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1. INRODUCTION

Although precipitation is a vital component of the hydrologic cycle, contributing heavily to
deadly floods, or stable production of crops, it is difficult to measure on a continuum in space
and time. Satellite and radar products exploit our knowledge of electromagnetic scattering to
infer the presence of raindrops in a dielectric medium. However, these are costly undertakings,
and the cost requires compromises to be made, especially with the Next Generation Radar
Weather Surveillance Radar 1988 Doppler network [NEXRAD WSR 88-D]. The chosen
parameters and scale of the NEXRAD network must successfully provide information to identify
severe weather near any of the locations under its domain.

Flooding, however annually threatens both urban and rural areas, but the NEXRAD
network is not optimally suited for capturing hydrologic input from precipitation on a scale
relevant to urban areas or small watersheds. The spatial resolution of these radars is limited by
the carrier frequency, and the temporal resolution of precipitation products is limited by the
National Weather Service's required scan angles during rainfall. Moreover, in mountainous or
crowded urban areas, beam blockage creates areas of the radar domain where no hydrologic
information is visible. This is problematic for hydrologists because in order to model a stream or
river, hydrologic variables should be observed at all points over the stream watershed. Toward
that point, the farther a radar beam has to travel to the maximum observing range, the more
opportunity for obstruction by signal attenuation, ground clutter, or partial beam blockage.
Finally, the WSR-88D is immobile, with a 30-ft antenna, mounted on a tall tower. These
problems can be mitigated by a denser network of radars which (1) have no mandatory scans; (2)
observe rainfall close to the ground level; (3) can be moved to new locations; and (4) cost less

than current radar networks.



This is why the University of lowa was motivated to propose and purchase a small
network of X-band mobile radar units for hydrologic monitoring. These radars supply
researchers with exciting opportunities to visualize rainfall fine spatial resolution, fine temporal
resolution, and near-ground-level observations. They are also mobile, and can be assembled in
any way to fit the terrain, or visibility needs. These radars were involved in two high-profile
NASA-Sponsored campaigns, where their ruggedness and reliability was evaluated [IFloods, and
SMAP-VEX16]. Data from these campaigns were collected processed, and compared to other
references like ground-based rain gauges, S-band radar units, and video disdrometers.

While these radars provide finer detail, which is good for small watersheds and urban
areas, the higher carrier frequency introduces problems with signal attenuation due to the
scattering interactions between these waves and hydrometeors. Attenuation in this context refers
to the tendency of a slightly conducting dielectric medium to take energy from incoming
electromagnetic waves, causing the reflected or backscattered electric field amplitude to decrease
upon scattering. This is not because of any mechanical or electrical defect of the radar, but a
product of the traveling radar pulse and the propagation medium itself. However, amplitude-
based products are not the only available products for estimating rainfall. Using dual-polarization
capabilities, one can use the differential propagation phase shift to infer characteristics about
raindrops in a particular resolution pixel of the radar beam. The scattering effects responsible for
attenuating the radar beam do not affect the differential propagation phase shift. Conveniently,
ground obstacles like towers, trees, or vehicles do not affect differential propagation phase shift

either.



With these issues in mind, this thesis will assemble an algorithm to estimate rainfall by
limiting the impact of signal attenuation, utilizing methods of data assimilation, merging
information from multiple radars into one grid, and calibrating the radar instruments. Data from
disdrometers was used to estimate theoretical parameters of the storm itself. Also, a platform for
algorithm comparison is introduced, using radar and gauge data from the campaigns, and
projecting them onto a geo-spatial map interface.

This thesis will be concerned with processing algorithms, which invert reflected power
from hydrometeors into estimates of rainfall rate. The simplified underlying requirements of a
radar processing algorithm will be laid out, followed by a description of the SMAPVEX-16 field
campaign, where environmental data was collected for comparison with rain gauge estimates of
rainfall accumulation. Next, a more detailed discussion of which products are most relevant and
applicable to rainfall estimation is provided. The results of the data analysis from the field
campaign will be introduced, as well as discussion about which algorithm generated the most
reliable, least biased, and accurate estimates of rainfall accumulation. Effort was made to keep
the discussion more general in the main body of the thesis, but if the reader would like
descriptions of radiation scattering, subroutines involved in the algorithm, or the interactive radar

browser, discussion of these specific topics are in the appendix.



2. OVERVIEW OF THE X-BAND RADAR-RAINFALL ALGORITHM

Although X-band radar units are less costly, and offer fine spatial resolution, and flexible
scanning sectors, the development of an algorithm for estimating rainfall should account for
some limitations, which are specific to X-band.

At X-band frequency especially, the scattering behavior of raindrops must be well
understood, and potential challenges anticipated. The first chapter of the Appendix dives into the
specifics of how radar waves scatter from raindrops, but for general discussion of radar
algorithms, it is imperative to understand Rayleigh scattering. The Rayleigh scattering regime
comes from optical physics, and is the basis for assumptions made when processing radar data.
The assumptions from Rayleigh scattering have implications in the size and magnitude of an
abstract quantity called the “backscattering cross section”. The backscattering cross section of a
hydrometeor sounds like a bland, generic term, but Figure 2.1 attempts to provide a visual
representation of what it means. The important difference between the two scattering regimes in

Figure 2.1 is the amount of energy scattered back in the direction of the incoming radar pulse.
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Figure 2.1: Two relevant scattering regimes for radar algorithms.

For Rayleigh scattering, the amount of power reflected back is generally the same as that
which is scattered forward. Also, the power reflected is related by a power law to the diameter of

the scattering body. This is expressed in mathematical terms in equation A.1.11. When Rayleigh
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scattering is not present, then Mie scattering is the governing process, and significantly less
power is scattered back to the radar. In radar meteorology, Mie scattering usually takes control
when raindrop sizes are more than 1/10 the radar pulse’s wavelength (Doviak and Zrnic 2006).
The mathematical description of Mie scattering has been analytically solved, but it is much more
complicated and tedious, relying on infinite series of coefficients. The X-band radars at the lowa
Flood Center have a carrier wavelength of 3.1 cm. Doviak and Zrnic point out that large
raindrops can reach sizes between 3 and 5 mm, so Mie scattering is troublesome for the Xpol
units. This is why radar moments based solely on the amplitude of the returning signal are not
reliable at X-band.

Therefore, the algorithms in this thesis rely on methods that assimilate data from multiple
measurements of the same storm conditions. Whether it is attenuation correction procedures,
estimation of differential phase shift, or eventually rainfall rate estimation, data assimilation is
necessary for every X-band radar algorithm. One popular way to do this is utilize polarization
diversity. In other words, some radars account for the horizontal component of the reflected
power as well as the vertical component. Although this chapter is meant to be a general
explanation of some radar concepts relevant to building a radar-rain fall algorithm, a refresher on
dual-polarization techniques are discussed in Appendix A, particularly Figures A.2 and A.3.

Dual polarization at X-band provides a different suite of radar moments. A critical dual-
pol moment for masking non-meteorological echoes, such as wind turbines, or ground clutter is
the cross-polar correlation coefficient. In the context of the S-band radar, its popular use is
identifying tornadic debris signatures, since the debris produces more diverse signal

characteristics than raindrops (Doviak and Zrnic 2006).



However, it is not directly used for calculating rainfall rate, so it is not extensively discussed in
this thesis, but it is useful for identifying the ground, or human-built structures, as opposed to
raindrops. It also differentiates frozen precipitation from liquid. Figure A.2.1 provides a
flowchart illustrating the role of the cross-polar correlation coefficient for the Xpol radar units.

It finds use in the X-band algorithms by data masking. Since returns from ground objects
are always from the same location, they cause a bias in rainfall estimation over time, therefore it
is vital to identify and deal with them.

The most important dual-pol moment for X-band is differential propagation phase shift,
or @qp. Since this product is determined by the relative phase difference between horizontal and
vertically-polarized radar beams it is independent of amplitude, and therefore said to be immune
to attenuation and Mie scattering effects (Sachidananda and Zrnic 1986). The only requirement is
that a signal returns to the radar without complete extinction. Because of how ®gp resists
attenuation, it is popular as a reference for correcting attenuation, and estimating true reflectivity,
or estimating rainfall directly.

Differential phase shift, although it is useful at X-band, brings its own suite of obstacles.
Since X-band radars often encounter situations where Rayleigh scattering is violated by the real-
world conditions, Mie scattering effects must be filtered from @qp. Hubbert and Bringi (1995),
Testud et al. (2000), Bringi and Chandresekar (2001), Anagnostou et al. (2004), and Schneebeli
and Berne (2012) all offered potential solutions to this filtering problem. The backscatter
differential phase shift is not as directly related to hydrometeor shape and size as the propagation
phase shift, so it creates a bias in rainfall estimates. Filtering of differential phase data is
therefore included in each algorithm within this thesis. This is done practically in one of a few

ways. Hubbert and Bringi (1995) recommended a set of coefficients for a finite impulse response



filter. This filter mimics transforming spatial data into the wavenumber domain, and removing
the effect of small wavenumber signals, but works faster, as it is a weighted average. This
approach was geared more toward C-band radars, and is not included in the phase estimation
routines mentioned in this thesis.

An alternative approach is least-squares regression on a moving window along the radar
beam. Compared to the other algorithms, this does not directly filter differential phase data, but
estimates its slope through the noise in the data.

Finally, there is Kalman filtering, a data assimilation technique which uses assumptions
about error covariance to weight the prediction in favor of the observations, or in favor of the
theory. This is discussed in chapter 4.2.

Once phase shift has been filtered, providing an estimate of only the propagation effects
within the radar beam, we know that changes in the @qp are due to rainfall. Therefore, we can
relate rainfall rate to the spatial derivative of @q, with respect to radar range. This spatial
derivative is known as Kgp, and is the focus of most of Chapter 4. Empirical raindrop simulation
studies used in Testud et al (2000) and displayed in textbooks like Bringi and Chandrasekar
(2001) show that Kgp is proportional to signal attenuation. At the X-band wavelength in
particular, this relationship is linear. One algorithm in this thesis is dedicated to estimating
specific attenuation by exploiting this linear relationship. Specific attenuation can be integrated
along the range, and added to reflectivity to correct it. Since specific attenuation is proportional
to something in Rayleigh scattering theory known as the extinction cross section, researchers like
Ryzhkov et al. (2014) suggest calculating rainfall directly from specific attenuation. The

extinction cross section is given in equation 4.7.
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Figure 2.2: Overview of the radar-rainfall algorithm.

The ground reference for the algorithms in this thesis was a network of 20 rain gauges

owned by the lowa Flood Center and the USDA’s Agricultural Research Service. These gauges



do not directly measure rain rate, but instead rainfall accumulation over an interval of time. The
algorithms for the X-band radar units estimate rainfall rate, so these products should be
integrated in time to more closely match the nature of what the rain gauges measure. Integrating
rain rates through time poses a problem in that the radar is only able to observe the environment
in one snapshot at a time. The radar leaves most of the environment unmeasured at any given
time. In order to fill in the temporal latency between rainfall files, an advection correction
method is applied. This method identifies the size of the time gap between two files, projects the
previous file onto the domain of the new file, and finds a displacement vector that maximizes the
statistical correlation between the two files. That vector is scaled by the desired time interval,
and the temporal gaps are filled in by the sequentially-advected fields of rainfall. A graphical
representation is included in Figure D.1. The result is rainfall estimates with minute resolution in
time. The two radar’s estimates are mosaicked together in the way shown in Figure E.2. The
mosaics are accumulated to the hourly time scale, which is more comparable to the mechanism
and time-resolution of rain gauges.

With all the radar moments covered, it is necessary to test their performance. Chapter 3
describes the SMAPVEX-16 field campaign. The radars were calibrated by scanning vertically
during rainfall, to dynamically estimate the changing channel discrepancy in received power
between the horizontal polarization and the vertical polarization. This calibration using specific

varieties of scans was built into the rainfall algorithm.



3. THE SMAPVEX-16 EXPERIMENT

Prior to the launch of Soil Moisture Active Passive [SMAP] in 2015, critical campaigns
took place via aircraft, ground sensors, and radio instruments to support the validation and
calibration of algorithms to be used aboard SMAP. Experience from existing missions carrying
radiometers on board motivated serious research efforts to deal with space-based soil moisture
estimation errors. A multi-pronged approach was devised, involving measurements from
airborne radar, and field-based investigations of soil roughness and moisture. The following is a
discussion of some experiments which led up to the SMAPVEX-16 experiment.

Radio interference problems on the Soil Moisture and Ocean Salinity (SMOS) satellite
motivated an investigation into radiometer sensitivity (Park et al. 2008). Data were collected via
aircraft over Tennessee in the fall of 2008 and 2009, during SMAPVEXA08, to test the brightness
temperature sensitivity of a prototype imaging radiometer. Panciera et al. (2014) detailed the
SMAPEX experiments of 2010 and 2011, which involved testing the performance of the
synthetic aperture radar instrument over Southeastern Australia, offering new sources of soil
moisture data collected at L-band, which at the time, few other satellite products offered. Next,
SMAPVEX12 produced airborne radar measurement data over an agricultural area south of
Winnipeg, Canada. It was also emphasized that improvements should be made in estimating soil
moisture in forested locations. McNairn et al. (2015) summarize this experiment, where
researchers investigated the soil-moisture conditions across varying vegetation conditions, from
June 2012 to July 2012. The choice was made for SMAP to employ L-band wavelengths to
mitigate the effects of signal attenuation. However, changing vegetation still alters the apparent
roughness of the earth’s surface, which has a measurable effect on how SMAP estimates soil
moisture. SMAPVEX15 was another test of the radiometer instrument over the Walnut Guich
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experimental watershed, in Arizona, from August 2" to 18", (Colliander et al. 2017) A suite of
ground-based data was also collected with the help of observation networks run by the USDA’s
Agricultural Research Service [ARS] in nearby Tucson. This experiment took place shortly after
the loss of the radar instrument aboard SMAP, so priorities of the experiment changed
accordingly. Some of the goals of SMAPVEX 15 were to investigate the effect of signal
diversity on retrieving information from coarser resolution grids. In other words, Researchers
wanted information on up-scaling returns to a different resolution with larger cells in the grid.

Finally, with similar objectives in mind as the previous campaigns, SMAPVEX 16
featured similar satellite measurements to SMAPVEX12, but over both Winnipeg, and Central
lowa. The objective of SMAPVEX16 was to dig deeper into regions where the error of SMAP’s
soil moisture estimates was markedly high. In addition to the radiometer data, soil roughness,
precipitation, and vegetation levels were recorded in May, June and August of 2016. There was
as desire for multiple forms of soil moisture estimates for validating the SMAP soil moisture
estimates. Since precipitation is the biggest driver of soil moisture, the lowa Flood Center’s X-
band radar network, with the ability to monitor precipitation on a near-continuous spatial scale,
had a place in the SMAPVEX-16 experiment.

In support of the Soil Moisture Active-Passive verification experiment of 2016 (SMAP-
VEX 16), the lowa Flood Center [IFC] deployed two radars which operate at X-band (9.41 GHz)
to make precise precipitation measurements on a scale finer than typically used before, in an area
surrounding the SMAP-VEX 16 experiment domain, centered in Hardin County, lowa. Radar
operators chose the scanning sectors of both radars such that the South Fork lowa River
watershed received overlapping radar coverage. The South Fork lowa River watershed was an

outstanding site for study because it is small enough to be adequately monitored by a network of
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two radars. Also, it is well-instrumented with USGS and lowa Flood Center Stream gauges,
measuring stream discharge with fine temporal resolution.

Fine resolution is vital for places well within the continental United States, especially
lowa, where nocturnal convective thunderstorms are responsible for a large portion of the water
budget input (Song et. al. 2005). Huff and Shipp (1969) describe the higher decay in spatial
correlation associated with convective style storms, which exist as isolated cells, developing and
dissipating quickly compared to longer-lasting stratiform events. This is another reason why high
resolution data are desirable for hydrologic studies. Using a network of two radars, estimates of
minute rainfall rate, and hour accumulation were generated with fine spatial resolution down to
the level of 50 m. While other estimates of rainfall rate existed over the South Fork watershed
during this study, this is the only dataset offering resolution finer than the scale of an agricultural
field.

Comparison experiments were conducted between the merged radar-precipitation
product, and 20 tipping-bucket rain gauges located throughout the experiment domain. The goal
was to assess the agreement with ground-based point-measurements. As a complement to the
radar and tipping buckets, a vertical profiler and a pair of digital video disdrometers were
deployed in the research domain. With this host of instrumentation, the SMAP-VEX 16
experiment offers a dataset tracking precipitation at scales ranging from the size of farm fields to
that of individual raindrops. Figure 3.1 illustrates the location of the general domain, within the
state of lowa. Figure 3.2 zooms in closer, revealing the rain gauge network, which was operated

concurrently with the radar network.
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Figure 3.2: A close-up version of Figure 3.1, showing radar and rain gauge locations around the
watershed.
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Instrumentation

Rain gauge and radar data were collected for two weeks in late spring, May 24-Jun 6 and
mid-summer Aug 1 — Aug 14. The two periods of the experiment allow for comparison of
conditions during the maize crop’s early stages, and its fully grown stage. Technical and
electronics issues affected the collection of radar data primarily in the first phase of the
experiment. The analysis in this study will examine data from the second phase of the
experiment.

Two mobile X-band radar units resided north and south of the watershed, XPOL-2 and
XPOL-3 [Xpol North, and Xpol South] where they sampled swaths reaching over and beyond
the experimental watershed. Each radar unit was mounted on a trailer and pedestal (Figures 3.6
and 3.7), allowing a 360 degree range of scanning, as well as the ability to scan vertically from
zero degrees to 90. With a nominal range of 40 km, they collected data over the watershed with
range resolution of 75 m. The 6-foot dish antenna, and 3-cm wavelength contribute to a beam
width of 1.4 degrees. However, data was sampled with azimuth resolution of half a degree, so
some beam overlapping was present. Both radars possess polarimetric capabilities, with a
horizontal and vertical receiving channel built into the antenna. Background processes on each
radar server checked MRMS data for rainfall in the area, alerting the operators to warm up and

start the radars when rainfall was nearby.
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Figure 3.3: Location, and scanning sector of Xpol North.
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channel discrepancies. For this reason, reflectivity and differential reflectivity are not
recommended for use in estimating accumulated rainfall.

Later on in July of 2018, solar calibration was applied to the Xpol radars to investigate
the calibration of the receiving system. The sun’s earth-facing disc served as a source of
unpolarized microwave radiation. Figure F.7 shows Xpol South had a channel discrepancy of

around -0.2 dB on the receiving end.
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Figure F.3: Vertical Zdr calibration of Xpol North in stratiform rain, 2:00:26 UTC Aug. 12,
2016.
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Figure G.2: A plot of ®dp from Xpol South during a convective line of thunderstorms August 4,
2016.
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