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Abstract The first Doppler spectra ever acquired by an atmospheric radar at 200 GHz (G-band) are
presented. The observations were taken during a light precipitation event in May (rain rates <2 mm hr™') at
Chilbolton Observatory, UK, with coincident Ka-band and W-band Doppler radar measurements. The collected
rain spectra agree with Mie theory predictions: at G-band they show significant reductions in the spectral
power return—as compared to theoretical Rayleigh scattering—corresponding to high Doppler velocities (i.e.,
large raindrops) with the presence of multiple peaks and “Mie notches” in correspondence to the maxima and
minima of the raindrop backscattering cross sections. The first two G-band Mie troughs correspond to smaller
velocities/sizes than the first W-band Mie notch. These features offered by G-band radars pave the way toward
applying, in rain, Mie notch vertical wind retrievals and multifrequency drop size distribution microphysical
retrievals to smaller rain rates and smaller characteristic sizes than ever before.

Plain Language Summary The first Doppler velocity measurements ever acquired by an
atmospheric radar at 200 GHz (in the so-called G-band) are presented. The observations were taken during

a light precipitation event in May (rain rates <2 mm hr~") at the STFC Chilbolton Observatory, UK, with
coincident measurements at 35 and 94 GHz. At high Doppler velocities (i.e., in correspondence to large
raindrops) the collected G-band Doppler velocity spectra show significant non-Rayleigh effects, as expected
from scattering Mie theory when the wavelength is much larger than the scattering target dimension. This is
highlighted by the presence of multiple peaks and minima in the spectral power return and by a significant
reduction of the spectral power at G-band compared to the other frequencies. The first two G-band minima
both correspond to smaller velocities/sizes than the first W-band minimum, a direct consequence of the reduced
wavelength of the G-band radar. These novel features observed by G-band radars pave the way toward applying,
in rain, vertical wind retrievals and multifrequency drop size distribution retrievals to smaller rain rates and
smaller characteristic drop sizes than ever before.

1. Introduction

In the last three decades mm wavelength radars within the Ka-bands and W-bands have proved to be paramount
tools for cloud and precipitation process studies (Kneifel & Moisseev, 2020; Ori et al., 2020) and long-term
cloud monitoring (Kollias et al., 2020; Stein et al., 2015; Tridon, Battaglia & Watters, 2017). This success has
been driven by their larger sensitivity to small droplets and ice crystals (Lhermitte, 1990), their superior spatial
resolution, and their reduced susceptibility to Bragg scattering compared with centimeter-wavelength radars in
the S, C, and X bands (Kollias et al., 2007), whereas their portability and compactness have made them suita-
ble instruments to be deployed on ships (e.g., Protat et al., 2016), aircraft (e.g., Walker McLinden et al., 2021),
and spacecraft. The latter application is demonstrated by the W-band CloudSat and the Ka-band GPM radars
(Battaglia et al., 2020, and references therein). Synergistic measurements which combine multifrequency centim-
eter and millimeter wavelength radars (e.g., Chase et al., 2018; Neto et al., 2019), possibly including lidar and
radiometer characterizations (e.g., Petdja et al., 2016), underpin sophisticated quantitative retrievals of cloud
and precipitation microphysics and dynamics (e.g., Delanoé & Hogan, 2008; Fielding et al., 2015; Battaglia
et al., 2016; Mason et al., 2017, 2018; Mroz et al., 2021; Tridon et al., 2019; Oue et al., 2021) at many global
locations (Illingworth et al., 2007; Kollias et al., 2020).
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More recently, breakthroughs in solid-state radar technology (in particular the development of high power
Schottky diode-based frequency multiplied sources and solid-state power amplifiers) have enabled the construc-
tion of radars in the next highest, useable frequency waveguide band, the G-band with frequencies between 140
and 220 GHz (IEEE, 2016). The first G-band meteorological radar was developed as a Differential Absorption
Radar (DAR; Cooper et al., 2018), to measure the water vapor and humidity profiles in boundary layer clouds
(Roy et al., 2018). The radar's measurements were validated against radiosondes and found to be in close agree-
ment with the in situ measurements (Roy et al., 2020). Using the same radar, Lamer et al. (2020) presented the
first multifrequency observations including a G-band radar, showing that the differential reflectivity of the Ka-G
pairing was several decibels greater than that of the traditional Ka-W pairing. They also showed evidence for
non-Rayleigh scattering in the G-band where the Ka-band and W-band signals were still experiencing Rayleigh
scattering. The improved dynamic range in multifrequency reflectivity ratios enables microphysical retrievals
for clouds and precipitation characterized by smaller particle size and/or equivalent water contents (Battaglia
etal., 2014).

G-band radars also have the potential to improve on other methods of profiling boundary layer clouds. Current
techniques involve lidars (O’Connor et al., 2005; Westbrook et al., 2010), which cannot see above the cloud base
from the ground. To mitigate this, Fielding et al. (2015) used a combination of radar, lidar, and zenith radiances;
however, this methodology cannot be used if precipitation is reaching the surface. G-band radars present an
opportunity to bypass these restrictions and retrieve a better estimation of the Particle Size Distribution (PSD).
Unfortunately, G-band radiation is subject to a strong frequency dependent attenuation by water vapor and other
atmospheric gases. This is exacerbated at warmer temperatures, due to the higher atmospheric absolute humidity.
This means that G-band radars are more useful in cooler, subtropical regions in the winter (Battaglia et al., 2014).

In this study, the first results from a new G-band radar are presented, including the first Doppler spectra measured
by a G-band radar. The radars and other instruments used in this study are detailed in Section 2. The results are
presented in Section 3 and finally conclusions are drawn in Section 4.

2. Radars and Operation

Chilbolton Observatory is located in the south of England (51°08'40"N, 1°26"19”W). The observatory routinely
operates a Ka-band radar in support of long-term measurements by the National Centre for Atmospheric Science
(NCAS), and provides tailored use to the research community of a W-band radar as part of the Atmospheric
Measurement and Observation Facility (AMOF). The Observatory has been recently equipped with the G-band
Radar for Cloud Evaluation (GRaCE).

GRaCE is a zenith looking solid-state pulsed Doppler radar, operating at a frequency of 199.5 GHz. This
frequency is a three-way compromise between atmospheric transmission, which increases away from the absorp-
tion of the 183 GHz water vapor line, the increasing cost of generating the power to efficiently drive the frequency
doubler, and the maximum permitted by the UK licensing authority, Ofcom, at 200 GHz. The transmit signal
is derived from a low phase noise, Ka-band, dielectric resonator oscillator, the output of which is pulsed by a
PIN diode switch and then amplified. The 33.25 GHz signal drives a frequency tripler, whose output is in turn
power amplified and then frequency doubled to obtain an 80 mW output power transmit signal. The transmit
pulse passes through a low loss, high isolation, quasi-optical duplexer to a single high gain, 65 dBi, 1 m aperture,
reflector antenna system. The antenna beam is projected vertically upwards using a 45° plane mirror, the beam
width is 0.11°.

GRaCE was operated in IQ recording mode and spectra were calculated from the raw 1Q data using 512 FFT
points and were then averaged over a period of 2 s (or 98 spectra). The Pulse Repetition Frequency (PRF) was
25 kHz, meaning the radar had a Nyquist velocity of +9.38 m s~ The range resolution was 60 m and the overall
range was kept to just 6 km, due to the sensitivity of the radar (—5 dBZ at 1 km, averaged over 2 s) that did not
allow for observations at higher altitudes (this will be improved in the future with improvements to the hardware).

The W-band radar is a zenith pointing pulsed Doppler radar operating at a frequency of 94 GHz with a 1,500 W
transmitted peak power. It operates using twin 0.46 m antennas with a 0.5° beam width, the range resolution was
60 m and the minimum range is about 200 m. As in the case of GRaCE, the spectra for this radar were composed
of 512 FFT points and were also averaged over 2 s (or 24 spectra) giving a sensitivity of —15 dBZ at a range of
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Figure 1. Radar reflectivity of (a) G-band Radar for Cloud Evaluation (GRaCE) and (b) the W-band radar on May 24, 2021. Panel (c) shows the rainfall rate during the
time that observations were collected over. The reflectivity of GRaCE has been calibrated against simulated reflectivity derived from ground disdrometer observations
and the reflectivity of the W-band cross calibrated against the 3 GHz radar at Chilbolton. Dashed line shows the time at which the spectrogram shown in Figure 2 was

taken.

1 km. The PRF of this radar was 6,250 Hz and the Nyquist velocity was +4.98 m s~!, giving an unambiguous
range of 24.0 km, much larger than that of GRaCE.

The Ka-band radar is a zenith pointing pulse Doppler radar operating at a frequency of 35 GHz with a 1,500 W
transmitted peak power. It operates using a single 2.4 m antenna with 0.25° beam width, the range resolution
was 60 m and the minimum range is about 250 m. The Ka-band radar was also used in IQ recording mode; the
data were used to generate 512 FFT point spectra and averaged over 2 s (or 18 spectra), giving a sensitivity of
—10 dBZ at a range of 1 km. The PRF of this radar was 5 kHz giving a Nyquist velocity of £10.7 m s~!, and an
unambiguous range of 30.0 km.

Both the W-band and Ka-band radars have been calibrated to within 1.5 dB through comparison with the 3 GHz
radar at Chilbolton. The 3 GHz radar has, in turn, been calibrated to better than 0.5 dB using the nonindependence
of its dual-polarization parameters (Goddard et al., 1994).

The W-band and Ka-band radars were situated adjacent to one another, with the G-band radar 30 m away.
Though efforts were made to ensure each radar was vertically pointing, small 0.4° and 0.15° pointing errors were
found in the Ka-band and W-band radars, respectively. This is somewhat mitigated by the fact that the measure-
ments presented here were taken at low altitudes and through a relatively homogeneous region of the cloud and
precipitation.

To calibrate the measurements of GRaCE, the G-band reflectivity data were compared against reflectivity
modeled from disdrometer observations 2 min subsequent to the GRaCE observations at the closest available
range (300 m), similar to the approach followed by Lamer et al. (2020). The 2 min gap between the disdrometer
based spectra and the GRaCE observations was to allow time for the drops to fall the 300 m from the nearest
range gate to the disdrometer, two-way path integrated gaseous attenuation has also been taken in to account for
the calibration.

3. Results and Discussion

GRaCE was used together with the W-band and Ka-band radars to collect observations of scattered showers on
the May 24, 2021, in particular a shallow, precipitating cloud from a frontal system that passed over the radars
between 13.45 UT and 14.45 UT (the event is shown in Figure 1). Observations from the W-band radar show the
cloud had a depth of around 3 km with the melting layer at an altitude of about 1 km. The maximum reflectivities
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3 — 30 of the precipitation were measured at 22.3 dBZ by the W-band radar, which
b5 = is close to the maximum reflectivity that can be observed by a W-band radar
s (Hogan et al., 2003).
20 €
— 2 This cloud was deemed to be a good test of GRaCE due to the relatively shal-
g 15 % low depth and light precipitation, compared to other precipitating cells on the
& o 5 day; it provides an excellent case to show the capabilities of GRaCE and the
c .
& % spectra produced by light rain.
° g The reflectivity shown in Figure 1a s, as expected, consistently lower than the
o & reflectivity shown in Figure 1b, from the W-band radar. This is a combination

of non-Rayleigh scattering and the effects of the increased attenuation experi-

Figure 2. Spectrogram (stack of Doppler spectra with height) from G-band
Radar for Cloud Evaluation (GRaCE) at 13.59 UT (marked in Figure 1a with
a dashed line), positive velocities indicated downward motion. The dashed line
shows the altitude of the spectrum presented in Figure 3.
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enced at G-band frequencies from both atmospheric gases and the hydrome-
ity [m/s] teors themselves (Battaglia et al., 2020). The effect of increased attenuation
is particularly obvious in the reflectivity returns above 3 km altitude at 14.10
UT, where the W-band radar measures signals greater than 0dBZ, but the

GRaCE reflectivity has been completely attenuated.

The spectra used for the rest of this study were taken at 13.59 UT (marked
in Figure 1 with a dashed line) at which time the precipitation was relatively
light and steady. The rain rate peaked at around 2 mm hr~! a few minutes after
the spectra were observed and the mass mean droplet diameter (D,,) remained steady at around 0.9 mm for a few
minutes within the acquisition time of the spectra shown here. The reflectivity from the W-band radar shows that
the cloud extends to an altitude of around 3 km at this time, with another thin ice cloud 2 km above that.

The spectra from GRaCE at 13.59 UT (Figure 2) feature a strong signal up to approximately 1.1 km, the expected
height of the freezing level and then weaker signal up to an altitude of 2.5 km. These are the returns related to the
liquid and ice regions of the cloud that are separated by a melting layer characterized by a strong vertical gradi-
ent in the range of Doppler velocities. Note that despite the signal being strongly attenuated by the rain and the
potential liquid cloud layers, GRaCE has some capability in detecting the top of the ice portion of the low cloud.
The radar returns in the liquid layer also show the characteristic appearance of Mie notches at velocities of around
3 and 5 m s7!, though the second Mie notch is confined only to the layer between 0.3 and 1 km altitude, where
larger drops are present (below 300 m near field effects prevent the detection of Mie notches). The differences
between the observed velocities of the Mie notches and the theoretical Mie notches (calculated using T-matrix
modeling of realistically shaped raindrops at various canting angles) at this frequency (3.2 m s~! or 0.8 mm and
5.0 m s~! or 1.5 mm for G-band and 5.9 m s~! or 1.9 mm for W-band, as shown in Figure 3b) is a result of the
vertical wind (Kollias et al., 2002). The locations of the Mie notches can also be affected by turbulent broadening
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Figure 3. (a) Spectra from G-band Radar for Cloud Evaluation (GRaCE), the W-band and the Ka-band radars at 13.59 UT and 600 m altitude. The W-band data has
been unfolded to give approximately the same maximum velocity as the G-band and Ka-band radars. The three spectra have been aligned to match the Rayleigh regions
of the spectra, but have not been calibrated. (b) Theoretical spectra for an exponential Particle Size Distribution (PSD) with a D,, of 1 mm.
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Table 1 of the spectra. This does not have a large impact on the location of the Mie
The Difference of the Location of the Theoretical Mie Notches Due To notches until the turbulence reaches high values, as is shown in Table 1.

Spectral Broadening From the Spectra in Figure 3b in m s~/

Figure 3a shows the spectra from GRaCE, the W-band radar and the Ka-band

Turbulence radar at 600 m altitude. In the spectral region with Doppler velocities between
Mie Notch 0.05 m?s~3 0.1 m?s~3 0.2m2s™3 0 and 0.5 m s~! the three curves follow approximately the same evolution:
G-band notch 1 0 0.01 0.04 thlS. is the region corresponding t‘o targets that backscatter in the .Ra}flelgh
regime for all three radar frequencies. The W-band and Ka-band maintain the
G-band notch 2 0 0.02 0.08 . . . . . .
same behavior in a wider region, as they remain in the Rayleigh regime for
‘W-band notch 1 0 0.02 0.08

larger (and therefore faster falling) droplets.

In Figure 3a, it can be seen that the two Mie notches in the GRaCE spectrum

occur at smaller Doppler velocities than the first and only minimum of the
W-band spectrum. The theoretical velocity at which the Mie minima should occur for droplets falling in still air
can be computed via Mie theory (Lhermitte, 1990), this is done here using the same method as Mr6z et al. (2021):
an example for an exponential PSD is shown in Figure 3b. These theoretical computations can be used in combi-
nation with the location of the observed minima to retrieve the vertical wind speed by using the method of Kollias
et al. (2002). The lower vertical velocity of the Mie minima at 200 GHz as compared with 94 GHz allows for the
retrieval of the vertical wind speed for smaller droplets with lower fall speeds, and correspondingly much lower
rain rates, than would be possible using a W-band radar. It also gives a reduced level of uncertainty to the meas-
urements as the individual estimates from the two Mie notches can be averaged to give a more reliable vertical
wind measurement whereas the range of values can be used to give an estimate of the uncertainty.

The vertical wind retrieval results from GRaCE using this method are shown in Figure 4a. Here the Mie notches
are detected automatically from smoothed spectra by allowing a maximum deviation from the theoretical values
of 0.6 m s~!; where two Mie notches are detected the average of the notches' velocities are used for the estimate of
vertical wind. It can be seen that GRaCE detects at least one Mie notch (and therefore an estimate of the vertical
wind speed) through a large portion of the precipitation event. In comparison, the W-band radar only measured a
small number of vertical wind points between 14 UT and 14.30 UT (shown in Figure 4b).
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Figure 4. (a) Vertical wind speed from G-band Radar for Cloud Evaluation (GRaCE), using the Mie notch method of Kollias
et al. (2002), as described in text. (b) Vertical wind speed from the W-band radar, also using the Mie notch method of Kollias
et al. (2002). Overlaid contours in panel b show the radar reflectivity of the Ka-band radar.
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The reduced spectral reflectivity compared to the W-band radar at small velocities (around 2 m s~!) associated
with non-Rayleigh effects paves the way toward the use of retrieval techniques at lower rain rates and enables
the derivation of raindrop concentrations to lower drop sizes. Our results demonstrate the potential of a G-band
system when used in parallel with conventional millimeter radars at Ka-bands and W-bands. For instance, when
applying their optimal estimation retrieval technique to Ka-W-band dual frequency radar synthetic data observa-
tions, Tridon and Battaglia (2015) could not produce PSDs with a mass mean droplet diameter (D,,) below 1 mm
because the Mie effects were too weak in both the W-band and Ka-band frequencies to allow for the correction
of the vertical wind; this is mitigated with the use of G-band (potentially together with both the Ka-bands and
W-bands, following the example of Mr6z et al. (2021)). Further Tridon and Battaglia (2015) note that their opti-
mal estimation method could be extended to the retrieval of light rain and drizzle by the use of G-band; the results
shown here appear to corroborate that suggestion.

4. Conclusions

The ground-breaking 199.5 GHz GRaCE (G-band Radar for Cloud Evaluation), deployed at the UK's Chilbolton
Observatory, has recorded the first G-band Doppler spectra from meteorological targets.

The radar was used to observe a light rain event, with rain rates lower than 2 mm hr~!, on the May 24, 2021; the
results featured spectra with a significant reduction in the spectral power return corresponding to high Doppler
velocities (i.e., large raindrops). This is due to non-Rayleigh effects and, at longer ranges, due to attenuation, the
non-Rayleigh effects are shown by the presence of multiple peaks and “Mie notches” in correspondence to the
maxima and minima of the raindrop backscattering cross sections.

The first two Mie notches from GRaCE are both at lower velocities than the first Mie notch from the W-band
radar, as expected from theory. This gives an increased sensitivity to vertical wind measurements, allowing the
retrieval of vertical wind speed in lighter rain than with the use of W-band radar. At the GRaCE frequency, the
onset of non-Rayleigh scattering occurs in correspondence to smaller particles than at the cloud radar frequencies
currently operated. As a consequence, dual or triple-frequency techniques involving a G-band frequency have
the potential to extend drop size distribution microphysical retrievals to smaller rain rates and smaller charac-
teristic drop sizes. Future work will be devoted to developing rain microphysical retrievals to multifrequency
(including the G-band) Doppler spectra by mimicking what has already been done with X-band, Ka-band, and
W-band combinations (Tridon et al., 2013; Tridon, Battaglia, Luke, et al., 2017). In addition, the acquisition of
G-band Doppler spectra in ice during the next Autumn and Winter (when the attenuation will have a less detri-
mental impact) will allow exploring ice scattering properties at unprecedented size parameters and therefore
enable a better understanding of ice electromagnetic and scattering models (Kneifel et al., 2016, 2020; Stein
et al., 2015).

Data Availability Statement

Data are available in the Zenodo online repository (Courtier et al., 2021) at https://zenodo.org/record/5548069.
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