathematical framework on the backscattering properties from a volume of

precipitation particles can be found in [29].

The received SAR signal observing a precipitation medium can be given as:

(55) sP (t) = s(t)Σkakexp{−j4π
Vk(t)

λ
t}

For a sidelooking, broadside SAR, considering the Doppler spectrum of rain medium, the

coherency time is given as below which needs to compare with Td

(56) Tc =
λ

2
√
2πσv

The corresponding expected Doppler bandwidth is

(57) f
′

B = fkTc =
V 2

a√
2πRσv

Now we get the expression for expected resolution from the SAR received signal when

observing a precipitation target as below.

(58) δ
′

a =
Va

f
′

B

=

√
2πRσv

Va

7.2.2. Mathematical framework for bistatic SAR. The mathematical frame-

work which is used in the simulation study for bistatic SAR is discussed in this section. It
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Figure 7.5. SAR architecture for bistatic case, (a) Side view and (b) 3-D
view.

should be noted that the mathematical framework is developed based on the architecture

of the bistatic SAR considered. The architecture of the bistatic SAR is shown in Figure

7.5. The transmit and receive platforms are located at a height H m from the surface of

the earth. Both the platforms are moving at the same speed of Va m/s. Considering the

SAR platforms are focused on a target which is located at [tx, ty, tz]. The SAR transmit

platform is pointing towards the target with an incidence angle of θ1 with respect to the

nadir. The SAR receive platform is pointing towards the target with an incidence angle of

θ2 with respect to the nadir. The baseline distance is the distance between the transmitter

and receiver locations.
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At any time t, the total distance between the transmit radar and receive radar, both

moving at a constant velocity Va along cross-range, and a target on the ground, described

by its coordinates (R, 0, H), is given by

(59) r1(t) + r2(t) ≈ R1 +
V 2

a t
2

2R1

+R2 +
V 2

a t
2

2R2

where R1 is the distance from transmitter to the target and R2 is the distance from the

target to the receiver. At any time t, the received signal at SAR is given by:

(60) s(t) = exp{j2πf(t− R1 +R2

c
)}exp{−jπ

V 2

a t
2

λ
(
1

R1

+
1

R2

)}

where c is the speed of light, f is the center frequency

The Doppler frequency is given by:

(61) fd = −V 2

a

λ
(
1

R1

+
1

R2

)t

The Doppler rate is given by:

(62) fdk = −V 2

a

λ
(
1

R1

+
1

R2

)

The corresponding synthetic aperture length in meters is given by:

(63) Lsa = min(R1, R2)θw
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where θw is the antenna beamwidth

Using a patch antenna with beamwidth thetaw = λ/L The synthetic time is given by:

(64) Td =
Lsa

Va

=
λ

L

min(R1, R2)

Va

The Doppler bandwidth is given by:

(65) fb = |fkTd| =
Va

da
(
1

R1

+
1

R2

)min(R1, R2)

The azimuth resolution for a stationary target is given by:

(66) δa =
Va

fB
=

L

min(R1, R2)

R1R2

R1 +R2

The range and azimuth compression for the bistatic case is similar to the monostatic

case, so the equations similar to the monostatic case can be considered for processing.

For modeling the SAR received signal from precipitation (rain) medium, we make a few

assumptions similar to the monostatic case. The first assumption is that the random volume

of the SAR received signal consists of spherical raindrops. The second assumption is that the

raindrops follow a Gaussian spectrum distribution. The mean velocity of the simulations is

varied and studied accordingly. The received signal for the precipitation target is constructed

similar to the monostatic case.

Considering the Doppler spectrum of the particles in a rain medium, the coherency time

needs to compare with Td. The coherency time is given using the equation below.

(67) Tc =
λ

2
√
2πσv
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Figure 7.6. Block diagram of the SAR simulation architecture.

The corresponding expected Doppler bandwidth is

(68) f
′

B = |fkTc| =
V 2

a

2
√
2πσv

R1 +R2

R1R2

Now we get the expression for expected resolution of a rain medium for a bistatic case

from the SAR received signal as below:

(69) δ
′

a =
Va

f
′

B

=
2
√
2πσv

Va

R1R2

R1 +R2

The above equation shows us that the resolution is independent of the wavelength (λ),

so the resolution obtained from the simulation results are independent of the frequency of

the radars considered.
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7.3. SAR simulation package

In this section, the simulation tool, which was developed to understand the received

SAR signals from precipitation targets is explained in detail. Signal simulations and systems

simulations are important to understand the design, performance and overall functioning of

any system. In this research, the signal simulations which are carried out to understand

the SAR signal are important in designing and developing an actual radar system. Signal

simulation of SAR for a fixed target for both monostatic and bistatic cases has been developed

and used since the initial days of SAR technology. However, signal simulation packages to

observe precipitation from SAR platforms are currently under research. There is no standard

simulation package for the same. In this research, a SAR simulation code package using the

MATLAB programming language is developed.

A block diagram of the overall simulation workflow is shown in Figure 7.6. From this

diagram, it can be seen that the blocks are developed in top-down approach. The simula-

tion code can carry out simulations for both monostatic and bistatic SAR in stripmap and

pseudo-spotlight mode of SAR scans. The initial input parameters for the simulations are

carefully selected and loaded onto the input parameter file. This file is read by the main

SAR simulation code, where the various SAR computations required are carried out, such as

the Doppler rate and synthetic aperture time. The SAR input parameters can be specified

for the airborne and spaceborne parameters based on the simulation scenario required.

The IQ signal generation block is the heart of the simulation code for creating weather

returns from the SAR signals in the geometry considered. The I and Q data is the real and

complex part of the complex received voltage signal from the radars. This is the raw data

which is received by all radars systems and given as the input for the moment generation
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stage where various moments such as reflectivity and velocity are computed. Currently, two

methods of IQ signal generation is possible for the signal simulations.

The IQ data simulation packages developed at the CSU radar group use an asymptotic

method and a direct volume of particles backscattering method. The asymptotic method

is well documented in the literature, whereas the direct volume of particles backscattering

method is relatively new. In the asymptotic method, the timeseries simulation uses the

frequency domain algorithm to generate dual-polarized echoes. Here, the primary motivation

is to generate the time series corresponding to a specified correlation structure. More details

of this simulation method can be found in [27].

Another IQ simulator is based on the direct volume of particles backscattering. We can

also consider the bistatic geometry in this simulator and generate the IQ data accordingly.

Also, this simulation code considers the drop size distribution of the precipitation particles

present on the radar resolution volume. The IQ signal generator block is interfaced with the

main SAR simulation code. The appropriate weather parameters required for the simulation

are sent and the IQ signal is received from this block.

The main SAR simulation code block is the core of the simulation package. The appro-

priate equations discussed in the previous section are coded. Some main functions include

creating the range reference function, creating the azimuth reference function and creat-

ing the raw data based on the sensing geometry. In the process of creating the raw data,

each pulse in the synthetic aperture time is considered. The locations of the transmit and

receive platforms along with the target locations are considered and the received signal is

constructed. The antenna pattern weighing is also handled while creating the received raw

SAR signals. Once the signal is constructed, it is passed on to the next block, where the

SAR received signal is constructed for all the targets. When considering a volume of targets
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for precipitation data, IQ data from each resolution volume have to be considered and the

simulation is computationally expensive. More work on making the current simulation code

faster can be looked at in the future.

The next block of the simulation code package is the SAR processing block. Once the

received SAR signal is generated, this signal is passed on to the SAR processing block, where

the range and azimuth compression of the received SAR signals are carried out. There are

various algorithms to perform the azimuth compression of the SAR signals, such as the 2D

FFT method and range migration algorithm. In this research, the azimuth compression is

carried out using the 2D FFT method; the range migration algorithm feature is also present

in the simulation code package, which can be used for future work.

The next code block is the output block in which the various functions for visualizing

the SAR simulations are present. The received SAR signal, processed SAR signal, azimuth

cuts of the processed SAR signal and fitting of a Gaussian curve for the azimuth cuts can be

handled in the current simulation code package. These functions completes the full chain of

the SAR simulation code package. The input parameters can be changed according to the

needs of the simulation study and the simulation code can be initiated. The signal generation

and processing time for a fixed target case are in the order of a few seconds. When simulating

the precipitation target for a single bin, the major chunk of the time is taken by the IQ signal

generation code. When simulating a weather resolution volume, the SAR simulation code

takes a long time to complete the simulation as signal return from each bin in the azimuth

direction has to be computed with respect to the IQ data from the resolution volume.
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7.4. Simulations of SAR in monostatic mode for observing precipitation

target

The simulation results that are generated using the SAR simulation package described

in the previous section are discussed next. For the simulation study presented in this re-

search, we have considered the parameters of a space-borne platform. Simulation results for

an airborne platform can be obtained by running the simulation code with airborne plat-

form parameters as the input. First, we present the monostatic SAR simulation results for

stripmap and then we present the results for pseudo-spotlight mode of SAR.

7.4.1. Monostatic mode stripmap configuration results. The spaceborne SAR

parameters need to be considered precisely for the simulation of the data. The system

parameters of the Global Precipitation Measurement (GPM) Ku radar, which is located on

the GPM core satellite are considered for both the transmit and receive platforms to mimic

a realistic scenario. Having the reference of an operational remote sensing satellite observing

precipitation will aid in specifying the system parameters used for the simulations. The

platform parameters which are considered for the simulation are listed in Table 7.1. As

mentioned earlier, in the monostatic case, the same platform is used for transmitting and

receiving, so the system parameters which is used for the simulations are the same for the

transmit and receive platforms.

The transmitter and receiver are located at [5km 0 400km] in [X Y Z] direction. Both the

transmit and receive platforms are moving at a velocity of 7670 m/s along the Y direction.

The beamwidth for both transmit and receive is considered to be 0.1 degrees. For the

simulations, the incidence angle θ of the radar beam was considered based on the geometry

of the SAR platforms. Since the satellite is placed in an orbit of 400 km, the slant range
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Table 7.1. GPM Ku radar parameters.

Parameter Value

Frequency 13.9 GHz (Ku band)
Height of the platform 400 km

Platform velocity 7670 m/s
Antenna beamwidth 0.71 degrees

Antenna size 1.7404 m
Pulse duration 1 µs

Sampling frequency 200 MHz
Bandwidth 50 MHz
Target Fixed/Precipitation

to the ground is approximately 400.03 km. The target grid is centered at [0 0 0] in the [Y

Y Z] direction. After setting up these parameters, the SAR simulation program was ran in

both stripmap and pseudo-spotlight mode of operation. The time of data capture at the

SAR receiver with respect to the target (footprint) varies for spotlight and stripmap mode

of operation.

The raw SAR received signal is obtained first from the simulation program and then the

received SAR signal is sent to the signal processing stage, where the data is processed along

the slow-time and fast-time to obtain the output. In this simulation study considered in this

research work, no range compression was used for the simulation of the received signal.

Figure 7.7 shows the output of the simulation program for a fixed target in a monostatic

configuration. The single fixed target is placed at the target grid center [0 0 0] in [X Y Z]

direction. This figure shows plots of the raw received signal as well as the output after signal

processing is carried out on the received signal. Figure 7.7 (a) shows the raw received SAR

signal generated, All the values are the same as the return from a fixed target is the same

as the SAR platform moves in azimuth. Figure 7.7 (b) shows the output after the azimuth

compression is carried out on the raw received signal. An azimuth cut along the range of
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Figure 7.7. Monostatic SAR simulation output for a fixed target case, (a)
raw received signal (b) Processed SAR signal and (c) Azimuth cut along range
0m of the processed SAR signal.

0 meters is shown in Figure 7.7 (c). From these output plots, it can be seen that we get a

sharp peak along the cross-range (azimuth) direction, which is as expected.

Figure 7.8 shows the output of the simulation program for a weather target in a monos-

tatic configuration. A single bin corresponding to the weather target is placed at the target

grid center [0 0 0] in [X Y Z] direction. The reflectivity of the precipitation target was set

at 40 dBZ, the velocity was set at 0 m/s and the spectral width was set at 1 m/s for this

simulation run. Figure 7.8 shows plots of the raw received signal as well as the output after

signal processing is carried out on the received signal. Figure 7.8 (a) shows the raw received
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Figure 7.8. Monostatic SAR simulation output for a 1 bin weather target
case, (a) raw received signal (b) Processed SAR signal and (c) Azimuth cut
along range 0m of the processed SAR signal.

SAR signal generated. We see the variation in the returns from a weather target as the SAR

platform moves in azimuth, which is generated based on the IQ simulation block. Figure

7.8 (b) shows the output after the azimuth compression is carried out on the raw received

signal; an azimuth cut along the range of 0 meters is shown in Figure 7.8 (c). From these

output plots it can be seen that the output is spread in cross-range direction. The spread

of the output signal along the cross-range direction is expected. This spread is due to the

spectral width of the precipitation particles present in the resolution volume.
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Figure 7.9. Monostatic SAR simulation outputs for varying velocity of the
precipitation particles. (a), (b) and (c) processed SAR signal corresponding
to velocities -5 m/s, 0 m/s and 10 m/s. (d), (e) and (f) Azimuth cuts along
range 0m corresponding to velocities -5 m/s, 0 m/s and 10 m/s.
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Figure 7.10. Monostatic SAR simulation outputs for varying spectral widths
of the precipitation particles. (a), (b) and (c) processed SAR signal corre-
sponding to spectral widths 0.5 m/s, 1 m/s and 2 m/s. (d), (e) and (f)
Azimuth cuts along range 0m corresponding to spectral widths 0.5 m/s, 1 m/s
and 2 m/s.
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To understand the influence of the velocity of the precipitation particles present in the

radar resolution volume, the velocity of the precipitation particles considered for the sim-

ulation is varied and the simulation results are studied. The velocity of the precipitation

particles is translated as a shift in the peak of the processed signal along the cross-range

direction (along azimuth). The expected shift due to varying velocity is computed using the

Equation 70.

(70) ∆shift = −vtR0

Va

Where Vt is the target velocity, Va is the platform velocity and R0 is the range to the

target. Three velocities of -5 m/s, 0 m/s and 10 m/s are considered and the SAR simulations

are carried out. The outputs obtained from the SAR simulation program are shown in Figure

7.9. Considering the simulation parameters, the expected shift along azimuth for the velocity

of -5 m/s is -260 meters, it can be seen from Figures 7.9 (a) and (d) that the obtained SAR

output is also shifted in azimuth around 260 meters. The error in the location of the peak is

in the order of few meters. From the remaining output plots in Figure 7.9, for 0 m/s velocity,

we see the output peak around 0 meters (expected azimuth shift is 0 meters). For 10 m/s

velocity, we see the output peak around 520 meters (expected output peak is 522 meters).

Next, to understand the influence of the spectral width of the precipitation particles

present in the radar resolution volume, the spectral width of the precipitation particles

considered for the simulation are varied and the simulation results are studied. The spectral

width of the weather is translated as the spread of the main lobe (target) in the peak signal

along the cross-range direction (along azimuth).
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Figure 7.11. Theoretical and output values from simulations for azimuth
resolution with varying spectral widths for monostatic SAR.

Three spectral widths of 0.5 m/s, 1 m/s and 2 m/s are considered and the SAR simula-

tions are carried out. The outputs obtained from the SAR simulation program are shown in

Figure 7.10. It can be seen from Figures 7.10 (a) and (d) that the obtained SAR output has

a narrow spread in azimuth around 0 meters for spectral width of 0.5 m/s. From Figures

7.10 (b) and (e), it can be seen that the obtained SAR output has a bit broader spread in

azimuth around 0 meters for spectral width of 1 m/s compared to the output obtained for

0.5 m/s spectral width. From Figures 7.10 (c) and (f), we also see a much larger spread

in azimuth when considering a spectral width of 2 m/s. From these results, we can infer

that as the spectral width of the precipitation particles increases, the width of the main lobe

corresponding to the target also increases.

To study the effect of varying spectral width on the azimuth resolution of the output.

A Gaussian curve was fitted on the obtained output from the SAR simulations. The 3 dB
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Table 7.2. Summary of the simulation outputs obtained for stripmap and
spotlight mode of SAR.

Simulation
mode

Spectral
width (m/s)

Footprint (m) Theoretical res-
olution expected
(m)

Observed 6 dB
cutoff resolution
(m)

Stripmap 0.25 5033 58.8 32
Stripmap 1 5033 235.3 161
Stripmap 3 5033 705.9 534

cut from the fitted curve will give us the azimuth resolution of the output. The summary

of results obtained for the stripmap mode for three different spectral widths corresponding

to precipitation particles is given in Table 7.2. From this table, it can be seen that better

resolution in the azimuth is obtained for stripmap mode compared to the expected theoretical

resolutions. The following spectral width values were considered, 0.25, 0.5, 1, 1.5, 2, 2.5,

3, 3.5, five simulation runs were carried out at each spectral width value and the average

azimuth resolution numbers are plotted in Figure 7.11. In this figure, the theoretical value

of the expected resolution for the corresponding spectral width is also plotted. From the

results, it can be seen that as the spectral width increases, the resolution also increases.

Also, the measured resolution from the simulation runs is lower than that of the expected

resolutions.

Figure 7.12 shows the output of the simulation program for a weather target in a monos-

tatic configuration. In this simulation case, a resolution of 500 meters is considered and the

SAR simulation are carried out considering the size of a resolution bin along the azimuth.

A 500 meter resolution corresponding to the weather target ranging from -250 meters to 250

meters is placed with reference to the target grid center [0 0 0] in [X Y Z] direction. The

reflectivity of the precipitation target resolution was set at 40 dBZ, the velocity was set at 0

m/s and the spectral width was set at 1 m/s for this simulation run. Figure 7.12 shows plots

of the raw received signal as well as the output after signal processing is carried out on the
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Figure 7.12. Monostatic SAR simulation output for a 1 resolution volume
of 500 m weather target case, (a) raw received signal (b) Processed SAR signal
and (c) Azimuth cut along range 0m of the processed SAR signal.

received signal. Figure 7.12 (a) shows the raw received SAR signal generated. We see the

variation in the returns from a weather target as the SAR platform moves in azimuth which

is generated based on the IQ simulation block for all the pulses in the resolution volume.

Figure 7.12 (b) shows the output after the azimuth compression is carried out on the raw

received signal. An azimuth cut along the range 0 meters is shown in Figure 7.12 (c). From

these output plots it can be seen that the output is uniform in the resolution considered

and spread in cross-range direction after that. The spread of the output signal along the
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cross-range once the resolution bin ends is expected, as mentioned earlier, this is due to the

spectral width of the precipitation particles in the resolution volume.

7.4.2. Monostatic mode Pseudo-spotlight configuration results. In this sec-

tion, the SAR simulation results for a pseudo-spolight mode is carried out and discussed.

In the spotlight mode of SAR operation, the receive antenna of the SAR system is focused

on a particular area of interest as the platform moves. In traditional SAR systems which

map the geodata of Earth, the advantage of using a spotlight mode compared to a stripmap

mode of operation is that we get azimuth resolution improvement. The architecture of the

spotlight SAR mode is shown in Figure 7.13.

Carrying out SAR signal simulations in the spotlight modes requires the antenna beam

to be steered to the region of interest. It is challenging to code up the transmit and receive

geometry to handle the spotlight mode of operation. In the current code, we have developed

a pseudo-spotlight mode in which the beamwidth of the antenna is varied accordingly, which

gives us a larger antenna footprint in turn, a larger synthetic aperture time. For the simu-

lations considered, we have increased the beamwidth by a factor of two, which increases the

synthetic aperture time by a factor of two. To understand the pseudo-spotlight simulation

mode that is implemented in the simulation code package, an architecture diagram for the

same is shown in Figure 7.14.

Figure 7.15 shows the output of the simulation program for a fixed target in pseudo-

spotlight mode and monostatic configuration. A single fixed target is placed at the target

grid center [0 0 0] in [X Y Z] direction. The figure shows plots of the raw received signal

and the output after signal processing which is carried out on the received signal. Figure

7.15 (a) shows the raw received SAR signal generated. All the values are the same as the

return from a fixed target is the same as the SAR platform moves in azimuth. It can also be
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Figure 7.13. SAR architecture for spotlight mode - front view.

Figure 7.14. SAR architecture for pseudo-spotlight mode - front view.

seen that the data is obtained for the entire duration of the simulation window considered.

Figure 7.15 (b) shows the output after the azimuth compression is carried out on the raw

received signal. An azimuth cut along the range of 0 meters is shown in Figure 7.15 (c).

176



Figure 7.15. Monostatic SAR simulation output for a fixed target case -
pseudo-Spotlight mode, (a) raw received signal (b) Processed SAR signal and
(c) Azimuth cut along range 0m of the processed SAR signal.

From these output plots, it can be seen that we get a sharp peak along the cross-range

(azimuth) direction which is as expected.

Figure 7.16 shows the output of the simulation program for a weather target in pseudo-

spotlight mode and monostatic configuration. A single bin corresponding to the weather

target is placed at the target grid center [0 0 0] in [X Y Z] direction. For this simulation run,

we set the reflectivity of the precipitation target at 40 dBZ, the velocity at 0 m/s, and the

spectral width at 1 m/s. Figure 7.16 shows plots of the raw received signal as well as the

output after signal processing is carried out on the received signal. Figure 7.16 (a) shows the
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Figure 7.16. Monostatic SAR simulation output for a 1 bin weather target
case - pseudo-Spotlight mode, (a) raw received signal (b) Processed SAR signal
and (c) Azimuth cut along range 0m of the processed SAR signal.

raw received SAR signal generated. We see the variation in the returns from a weather target

as the SAR platform moves in azimuth, generated based on the IQ simulation block. In this

case too, we can see that the data is obtained for the entire duration of the simulation window

considered. Figure 7.16 (b) shows the output after the azimuth compression is carried out on

the raw received signal. An azimuth cut along the range 0 meters is shown in figure Figure

7.16 (c). From these output plots, it can be seen that the output is spread in cross-range

direction. The spread of the output signal along the cross-range direction is expected. This is

due to the spectral width of the precipitation particles present in the resolution volume. The
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Figure 7.17. Bistatic SAR simulation output for a fixed target case, (a) raw
received signal (b) Processed SAR signal and (c) Azimuth cut along range 0m
of the processed SAR signal.

output cut has more clarity in the spotlight mode of operation, this is due to the additional

data obtained in this SAR operating mode.

7.5. Simulations of SAR in bistatic mode for observing precipitation target

In this section, the SAR simulation results for the bistatic architecture are discussed.

The spaceborne SAR platform is considered for the bistatic SAR simulation. The bistatic

architecture is shown in Figure 7.5. The transmitter is located at [5km 0 400km] in [X Y

Z] direction, and the receiver is located at [-5km 0 400km] in [X Y Z] direction. Both the
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transmit and receive platforms are moving at a velocity of 7670 m/s along the Y direction.

The beamwidth for both transmit and receive antenna is 0.1 degrees. The beta angle is

defined as the angle formed between the transmitter-target-receiver. This angle is very small

for the simulation case considered. The beta angle value is 1.432 degrees. With this very low

beta angle, the simulation results are expected to be closely matching with the monostatic

results. For the simulations, the incidence angle θ of the radar beam was considered based

on the geometry of the SAR platforms. Since the satellite is placed in an orbit of 400 km,

the slant range to the ground is approximately 400.03 km. The target grid is centered at [0 0

0] in the [X Y Z] direction. For the simulations, the baseline distance (the distance between

the transmit and receive platforms) is considered as 10 km. This value is small compared to

the platform height distance of about 400 km. Similar results corresponding to monostatic

results are expected for the bistatic cases too. The pulse repetition frequency was considered

as 18 KHz for the simulations. These simulation parameters were set up and the simulation

program was run in the stripmap mode of bistatic SAR operation.

Figure 7.17 shows the output of the simulation program for a fixed target in a bistatic

configuration. A single fixed target is placed at the target grid center [0 0 0] in [X Y Z]

direction. The figure shows plots of the raw received signal and the output after signal

processing is carried out on the received signal. Figure 7.17 (a) shows the raw received SAR

signal generated. All the values are the same as the return from a fixed target is the same

as the SAR platform moves in azimuth. Figure 7.7 (b) shows the output after the azimuth

compression is carried out on the raw received signal. An azimuth cut along the range 0

meters is shown in Figure 7.17 (c). From these output plots, it can be seen that we get a

sharp peak along the cross-range (azimuth) direction which is as expected.
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Figure 7.18. Bistatic SAR simulation output for a 1 bin weather target case,
(a) raw received signal (b) Processed SAR signal and (c) Azimuth cut along
range 0m of the processed SAR signal.

Figure 7.18 shows the output of the simulation program for a weather target in a bistatic

configuration. A single bin corresponding to the weather target is placed at the target

grid center [0 0 0] in [X Y Z] direction. The reflectivity of the precipitation target was set

at 40 dBZ, the velocity was set at 0 m/s and the spectral width was set at 1 m/s for this

simulation run. Figure 7.18 shows plots of the raw received signal and the output after signal

processing is carried out on the received signal. Figure 7.18 (a) shows the raw received SAR

signal generated. We see the variation in the returns from a weather target as the SAR

platform moves in azimuth, which is generated based on the IQ simulation block. For the
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Figure 7.19. Bistatic SAR simulation output for a 1 resolution volume of
500 m weather target case, (a) raw received signal (b) Processed SAR signal
and (c) Azimuth cut along range 0m of the processed SAR signal.

bistatic simulation case; the IQ signals are generated based on the beta angle. Figure 7.18

(b) shows the output after the azimuth compression is carried out on the raw received signal.

An azimuth cut along the range of 0 meters is shown in Figure 7.18 (c). From these output

plots it can be seen that the output is spread in cross-range direction. The spread is due

to the output signal along the cross-range direction is expected. This is due to the spectral

width of the precipitation particles present in the resolution volume. The results are similar

to that obtained from the monostatic case because the beta angle is very low for the bistatic

SAR architecture considered.
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Figure 7.19 shows the output of the simulation program for a weather target in a bistatic

configuration. In this simulation case, a resolution of 500 meters is considered and the SAR

simulation is carried out considering the size of a resolution bin along the azimuth. A 500

meter resolution corresponding to the weather target ranging from -250 meters to 250 meters

is placed with reference to the target grid center [0 0 0] in [X Y Z] direction. The reflectivity

of the precipitation target resolution was set at 40 dBZ, the velocity was set at 0 m/s and

the spectral width was set at 1 m/s for this simulation run. Figure 7.19 (a) shows the raw

received SAR signal generated; we see the variation in the returns from a weather target as

the SAR platform moves in azimuth, which is generated based on the IQ simulation block for

all the pulses in the resolution volume. Figure 7.19 (b) shows the output after the azimuth

compression is carried out on the raw received signal. An azimuth cut along the range 0

meters is shown in Figure 7.19 (c). From these output plots it can be seen that the output

is uniform in the resolution considered and spread in cross-range direction after that. The

spread of the output signal along the cross-range once the resolution bin ends is expected.

As mentioned earlier this is due to the spectral width of the precipitation particles present

in the resolution volume.

7.6. SAR simulations considering input weather radar data

To have a better understanding of the SAR simulations, actual radar data that was

collected by a ground-based weather radar is considered and the SAR simulations are carried

out. The values of the weather radar parameters such as reflectivity are given as the input for

the IQ data simulation module based on the location of the precipitation event. The current

code package can handle data along the azimuth direction and in one range gate above the

ground. The range gate closest to the ground is considered and a profile of precipitation event
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Figure 7.20. RHI plot of CHILL S-band radar data considered for the sim-
ulation case.

is simulated. One case of simulation is discussed in this research work. There is potential

for more detailed analysis to be carried out. The reflectivity profile for the simulation was

considered from an actual precipitation event from the CSU-CHILL S-band radar. A picture

of the storm and the region from which reflectivity values were chosen are shown in Figure

7.20.

Considering the computation time of the simulation code, a short region centered around

the target grid is considered for the simulations. The input reflectivity profile, which varies

from -1km to 1km in the azimuth direction, is shown in the Figure 7.22. It can be seen

from this figure that the reflectivity varies by about 10 dBZ. This variation in reflectivity is

expected in the output of the SAR processed data. The other parameters for the precipitation

were kept at a constant value. The velocity was set at 0 m/s and the spectral width was set

at 1 m/s for this simulation case.

The same processing flow is followed for obtaining the results in this case too. The raw

data that is generated from the simulation program is sent to the signal processing program,

in which the data is processed to obtain the final SAR image. Range compression is not used
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Figure 7.21. Azimuth compressed SAR output image for simulation consid-
ering profile of reflectivity.

Figure 7.22. (left) Azimuth cut of input reflectivity profile and (right) az-
imuth cut of output SAR processed image corresponding to range 0 meters

for the simulations. Azimuth compression is performed on the SAR data and the results are

studied. The azimuth compressed output for this simulation case is shown in Figure 7.21.

The azimuth or cross-rage cut along range 0 meters is shown in Figure 7.22. From this

figure, it can be seen that the same trend of the input reflectivity profile is observed in the

output reflectivity profile. More detailed analysis and optimization of the code have to be

done for accurate simulation and interpretation of the data.
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Chapter 8

Summary and future work

8.1. Summary

This research work focuses on improving precipitation mapping at local, regional and

global scales. At the local scale, the concept of using millimeter wave frequency band radars

to estimate precipitation information was introduced. At the regional scale, a new atten-

uation correction algorithm to correct attenuation for rain and ice particles is discussed.

The attenuation corrected data will improve the accuracy of the precipitation estimates. A

proposed system of using a network of automobile radars for regional precipitation mapping

is also discussed. At the global scale, simulation studies of spaceborne synthetic aperture

radars (SAR) for mapping precipitation is discussed.

A brief introduction to the different instruments which are currently available for remote

sensing of the atmosphere was discussed in Chapter 1. Next, in this chapter, the current

precipitation measurement methods in the urban regions is discussed. A brief overview of

the rise in urbanization and the rise in global water cycle is discussed. The challenges of

measuring precipitation in urban areas and the need for improving it was also discussed in

this chapter. Some of the issues include radar beam blockage due to structures, observation

gaps due to the radar beam propagation and spatial gaps in surface level precipitation data.

Finally, the objectives of this research were described with specific goals.

In chapter 2, the remote sensing instruments which collect data at a specific geolocation

are introduced. The various types of rain gauges and disdrometers are discussed. Data from

a rain gauge deployed at the Colorado State University campus is discussed considering four

year data from the instrument, A Parsivel disdrometer dataset taken from the ICE-POP field
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campaign is discussed considering rain and snow events. The variation of the particle size

distributions for rain and snow was studied. For the data set considered, the drop diameters

of the rain particles were concentrated below 2 mm and had velocity values up to 7 m/s.

The snow particles were having a larger spread in the distribution of drop diameters with

the maximum diameter going up to 6 mm, but had lower velocity values compared to rain

particles.

In chapter 3 starts with a brief introduction to automobile radars. Next in this chapter,

the frequency bands and the various applications of the automobile radars were briefly in-

troduced. The key parts of the 77 GHz automobile radar was discussed with the help of a

simple block diagram. Next, in this chapter, the use of automobile radars as a rain gauge

was introduced. The various considerations and design specifications for using the W-band

(77 GHz) radars to measure rain rate is explained in detail with supporting equations. The-

oretical simulations were carried out at 77 GHz and the relationships between rain rate,

reflectivity and attenuation were obtained.

The technology aspect of the millimeter wave radars is also discussed in chapter 3. The

need for a timeseries IQ data simulation tool is introduced. The different approaches for

generating a timeseries signal is briefly introduced. A timeseries IQ signal simulation code

is developed, which accounts for all precipitation particles in the radar resolution volume

individually. The various aspects considered for signal simulation such as the distribution of

precipitation particles and the radar backscattering are discussed in detail. The steps of the

simulation code are discussed with the help of a block diagram. A signal simulation is carried

out at 77 GHz, the output signals are analyzed and the signal statistics are discussed which

are consistent with the prior literature. The current state-of-the-art automobile sensors

are introduced. An evaluation board TI AWR1642 which has the TI automobile radar on
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a chip is briefly introduced, this board is used for rain rate estimation experiments. The

experiments of using millimeter wave radars for measuring precipitation is discussed in detail.

The reflectivity value of approximately 52 dB was obtained for a precipitation event using

the automobile radar evaluation module, this value is in close agreement with the NWS

reflectivity value considered at the location of the experiment.

Weather radars play a prominent role in the remote sensing of the atmosphere. In Chap-

ter 4, a brief introduction to weather radars was discussed. This information will serve as a

foundation for understanding the various radar moments obtained from the received radar

signal. The received radar signal was explained in detail with the help of range-time axis

and sample-time axis diagram. The scattering matrix of the dual-polarization radar was

explained. The two orthogonally transmitted horizontal and vertical signals, which will give

useful information regarding the particle size, shape and orientation of the hydrometeors are

explained. The various radar moments which are obtained from the received radar signal

along with the computational equations were explained. Precipitation estimates obtained

using weather radars are discussed. Radar data from S, X and Ku bands are considered and

the rain rate estimation methods are discussed. The Ku band radar data from ICE-POP

campaign is considered and the method of obtaining snow rate is also briefly discussed. The

next section in this chapter discusses the current systems which are used for mapping precip-

itation. Three different systems which are used for obtaining the precipitation information

are introduced.

As mentioned earlier, the attenuation of radar signals has been a well-known issue since

the beginning of radar technology. While numerous research is available in the literature

for attenuation correction for rain particles, only a few look into attenuation correction for

ice hydrometeors. The attenuation encounters by ice hydrometeors are small compared to
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rain, but they should be accounted for and corrected in radar data to get accurate retrievals

such as the precipitation rate. Chapter 5 starts with an introduction to attenuation in

weather radars. The DROPS1.0 and DROPS2.0 algorithms, which process the radar data

and give quality corrected, rain attenuation corrected and hydrometeor classification outputs

were explained in detail with examples. A brief introduction of attenuation correction for

ice hydrometeors was discussed. The simulation procedure for obtaining the relationship

between specific attenuation and radar moments was discussed. It was also seen that various

parameters associated with ice hydrometeors need to be considered for simulations. The

simulation results obtained for X and Ku frequencies at horizontal and vertical polarizations

were discussed in detail and the relationships were obtained accordingly. The numerical

values for the attenuation relationships were also provided.

Next in chpater 5, the algorithm proposed for attenuation correction of all hydrometeors

is explained in detail. The algorithm uses the specific phase and hydrometeor classification

outputs from DROPS2.0 algorithm along with theoretical simulation relationships to correct

attenuation. The relationship between specific attenuation and path integrated attenuation

was also explained. The Ku band radar data collected during the 2018 ICE-POP field

campaign from D3R weather radar and X-band radars deployed in Santa Clara, California

and Mt. Crested Butte, Colorado are used to study the performance of the algorithm.

The radar data set from ICE-POP campaign has data from both rain and snow events.

A maximum PIA of 8 dB was seen in D3R Ku data during an intense snow storm. The

PIA at X band was relatively low compared to the Ku band data, a maximum PIA of 2

dB was observed with the X band dataset. The performance of the proposed algorithm for

attenuation correction visually looks good. The results of Ku band were compared with data
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from a nearby disdrometer from which it was seen that attenuation correction improves the

quality of the corrected data.

Chapter 6 discusses the system analysis of using a network of automobile radars for

precipitation mapping. The simulation results of using automobile radars for generating

precipitation map in urban regions are discussed in detail in this chapter. The Dallas-Fort

Worth urban region is considered for the simulation study. Since this concept is new, the

simulation steps are explained one step at a time and the results are presented. The road

map data is obtained for the region and then the simulation points resembling automobile

radars are generated using the rain rate obtained from the CASA radar network. Different

interpolation methods are studied to generate the precipitation map using the simulated

points. The natural neighbour interpolation method gives the best result. The performance

of the output is studied. Various factors which will influence the generation of precipitation

maps are briefly discussed. These simulations show the potential of using automobile radars

in meteorological applications on a regional scale. A potential future system that can be

implemented by using a network of automobile radars for precipitation mapping is also

discussed.

Obtaining precipitation information using spaceborne synthetic aperture radar (SAR) is

an emerging field of study. Chapter 7 starts with an introduction to the current technology

for precipitation mapping from satellites. Next in this chapter, introduction for SAR for

mapping precipitation is given. Detailed mathematical framework for monostatic and bistatic

SAR was discussed in detail with the specific architecture considered. For the bistatic case, a

specific architecture with a baseline distance of 10 km was considered. A simulation system

for SAR signals which models precipitation volumes is developed. The GPM Ku band

radar parameters were considered and the simulations were carried out in stripmap mode

190



for monostatic and bistatic SAR architecture. The pseudo-spotlight mode of simulations

was carried out for the monostatic architecture. From the simulation results, it was seen

that the azimuth resolution is affected by the spectral width of the precipitation particles.

The bistatic simulation results look similar to the monostatic results because of the short

baseline distance compared to the platform height in the architecture considered. Variation

of mean velocity translates as a shift of the signal in the azimuth direction. Variation of

spectral width has a influence on the spread of the output signal, larger the spectral width,

larger the spread of the output signal.

8.2. Future work

The research on using millimeter wave automobile radars for precipitation mapping

showed promising results. Further research of the various automobile radars available cur-

rently in the market can be done. The use of automobile radar for precipitation measurement

can to be studied further. This will aid in efficiently designing the radar system in the future.

More field experiments using a millimeter wave radar for mapping precipitation information

should be carried out. The precipitation results obtained can be studied for the correctness

and compared with rain rates obtained from other instruments such as weather radars. Addi-

tional constraints and features can be developed for the simulations of obtaining precipitation

maps using a network of automobile radars.

The research related to the attenuation correction for ice hydrometeors can be explored

further. The proposed attenuation correction algorithm can work well when the radar

backscattered signal is in the Rayleigh scattering region. At higher frequency, the appro-

priate signal simulations considering Mie scattering must be carried out to implement this
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algorithm. Attenuation correction at higher frequency bands is not simple. Currently lim-

ited literature is available regarding attenuation correction for rain at higher frequency bands

such as Ka and W-band radars. The attenuation correction for the D3R Ka-band can be

looked into and using the attenuation information at Ku band, a new attenuation correction

method can be developed for D3R Ka band. The proposed attenuation correction method

discussed in this research can be merged with DROPS2.0 algorithm and a new package of

post-processing algorithms can be developed and released. More case studies on a large

dataset has to be carried out to validate the attenuation correction research.

The simulation tool for observing precipitation from the spaceborne SAR platform can

be upgraded to accommodate various architectures in the bistatic case. Currently, the code

can perform simulation for a single range profile. Code package that can handle multiple

range profiles in a 3D sense can be developed. Simulation studies can be carried out to study

the effects of varying radar parameters on the output signal.
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Appendix A

Parameters for relationship between specific phase

and specific attenuation for different

hydrometeors at X band

Table A.1. X band, horizontal polarization - Values for a and b from 0◦

elevation to 45◦ elevation

Particle par 0 5 10 15 20 25 30 35 40 45

Rain a 0.298 0.302 0.311 0.325 0.344 0.372 0.409 0.460 0.529 0.627
Rain b 1.027 1.027 1.027 1.027 1.028 1.028 1.028 1.028 1.029 1.029
Hail a 0.8 0.8 0.9 0.9 1.0 1.1 1.3 1.5 1.8 2.2
Hail b 1.329 1.329 1.329 1.329 1.328 1.328 1.328 1.327 1.330 1.327
Graupel a 0.150 0.153 0.160 0.170 0.185 0.207 0.237 0.280 0.341 0.433
Graupel b 1.341 1.341 1.341 1.341 1.341 1.341 1.340 1.340 1.340 1.340
Aggregates a 0.088 0.090 0.094 0.100 0.110 0.123 0.141 0.168 0.205 0.261
Aggregates b 1.363 1.363 1.363 1.363 1.363 1.363 1.363 1.364 1.364 1.364
Crystals a 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.003 0.004 0.006
Crystals b 1.623 1.630 1.631 1.633 1.634 1.636 1.638 1.641 1.643 1.645

Table A.2. X band, vertical polarization - Values for a and b from 0◦ eleva-
tion to 45◦ elevation

Particle par 0 5 10 15 20 25 30 35 40 45

Rain a 0.250 0.254 0.263 0.276 0.295 0.322 0.358 0.408 0.476 0.572
Rain b 0.997 0.998 0.999 1.000 1.002 1.005 1.007 1.010 1.013 1.016
Hail a 0.7 0.7 0.8 0.8 0.9 1.0 1.2 1.4 1.7 2.1
Hail b 1.331 1.331 1.331 1.331 1.330 1.330 1.329 1.329 1.328 1.327
Graupel a 0.125 0.128 0.134 0.144 0.159 0.179 0.209 0.250 0.309 0.398
Graupel b 1.336 1.336 1.336 1.336 1.336 1.336 1.336 1.337 1.336 1.337
Aggregates a 0.082 0.084 0.088 0.094 0.103 0.116 0.134 0.160 0.197 0.253
Aggregates b 1.359 1.359 1.359 1.359 1.360 1.360 1.360 1.361 1.361 1.362
Crystals a 0.0002 0.0003 0.0003 0.0004 0.0005 0.0007 0.001 0.002 0.002 0.004
Crystals b 1.418 1.423 1.428 1.435 1.442 1.450 1.466 1.636 1.639 1.642
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Appendix B

Parameters for relationship between specific phase

and specific attenuation for different

hydrometeors at Ku band

Table B.1. Ku band, horizontal polarization - Values for a and b from 0◦

elevation to 45◦ elevation

Particle par 0 5 10 15 20 25 30 35 40 45

Rain a 0.463 0.470 0.483 0.505 0.537 0.580 0.639 0.719 0.828 0.981
Rain b 0.995 0.995 0.995 0.995 0.996 0.996 0.996 0.997 0.997 0.998
Hail a 2 2 2 2 3 3 4 4 5 7
Hail b 1.571 1.571 1.572 1.572 1.574 1.575 1.576 1.577 1.578 1.579
Graupel a 0.275 0.281 0.293 0.311 0.337 0.375 0.427 0.500 0.604 0.756
Graupel b 1.315 1.315 1.315 1.314 1.313 1.312 1.311 1.310 1.309 1.307
Aggregates a 0.160 0.163 0.170 0.181 0.197 0.220 0.252 0.296 0.360 0.454
Aggregates b 1.324 1.324 1.324 1.323 1.323 1.322 1.322 1.321 1.320 1.319
Crystals a 0.003 0.003 0.003 0.003 0.004 0.005 0.006 0.007 0.009 0.012
Crystals b 1.647 1.647 1.647 1.649 1.650 1.651 1.652 1.654 1.656 1.658

Table B.2. Ku band, vertical polarization - Values for a and b from 0◦

elevation to 45◦ elevation

Particle par 0 5 10 15 20 25 30 35 40 45

Rain a 0.391 0.398 0.411 0.432 0.462 0.504 0.561 0.639 0.746 0.896
Rain b 0.955 0.956 0.958 0.960 0.963 0.966 0.970 0.974 0.978 0.982
Hail a 2 2 2 2 2 3 3 4 5 7
Hail b 1.581 1.581 1.581 1.581 1.582 1.582 1.583 1.583 1.583 1.583
Graupel a 0.229 0.234 0.245 0.262 0.287 0.323 0.373 0.443 0.543 0.691
Graupel b 1.313 1.313 1.312 1.312 1.311 1.310 1.308 1.307 1.306 1.305
Aggregates a 0.148 0.151 0.158 0.168 0.184 0.206 0.237 0.281 0.344 0.436
Aggregates b 1.319 1.319 1.319 1.319 1.318 1.318 1.317 1.317 1.317 1.316
Crystals a 0.0006 0.0006 0.0007 0.0009 0.001 0.002 0.002 0.003 0.005 0.008
Crystals b 1.592 1.592 1.597 1.606 1.614 1.630 1.648 1.643 1.646 1.650

203


	Abstract
	Acknowledgements
	List of tables
	List of figures
	Chapter 1. Introduction
	1.1. Remote sensing instruments
	1.2. Urbanization and climate studies
	1.3. Problem Statement
	1.4. Research objectives
	1.5. Organization of the dissertation

	Chapter 2. Precipitation mapping at local scale
	2.1. Rain gauges
	2.2. Disdrometers

	Chapter 3. Automobile radars for precipitation measurement
	3.1. Introduction to automobile radars
	3.2. Automobile radars for precipitation measurement
	3.3. Automobile radars as rain gauges
	3.4. Time-series simulation study
	3.5. Method of simulating timeseries using direct volume of particle backscattering method
	3.6. Current technology of automobile radars
	3.7. precipitation measurement experiment and results

	Chapter 4. Precipitation mapping at regional scale
	4.1. Weather radars for remote sensing of atmosphere
	4.2. precipitation information from weather radar data
	4.3. Current systems of precipitation mapping

	Chapter 5. Attenuation correction in weather radars
	5.1. Current methods for attenuation correction in weather radars
	5.2. Attenuation correction for ice hydrometeors
	5.3. The New attenuation correction algorithm
	5.4. Attenuation correction for Ku band data
	5.5. Attenuation correction for X band data

	Chapter 6. System analysis of automobile radars for precipitation mapping at regional scale
	6.1. Simulation studies of precipitation mapping using automobile radar network
	6.2. Study area considered for simulation
	6.3. Precipitation map simulation studies considering automobile radars
	6.4. Proposed system of precipitation mapping using automobile radars

	Chapter 7. Precipitation mapping at global scale
	7.1. Synthetic aperture radars for mapping precipitation
	7.2. Mathematical framework for monostatic and bistatic SAR for observing precipitation targets
	7.3. SAR simulation package
	7.4. Simulations of SAR in monostatic mode for observing precipitation target
	7.5. Simulations of SAR in bistatic mode for observing precipitation target
	7.6. SAR simulations considering input weather radar data

	Chapter 8. Summary and future work
	8.1. Summary
	8.2. Future work

	Bibliography
	Appendix A. Parameters for relationship between specific phase and specific attenuation for different hydrometeors at X band 
	Appendix B. Parameters for relationship between specific phase and specific attenuation for different hydrometeors at Ku band 

