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Abstract. Clouds and associated precipitation are the largest
source of uncertainty in current weather and future climate
simulations. Observations of the microphysical, dynamical
and radiative processes that act at cloud scales are needed to
improve our understanding of clouds. The rapid expansion of
ground-based super-sites and the availability of continuous
profiling and scanning multi-frequency radar observations at
35 and 94 GHz have significantly improved our ability to
probe the internal structure of clouds in high temporal-spatial
resolution, and to retrieve quantitative cloud and precipita-
tion properties. However, there are still gaps in our ability to
probe clouds due to large uncertainties in the retrievals.

The present work discusses the potential of G band (fre-
quency between 110 and 300 GHz) Doppler radars in com-
bination with lower frequencies to further improve the re-
trievals of microphysical properties. Our results show that,
thanks to a larger dynamic range in dual-wavelength re-
flectivity, dual-wavelength attenuation and dual-wavelength
Doppler velocity (with respect to a Rayleigh reference), the
inclusion of frequencies in the G band can significantly im-
prove current profiling capabilities in three key areas: bound-
ary layer clouds, cirrus and mid-level ice clouds, and precip-
itating snow.

1 Introduction

Clouds are very complex, ubiquitous components of our at-
mosphere. Their complexity derives from their varied com-
position (water droplets and/or ice crystals with sizes in the

order of microns to millimetres), and from their relation-
ships both with very fine-scale convection and turbulence
processes and with meso/synoptic-scale dynamical systems.
Clouds have a profound impact on the Earth’s climate. They
exert a substantial influence on the Earth’s radiation budget,
efficiently reflecting sunlight into space (short-wave cool-
ing) while they absorb infrared radiation emitted from the
surface/lower atmosphere at lower temperatures (long-wave
warming). The cloud radiative effect is very sensitive to the
cloud microphysical and macrophysical structure, both in its
long-wave and in its short-wave component. Small changes
in cloud properties or coverage in a future climate can par-
tially offset or substantially amplify the warming associated
with a doubling of CO2 (“climate sensitivity”). Clouds also
influence the atmospheric energy budget through the trans-
port and release of latent heat. Due to the complex relations
of these processes, cloud feedbacks remain the largest source
of uncertainty in climate sensitivity estimates (Solomon
et al., 2007), and due to the complex nature of the climate
system they are the most difficult to disentangle (Stevens
and Feingold, 2009). The blueprint for progress in improving
representation of cloud processes in global climate (GCM)
and numerical weather prediction (NWP) models must fol-
low a demanding path that involves an orchestrated combi-
nation of models, essential tools for diagnosing processes
and quantifying feedbacks, and observations, which test the
model’s credibility in representing these processes. One of
the current weaknesses of GCMs and NWP models lies in
the embedded cloud parameterizations with levels of empiri-
cism and assumptions that are hard to evaluate with current
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1528 A. Battaglia et al.: G band cloud profiling

global observations (Stephens, 2005). In order to break the
cloud parameterization deadlock, the road map to progress
can fork in two directions: from one side GCM and NWP
models are moving towards resolutions fine enough to repre-
sent individual cloud elements, and from the other side new
cutting-edge observational techniques for improving quanti-
tative cloud microphysical retrievals must be explored. This
work takes the second path and explores the potential advan-
tages for cloud physics studies of using the G band (110–
300 GHz), which lies within the extremely high frequency
(EHF, 30–300 GHz) band as defined by the Institute of Elec-
trical and Electronics Engineers (IEEE, 2003). The G band
lies just above the W band (75–110 GHz) and bridges the
gap with the far infrared (above 300 GHz). Specifically, two
“window” frequencies within the G band will be considered
(140 and 220 GHz). Given that the total scattering and ab-
sorption by a cloud volume varies smoothly with frequency,
these two frequencies will epitomize the behaviour within the
whole band.

Cloud radars at 35 GHz and 94 GHz are routinely op-
erated from the ground (e.g. within the CloudNet and the
US ARM (Atmospheric Radiation Measurement) Program,
Illingworth et al., 2007; Ackerman and Stokes, 2003; Mather
and Voyles, 2013) and from a variety of ship-based and air-
borne platforms (Kollias et al., 2007). In space, the Cloud-
Sat 94 GHz cloud profiling radar has been operating since
May 2006 (Stephens et al., 2008). Combined with other
NASA A-Train constellation sensor data, CloudSat observa-
tions offer unique, global views of the vertical structure of
clouds and precipitation in tandem, thus bridging a gap in the
measurement of the Earth’s hydrological cycle (Berg et al.,
2010). They also provide valuable estimates of global ice
water paths (Delanoë and Hogan, 2010), global snow cloud
characteristics (Liu, 2008b), and add new insight into tropi-
cal penetrating convection and marine boundary layer clouds
(Stephens et al., 2008).

A further technological and scientific leap forward will
be provided by the upcoming ESA Earth, Clouds, Aerosols,
and Radiation Explorer (EarthCARE) mission, that will
deploy a 94 GHz radar, the first ever in space with
Doppler capabilities. The variety of these research activi-
ties clearly demonstrates the impressive progress made in re-
cent years in mm-wave radar technology, specifically in high-
efficiency antenna assembly, low-loss quasi-optical trans-
mission line, high-power amplifiers and low-noise-figure re-
ceivers (Tanelli et al., 2008). However, to date, 94 GHz radar
remains the highest frequency radar routinely used for cloud
remote sensing. There have only been a few examples of
cloud radars operating at 140–215 GHz in the past (Nemarich
et al., 1988; Mead et al., 1989; Wallace, 1988). Such in-
struments used an extended interaction klystron (EIK), op-
erated as a free running oscillator. The sensitivity was lim-
ited as this approach necessitated short pulses, incoherent
operation without Doppler and wide receiver bandwidths
to accommodate frequency drift. Since the early work of

Nemarich et al.(1988); Mead et al.(1989); Wallace(1988)
andLhermitte(1990) there has been little discussion in the
last 20 years on the advantages of radars operating at G band.
Today, several of the technological challenges that made the
development of radar in G band in the past a risky proposi-
tion are now removed thanks to technological breakthroughs
(Durden et al., 2011). Thus, it is timely to revisit the topic of
the potential applications of G band radars in cloud research.
Here, we state their added value in cloud research when op-
erated in ground-based super-sites complementing existing
cloud radar facilities. G band radars could be potentially
useful also from space and indeed they have been already
proposed for characterizing cirrus clouds (Hogan and Illing-
worth, 1999). However most of the applications proposed in
this work require Doppler spectra. In low-Earth-orbit satel-
lites the fast satellite motion produces a large Doppler fad-
ing which strongly reduces the potential of using multi-
frequency Doppler spectra techniques (Battaglia et al., 2013,
and references therein). The added value of G band radars
is discussed in the context of our current understanding of
cloud research and the identification of existing gaps and lim-
itations in quantitative cloud retrievals.

The paper is organized as follows: Sect.2 describes gaps
in cloud and precipitation profiling observational capabili-
ties in three key areas of relevance for cloud-related stud-
ies. Section3 provides a background on the current state of
the art for millimetre radar profiling along with the scatter-
ing and absorption characteristics which can be expected at
higher frequencies, while Sect.4 discusses potential multi-
wavelength retrieval approaches which use G band radars,
in relation to the three cloud themes discussed in Sect.2. In
Sect.5 we present a recommended technical specification for
a 220 GHz ground-based radar system to achieve the science
objectives described in this paper. Conclusions and recom-
mendations for future works are discussed in Sect. 6.

2 Gaps in cloud profiling observational capabilities

The few radars operated in the G band in the past pro-
vided observations of fog and low level clouds (Mead
et al., 1989; Wallace, 1988) and of falling snow and rain
(Nemarich et al., 1988; Wallace, 1988). On the other hand,
Hogan and Illingworth(1999) explored the potential of a
215 GHz channel in a dual-frequency space-borne radar to
size cirrus clouds and profile ice water contents. Driven by
these first observations and notional studies and by the ini-
tial assessment of the applicability of millimetre Doppler
radars for cloud studies provided byLhermitte(1990), here-
after we focus on three cloud research areas where radars
operated in the G band are expected to provide additional
information: (1) boundary layer (BL) clouds; (2) cirrus and
mid-level ice clouds; (3) precipitating snow. These cloud
types play a critical role for NWP and in GCMs. For in-
stance, because of their large horizontal coverage and their
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high albedo, BL clouds such as stratus and stratocumulus are
the largest contributor to uncertainty in future climate pre-
dictions, with large discrepancies in the amount of sunlight
being reflected by the simulated clouds (Bony and Dufresne,
2005). BL cloud persistence strongly affects day-time sur-
face heating and night-time long-wave cooling; hence, er-
rors in their representation lead to incorrect forecasting of
fog, ice, and other hazardous conditions. Though drizzle
formation is key to the maintenance and dissipation of the
low-stratiform clouds (Wood, 2012) there are still signifi-
cant differences in the drizzle amount in models and obser-
vations, with an over-prediction of drizzle from BL clouds in
cloud modelling (Stephens et al., 2010). Thin, low-level liq-
uid clouds are also key in affecting surface radiative fluxes
in polar areas (e.g.Bennartz et al., 2013). Similarly ice water
content of cirrus in GCMs is not well simulated at present.
Global average ice water path varies by more than order
of magnitude (0.01 and 0.2 kg m−2) between different cli-
mate models (Solomon et al., 2007). Unfortunately, a sim-
ilar spread also exists amongst satellite estimates (Eliasson
et al., 2011), which makes it difficult to make progress. Mea-
suring snowfall, an important component of the water cycle
(Mugnai et al., 2005), is an even more complicated matter
because of the enormous complexity of snow crystal habit,
density, and particle size distribution.

Thus, in order to significantly improve the representation
of the aforementioned cloud types in climate and NWP mod-
els, novel remote sensing techniques capable of character-
izing their micro- and macro-physical properties (which are
the drivers of their radiative properties) are certainly needed.
Hereafter we review the current state of the art in the radar-
based remote sensing of these cloud systems and identify
critical measurement gaps and limitations.

2.1 Boundary layer clouds

While remote sensing of the column integrated amount of
cloud liquid water (LWP) using passive microwave radiom-
etry can be achieved with sufficient accuracy (Crewell and
Löhnert, 2003; van Meijgaard and Crewell, 2005), only lim-
ited information can be extracted on the vertical profile us-
ing the cloud radar backscatter signal. This is mainly be-
cause the liquid water content (LWC, proportional to the
third moment of the droplet spectrum) of BL clouds is dom-
inated by small (diameter< 40 µm) cloud droplets, whereas
the radar backscatter signal (Z, proportional to the sixth mo-
ment of the droplet spectrum) is dominated by drizzle when
present (Fox and Illingworth, 1997). Nevertheless, several re-
trieval techniques have been developed that use millimetre
radar-only measurements or combine radar with microwave
radiometer measurements (Atlas, 1954; Frisch et al., 1998,
2002; Williams and Vivekanandan, 2007; Brandau et al.,
2010; Ellis and Vivekanandan, 2011) to retrieve LWC and/or
cloud effective radius. Most of these retrievals assume mono-
modal size distributions, which are usually described through

a log-normal or a modified gamma distribution. If the (typ-
ically) three parameters of the size distribution are to be
derived from height-resolvedZ and integrated LWP mea-
surements, this usually requires certain prior assumptions,
i.e. concerning the width and the total number concentration
of the size distribution. Generally, the performance of these
methods degrades when precipitation develops and the size
distribution becomes multi-modal.Löhnert et al.(2008) de-
veloped the variational integrated profiling technique (IPT)
for LWC profiles from a combination of cloud radar and mi-
crowave radiometer relying on the target classification pro-
vided by Cloudnet (www.cloud-net.org), which can deliver
automated information on whether or not the cloud is pre-
cipitating. The IPT then applies differentZ–LWC relation-
ships depending on the precipitation conditions in the cloud,
though LWC uncertainties can nevertheless be larger 50 %
and the retrieval of cloud droplet size is not possible in the
presence of precipitation.Hogan et al.(2005) proposed the
use of dual-wavelength reflectivity (DWR) methods to pro-
file liquid water clouds. In this case the accuracy is limited by
the relatively small amount of dual-wavelength attenuation
obtained when using frequencies at 35 and 94 GHz (the dif-
ferential mass attenuation coefficient is roughly 4 dB km−1

per g m−3), which can be difficult to measure and usually re-
quires significant averaging. Retrieval of drizzle properties
below cloud base is also challenging:O’Connor et al.(2005)
demonstrated a radar-lidar method to profile the drizzle drop
spectrum below cloud base. LikewiseWestbrook et al.(2010)
demonstrated a two-frequency lidar method. However, the
main drawback of these methods is that they cannot profile
the drizzle inside the cloud, nor can they function if the driz-
zle is obscured by an intervening layer of cloud. In a recent
study,Kollias et al.(2011) proposed using higher moments
of cloud radar Doppler spectra (e.g. skewness and kurtosis
in addition to reflectivity, velocity and spectral width) for
constraining microphysical retrievals within clouds. They de-
rived relationships between radar Doppler moments and stra-
tocumulus dynamics and microphysics valid for cloud-only,
cloud mixed with drizzle, and drizzle-only particles in the
radar sampling volume.

2.2 Cirrus and mid-level ice clouds

A variety of algorithms that utilize ground-based and space-
based active remote sensing have been proposed for the re-
trieval of ice cloud microphysical properties. Most of the
proposed algorithms can be classified as radar-only (e.g.
Benedetti et al., 2003; Austin et al., 2009), radar-lidar (e.g.
Donovan and van Lammeren, 2001; Wang and Sassen, 2002;
Okamoto et al., 2003; Delanoë and Hogan, 2008, 2010) and
radar Doppler based techniques (e.g.Matrosov et al., 2002;
Mace et al., 2002; Delanoë et al., 2007; Szyrmer et al.,
2012). Another approach is to use cloud radar observations
at two or more frequencies, such that one of the radars has
a wavelength comparable to the size of the ice particles.
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Such measurements have been made at 35 and 94 GHz, and
have been used byHogan et al.(2000); Wang et al.(2005);
Westbrook et al.(2006); Matrosov(2011) to estimate parti-
cle size in ice clouds. However, size information is limited to
clouds containing rather large particles, several hundred mi-
crons in size. If G band measurements are included, it should
be possible to size much smaller particles (Matrosov, 1993;
Tang and Aydin, 1995; Hogan and Illingworth, 1999). This
is explored in more detail in Sect.4.2.

Another application which makes G band radars particu-
larly appealing, when complemented by proper in situ mea-
surements and particle models, is the verification of ice par-
ticle scattering models. Scattering properties of ice particles
are now consistently inferred over the electromagnetic spec-
trum from the ultraviolet through to the far-infrared, whose
lower boundary is conventionally assumed at 300 GHz (Yang
et al., 2013). Scattering libraries complementary to these are
available in the microwave regime (Kim et al., 2007; Hong,
2007b; Liu, 2008a). Because of the vicinity to the far-IR re-
gion, measurements above 94 GHz could bridge the gap be-
tween microwave and far-IR electromagnetic scattering mod-
els.

2.3 Precipitating snow

At present most global snow algorithms remain empirical
in nature, though there has been considerable progress to-
wards physical approaches, particularly using radar tech-
nology. CloudSat (Stephens et al., 2008) offers one of the
most sophisticated possibilities for deriving the distribution
of global snowfall (Liu, 2008b). The advantage of Cloud-
Sat’s cloud profiling radar is that one can derive informa-
tion on the vertical distribution of snow as well as small
cloud ice particles and thus estimate the surface snowfall rate
even during relatively light precipitation cases (Liu, 2008b;
Matrosov et al., 2008; Kulie and Bennartz, 2009). However,
radar-based algorithms rely on statistical relations between
the equivalent radar reflectivity factorZe and snowfall rate
S, which are in turn a function of particle fall velocity, par-
ticle habit (Petty and Huang, 2010; Kulie et al., 2010) and
particle size distribution (PSD). The large natural variabil-
ity of such properties can lead to uncertainties greater than
100 % in snowfall estimates (Hiley et al., 2011). This poses
a microphysical deadlock.

The complexity of snow profiling calls for an integrated
approach of multi-frequency instruments. In this context li-
dar and radar can provide useful complementary and syn-
ergetic information (Battaglia and Delanöe, 2013, and refer-
ences therein). By combining multi-frequency measurements
from active and passive microwave remote sensing instru-
ments, essential assumptions on particle type and size distri-
bution have been evaluated through consistency checks with
radiative transfer modelling in snow clouds (Löhnert et al.,
2011; Kneifel et al., 2010; Kulie et al., 2010). These assump-
tions can be constrained further by in situ measurements and

continuous temperature and humidity profile information.
Dual-wavelength radar techniques have also been adopted
both for ground-based observations (Matrosov, 1998) and
proposed for space-borne configuration (e.g. for the ESA
EE8 Polar Precipitation Missions,Joe et al., 2010), based on
the idea that dual-wavelength reflectivities can be used to de-
rive characteristic size parameters of the snow PSD like mass
median diameters and to partly mitigate the microphysical
deadlock. It is known however, that even adopting W band
as the higher frequency, the non-Rayleigh scattering effects
come into play only at a relatively large particle size (Kneifel
et al., 2011). When G band frequencies are used, dual/triple
wavelength radar approaches can potentially be more effec-
tive for medium to light snowfall rate regimes (see Sect.4.3
for specific examples).

3 Radar scattering properties at millimetre
wavelengths

During the past two decades millimetre-wavelength cloud
radars have emerged as central pillars in evaluating cloud
representation in GCM and NWP models (Illingworth et al.,
2007). Millimetre radars are particularly attractive and ef-
fective because of their inherent compactness and portabil-
ity, their high sensitivity and minimal susceptibility to Bragg
scattering and ground clutter (Kollias et al., 2007). In the
Rayleigh scattering regime the radar reflectivity factorZ is
independent of radar wavelength while the radar backscat-
tering cross section, proportional toλ−4, is much greater at
shorter wavelengths. Thus, millimetre-wavelength radars are
capable of supplementing the dynamic range of centimetre-
wavelength radars with the capability of observing shallow
cumuli and other cloud types well before they develop pre-
cipitation, without the use of high-power transmitters and
large antennas.

3.1 Gas attenuation

The large sensitivity at shorter wavelengths comes at the
price of strong absorption by atmospheric gases and by hy-
drometeors (Lhermitte, 1990; Kollias et al., 2007). For the
EHF range, atmospheric windows (minima in the attenua-
tion spectrum) are located at approximately 35 GHz (Ka),
94 GHz (W), 140 GHz (G), 215 GHz (G) and 342 GHz (see
Fig. 1). Such atmospheric windows are used for radar opera-
tions and are separated by absorption lines: the 22.235 GHz
water vapour absorption line separates the Ku and Ka bands,
whilst the 60 GHz oxygen absorption band (57–64 GHz) sep-
arates the Ka and W bands. The single absorption line of the
oxygen molecule centred at 118.75 GHz separates the W and
G bands. Within the G band, attenuation is mainly driven by
water vapour absorption, especially around the 183 GHz ab-
sorption line that separates the 140 and 215 GHz atmospheric
windows. For instance, at the ground level water vapour
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Figure 1. Optical thickness vs. frequency for an atmosphere with
typical winter conditions at the Zugspitze site (2960 m altitude)
including a single-layer cloud with homogeneously distributed
LWP = 0.1 kg m−2 and SWP = 0.2 kg m−2. Different snow habits
have been considered classified according toLiu (2008a): six-bullet
rosettes (6bR), sector snowflake (SEC), dendrite snowflake (DEN).

attenuation can vary between 1 dB km−1 for cold, dry condi-
tions to as much as 12 dB km−1 for hot, humid atmospheres.
As a result, G band is especially suited for operations in the
polar regions and high latitude/altitude environments where
atmospheric water vapour is scarce, or from satellite plat-
forms for the analysis of ice particles in the drier upper tro-
posphere.

3.2 Hydrometeor attenuation

Clouds and precipitation (particularly in the liquid phase) can
produce severe attenuation for millimetre-waves. Radar at-
tenuation (or extinction as referred in radiative transfer termi-
nology) is caused by absorption and scattering of the trans-
mitted radiation out of the radar beam direction, with the sec-
ond component becoming increasingly important at higher
frequencies. 1 g m−3 of liquid at 10◦C distributed across
a cloud droplet distribution withD0 < 50 µm causes one-way
attenuation of 0.8, 4.1, 7.2, 12.0 dB km−1 at 35, 94, 140 and
220 GHz, respectively (see Fig.2, where the curves intercept
the y axis). These values are computed using the water re-
fractive index provided byEllison (2007), and are similar
to those listed in Table 2 inLhermitte (1990) which were
computed using the older water refractive index model from
Ray(1972). In the Rayleigh approximation the attenuation
coefficient per unit mass is dominated by the absorption com-
ponent; it is linearly proportional to the imaginary part of
the dielectric factor,K = (n2

− 1)/(n2
+ 2) (wheren the ice

complex refractive index), and inversely proportional to the
wavelength (Lhermitte, 1990). Therefore, if the Rayleigh ap-
proximation is applicable then measuring attenuation is ba-
sically equivalent to determining the mass content, a key pa-
rameter for cloud modellers. For larger drop radii,r, both the

absorption and scattering coefficients increase, reach a maxi-
mum greatly exceeding the Rayleigh absorption value where
r/λ ≈ 1.5, and then decrease slowly to the geometric optics
limit (thus frequency independent). Note also the increas-
ing contribution of scattering to attenuation with increasing
raindrop radius (departure of continuous from dashed lines).
The single-scattering albedo (not shown for brevity) quickly
rises from zero to about 0.5 at the maximum position, before
steadily increasing to values above 0.6 at large radii for all
the frequencies considered here.

While attenuation of the radar signal by hydrometeors
in the atmosphere can be seen as a drawback (e.g. poten-
tial complete attenuation of the radar signal in rain after
a few kilometres) it can also be exploited to provide water
content profiles by using dual-frequency approaches.Hogan
et al. (2005) demonstrated water content profiling capabili-
ties at a vertical resolution of 150 m for stratocumulus clouds
with an accuracy of 0.04 g m−3 by employing the 35–94 GHz
(8.6–3.2 mm) pair (when dwelling times longer than one
minute are adopted). G band frequencies have the advan-
tage of producing even larger dual-wavelength attenuation,
with the possibility of more accurate profiling and of target-
ing thinner boundary layer clouds. Qualitative observations
of fog and stratocumulus clouds with a 215 GHz system have
been presented byMead et al.(1989), who observed reflec-
tivities under foggy conditions of around−30 dBZ, but these
were not quantitatively useful because of their inability to
quantify attenuation of the beam without additional measure-
ments. More than 25 years since the measurements reported
by Mead et al.(1989), it is now time to provide a quantitative
assessment of the value of G band radar measurements.

Even snow-bearing clouds produce significant attenua-
tion at frequencies above 100 GHz (Fig.1). This has al-
ready been demonstrated by field measurements conducted
by Wallace (1988) and by Nemarich et al.(1988) at 140
and 220 GHz, with attenuations as large as 3 to 5 (1.6 to
3.6) dB km−1 per g m−3 at 140 GHz and 8.5 to 12.5 (6 to
11.3) dB km−1 per g m−3 at 220 GHz, respectively forWal-
lace (1988) (Nemarich et al., 1988). The frequent occur-
rence of supercooled liquid layers at temperatures higher
than−20◦C (e.g.Battaglia and Delanöe, 2013), or the pres-
ence of melting snowflakes, can further enhance the amount
of attenuation in ice/snow clouds.

From a theoretical point of view, owing to the complexity
of ice crystal habit, the discrete dipole approximation (DDA,
Draine and Flatau, 2000) is typically used to compute snow
single-scattering properties at millimetre and sub-millimetre
wavelengths, though different methodologies have been used
in the past (e.g. the finite difference time domain,Tang and
Aydin, 1995; Aydin and Walsh, 1999) and in more recent
times (e.g. the generalized multi-particle Mie methods,Botta
et al., 2010, 2011). An extensive review of electromagnetic
scattering models is provided inMishchenko et al.(2000).
The availability of large computational power, needed es-
pecially if complex particles with large size parameter are
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Table 1. Specifics for a dual-frequency system involving a G-band radar at 220GHz for cloud studies. The

KAZR system uses pulse compression (which provides an effective 10dB gain in the MDT ). A 6.5dB noise

figure has been used for all systems to compute the MDT .

Specific/system KAZR MIRA-35 G-KAZR G-MIRA

Beamwidth [◦] 0.3 0.6 0.12 0.24

Antenna diametera [m] 2.0 1.0 0.8 0.4

Fraunhofer distance [m] 934 233 939 235

Power [kW] 0.2 30 0.1 0.1

Pulse lengthb [µs] 0.2 0.2 0.2 0.2

Single pulse MDT@1 km [dBZ] −35 −41 −46 −40

PRF [kHz] 2.5–10 2.5–10 10–15 10–15

Nyquist velocity [ms−1] 5.3–21.4 5.3–21.4 3.4–5.1 3.4–5.1

a The KAZR antenna diameter at the ARM SGP site is 3.0m. b The proposed pulse length does not exclude the

use of pulse compression schemes that use longer pulses with frequency modulation. The Fraunhofer distance is

defines as 2D2/λ.
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while the grey shadowing covers the variability associated with temperatures ranging between 0 and 20 ◦C. The

model proposed by Ellison (2007) has been used to compute the water refractive index.
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Figure 2. Mass absorption (dashed) and attenuation (continuous
lines) coefficient as a function of particle radius for the four fre-
quencies as indicated in the legend. The curves correspond to a wa-
ter temperature of 10◦C while the grey shadowing covers the vari-
ability associated with temperatures ranging between 0 and 20◦C.
The model proposed byEllison (2007) has been used to compute
the water refractive index.

simulated, has recently made possible the creation of differ-
ent data sets representative of both pristine particles (Liu,
2008a; Hong, 2007a; Kim, 2006) and very complex ag-
gregate structures (Ishimoto, 2008; Petty and Huang, 2010;
Tyynelä et al., 2013).

A selection of snow attenuation coefficients derived from
such data sets are presented in Fig.3. Their behaviour is
completely different from that of water droplets depicted in
Fig. 2. The small imaginary component of the ice refrac-
tive index at millimetre-wavelengths (Warren and Brandt,
2008) makes scattering the key mechanism for attenuation,
even at small masses (compare the yellow and cyan lines in
Fig. 3). As a consequence the simulated mass attenuation
coefficients exhibit a large variability associated with habit
type and are strongly increasing with ice crystal mass (by
almost two orders of magnitude passing from small to ex-
tremely large ice crystals). Above 94 GHz, attenuation by
(dry) snow is no longer negligible and can significantly af-
fect the radar signal. Although at 94 GHz attenuation of only
a few dBs is expected in typical snow scenarios for verti-
cal observations (Matrosov and Battaglia, 2009), at frequen-
cies within the G band the attenuation coefficient rapidly in-
creases with frequency. At 220 GHz, depending on size and
shape, snowflakes are extinguishing radiation by a factor of
5 to 25 more than at 94 GHz (bottom panel in Fig.3). Sim-
ilar plots but for lower frequencies are presented inPetty
and Huang(2010). Aggregates of rosettes and hexagonal
columns, as well as single-crystal bullet rosettes and sector
snowflakes, produce more attenuation compared to spheroids

Figure 3. Top panel: one-way mass snow attenuation coefficient
as a function of ice crystal mass for different habits as indicated
in the legend for 150 GHz (top). Bottom panel: ratio between 220
and 94 GHz attenuation coefficients. Green lines: Petty aggregate
snowflakes (Petty and Huang, 2010); red symbols: Tyynelä aggre-
gate snowflakes (Tyynelä et al., 2013); blue lines: Liu single ice
particles (Liu, 2008a).

or aggregates of stellar dendrites which are found to be less
efficient scatterers. For particles heavier than 0.1 mg, shape
variability can account for almost an order of magnitude
in variability of the attenuation coefficient both at 150 and
220 GHz, an important signature for distinguishing differ-
ent habits. A proper validation of these attenuation coeffi-
cients is also of crucial importance for the ice/snow passive
microwave remote sensing techniques that make use of fre-
quency channels within the G band (Buehler et al., 2012;
Grecu and Olson, 2008; Skofronick-Jackson et al., 2004).
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3.3 Mie and non-spherical backscattering effects

The Rayleigh scattering approximation is valid as long as the
particle size is much smaller than the wavelength (Bohren
and Huffman, 1983). When this approximation is no longer
valid (usually referred to as the “Mie regime”) backscattering
cross sections do not monotonically increase with the sixth
power of the particle diameter, rather they exhibit an oscil-
latory behaviour with minima and maxima corresponding to
resonant sizes (Kollias et al., 2002). Lhermitte (1990) pro-
vides a comprehensive review of radar reflectivity, Doppler
spectra and absorption coefficients for ice and water spheri-
cal particles in the millimetre-wavelength domain. In the case
of rain, for PSD including larger particles, there is a decrease
in the radar reflectivities and in the mean Doppler velocities
at G band frequencies compared to the Rayleigh reference
values. For instance, a 2 mm h−1 rain distributed according
to a Marshall and Palmer PSD produces reflectivities of 30,
20, 12.5 and 4 dBZ at 35, 94, 140 and 220 GHz, respectively.

Dealing with ice particles is more challenging due to their
non-spherical shapes. The fine structure of ice particles is not
affecting the scattering properties as long as the wavelength
is large compared to the geometric size of the structures.
However, millimetre radars become increasingly sensitive to
these fine-scale structures with increasing frequency. Thus,
the “classical” approximation of ice particles by spheres
leads to erroneous scattering intensities at millimetre wave-
lengths: the solid-sphere approximation (i.e. sphere with the
same mass but density of pure ice) results in scattering which
is too strong, while the soft-sphere approximation (i.e. sphere
with the same mass and size but with the density of an ice/air
mixture) causes the scattering intensity to be too weak (Liu,
2008a; Johnson et al., 2012).

However, for the vast majority of ice crystal applica-
tions, simple approximations are still used at 35 and 94 GHz.
Hogan et al.(2012) suggests that ice particles can be ade-
quately treated as horizontally aligned spheroids with an ax-
ial ratio of 0.6 and with a mass–diameter relationship as pro-
vided byBrown and Francis(1995). These conclusions ap-
ply to ice crystals and snowflakes up to 5 mm in diameter
at 94 GHz and for ice clouds where aggregation is the domi-
nant process (i.e. not in the presence of deposition or riming).
Similarly the Rayleigh–Gans approximation (RGA hereafter,
Bohren and Huffman, 1983) is suited to describe the scat-
tering properties of fluffy ice crystals with refractive indices
close to unity (Tyynelä et al., 2013; Leinonen et al., 2013; Lu
et al., 2013), and offers a computationally inexpensive way of
estimating backscattering cross sections for complex particle
shapes.

However, recent studies (Kim, 2006; Liu, 2008a; Tyynelä
et al., 2011) have shown that for size parameters larger than
2 (which roughly correspond to maximum sizes of 5, 2, 1.4
and 0.9 mm at 35, 94, 140 and 220 GHz, respectively) the
details of the crystal shapes become increasingly important.
Above such size parameters, backscattering cross sections

for aggregate and fractal snowflakes can easily deviate by
one (two) orders of magnitude at 35 GHz (94 GHz) from the
soft-spheroid model. At larger frequencies the differences
become even more extreme. This is clearly seen in Fig.4
where the backscattering cross sections for many different
particle habits are shown at 35 (top) and 220 GHz (bottom
panel).

While at 35 GHz only ice crystals with masses greater
than 0.3–0.4 mg show shape effects, at 220 GHz extremely
large departures from spheroid approximation are observed
already for masses above 0.02 mg. At small masses spheri-
cal models do converge to the Rayleigh approximation while
non-spherical shapes are slightly departing from such values
(e.g. at vertical incidence and for perfectly oriented spheroids
with axial ratio 0.6,σback/σRayleigh= 1.21; Hogan et al.,
2012). Aggregates of rosettes, bullet rosettes and hexagonal
columns tend to be very efficient reflectors at 220 GHz. Sim-
ilarly spheroids with larger densities (like those with density
parameterized according toMatrosov, 2007) and mass larger
than 0.1 mg backscatter 1.4 mm radiation almost an order of
magnitude more strongly than spheroids with the same mass
but smaller densities (like those with density parametrized
according toHogan et al., 2012). Although the spheroid ap-
proximation only starts to break down in the presence of
large snowflakes at 35 and 94 GHz, at 220 GHz it will not
be possible to describe the vast majority of snowflakes with
a spheroidal approximation, even from a pure backscatter-
ing point of view. Similarly, the magenta dash-dotted line in
Fig. 4 represents the behaviour of the backscattering cross
section predicted according to RGA with the form factor and
with the mass–density relationship proposed byWestbrook
et al. (2006, 2008) and byBrown and Francis(1995), re-
spectively. Overall the agreement with DDA models seems
to be much better than that for spheroidal models, though
the RGA results tend to underestimate the corresponding
DDA backscattering cross sections (Petty and Huang, 2010;
Tyynelä et al., 2013). Moreover, while simplified scattering
models are useful for radar-only applications, they appear to
fail for applications (e.g. combined radar/radiometer obser-
vations) where a coherent picture of all scattering properties
(backscattering, attenuation, phase function) is needed.

4 Retrieval methods using G band radars

For each of the cloud themes introduced in Sect.2, we dis-
cuss in this section the benefit of introducing G band radar
observations to multi-wavelength observations.
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Figure 4. Backscattering cross sections for different habits as
a function of ice crystal mass. Results from DDA data sets (Liu,
2008a; Petty and Huang, 2010; Tyynelä et al., 2011), for soft
spheres and 0.6 axial ratio spheroids (following the snow densities
proposed inHogan et al.(2012) (dashed) and inMatrosov(2007)
(continuous lines)) and the Rayleigh–Gans approximation accord-
ing to Westbrook et al.(2006) (magenta dash-dotted) have been in-
cluded.

4.1 Boundary layer cloud profiling

Thanks to significantly higher dual-wavelength attenuation
compared to the 35–94 GHz pair (Fig.2) the inclusion of
a frequency within the G band has the clear advantage of in-
creasing the accuracy of dual wavelength ratio LWC profiling
techniques, even for clouds with very low reflectivities (e.g.
fogs). DWR is defined as DWR= 10log10(Zi/Zj ) whereZi

andZj are the radar reflectivities measured at frequenciesi

and j where i < j . As noted inHogan et al.(2005) there
are three error sources in the dual-wavelength absorption
technique: (1) random errors associated with the reflectivity

Fig. 5. Errors in retrieved LWC using 35/94 GHz, 35/140 GHz and 35/220 GHz radar frequency pairs vs. the

single-pulse signal-to-noise ratio. A vertical resolution of 150m (2 gates), a one minute dwell time, T = 10 ◦C,

a spectral width of 0.3ms−1 and a pulse repetition frequency of 6250Hz at all frequencies have been assumed.
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Figure 5. Errors in retrieved LWC using 35/94 GHz, 35/140 GHz
and 35/220 GHz radar frequency pairs vs. the single-pulse signal-
to-noise ratio. A vertical resolution of 150 m (2 gates), a one minute
dwell time, T = 10◦C, a spectral width of 0.3 m s−1 and a pulse
repetition frequency of 6250 Hz at all frequencies have been as-
sumed.

measurement; (2) errors in the temperature profile which af-
fect uncertainties in the gas absorption profile; (3) the pres-
ence of non-Rayleigh targets within the radar backscattering
volume. These three errors sources are now discussed sepa-
rately.

The same procedure followed byHogan et al.(2005) is re-
produced to show that random errors of 10 mg m−3 for 150 m
vertical resolution and 1 min integration time are achievable
when including the 35–220 GHz pair (Fig.5) in correspon-
dence to targets with the signal to noise ratio exceeding 0 dB.
This roughly corresponds to a factor of 4 improvement in ac-
curacy compared to the 35–94 GHz pair.

Because of the attenuation caused by atmospheric gases
increasing with higher frequency, an underestimation of the
temperature in a saturated cloud environment causes an un-
derestimation of the water vapour amount within the cloud
and of its contribution to the gas dual-wavelength attenua-
tion, which in turn leads to an overestimation in LWC. In
correspondence to a 1◦ error in temperature, the LWC error is
steadily increasing from 5, 7.5 and 12 mg m−3 at 0◦C, to 10,
14 and 23 mg m−3 at 10◦C and to 22, 29 and 45 mg m−3 at
20◦C, for the 35–94 GHz, 35–140 GHz and the 35–220 GHz
pairs, respectively. Because of the increase effect of the en-
vironment conditions onto the retrieval with increasing fre-
quency this again suggests that G band radars can provide
a real breakthrough only in environments that are not partic-
ularly warm (i.e. mid-/high-latitude liquid water clouds). On
the other hand, the large sensitivity to water vapour amount
can be used to gain insight into water vapour profiles.

When observing drizzling clouds, the presence of drizzle
drops introduce Mie effects in the backscattering and in the
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Figure 6. Top left: spectral density of liquid water content vs. diameter for a drizzling stratocumulus cloud as measured during the ASTEX
campaign by the Forward Scattering Spectrometer Probe and the 2-D cloud probe on board the UK Met Office C-130 aircraft. Top right:
simulated reflectivity factor at 35, 94, 140 and 220 GHz. Bottom: different DWR (dual wavelength reflectivity ratio) components simulated
for different frequency pairs: 35–220 GHz (blue), 35–140 GHz (red), 35–94 GHz (green).

attenuation coefficients, both effects contributing to a reduc-
tion of the measured reflectivity at higher frequencies. This
is clearly demonstrated in Fig.6 where radar reflectivities for
four different frequencies (35, 94, 140 and 220 GHz) are sim-
ulated using a profile observed by the UK Met Office C-130
aircraft from stratocumulus clouds obtained during the AS-
TEX campaign (June 1992). The size distribution was mea-
sured using the Forward Scattering Spectrometer Probe and
the 2-D cloud probe, which together measure droplets rang-
ing in diameter from 6.5 to 800 µm. The top left panel in
Fig. 6 shows the vertical profile of the liquid water spectral
density; while the bulk of the liquid water is contained in the
droplets smaller than around 30 µm in diameter, drizzle drops
up to 350 µm are also present.

The presence of a few drizzle drops produces large Mie
effects, especially at 220 GHz (see the diamond line in the
bottom panel of Fig.6), and it is clear that disentangling
the Mie contribution from the attenuation effects is not

straightforward. The acquisition of complete Doppler spec-
tra can hugely help in this respect (Tridon et al., 2013). If the
different radars are beam- and volume-matched, we can ex-
pect that the spectra received at the different frequencies will
be identical (within the spectral noise) in the Doppler region
corresponding to the Rayleigh component, whilst they will
differ in the part of the Doppler spectrum corresponding to
the (faster falling) drizzle particles that produce Mie effects.

This is illustrated in Fig.7, where the methodology de-
scribed in Kollias et al. (2011) is applied to simulated
Doppler spectra at 35 and 220 GHz (red and blue curves,
respectively) for a drizzling stratocumulus, parameterized
by the superposition of two log-normal distributions with
cloud and drizzle concentrationsNc = 250 cm−3 andNd =

3× 10−5cm−3, number median radiusrc = 6.5 µm andrd =

150 µm and with logarithmic widthsσc = 0.35 andσd =

0.3, respectively. The cloud component is contributing the
most towards the LWC (LWCc ≈ 0.5 g m−3 while LWCd =
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Figure 7. Example of 35 and 220 GHz Doppler spectra simulated
using a bimodal PSD with a cloud and a drizzle component. The
single-pulse signal-to-noise ratio is assumed to be equal to−25 dBZ
for both systems. The black arrow indicates the Rayleigh adjust-
ment.

6× 10−4 g m−3); in contrast, the drizzle component is driv-
ing the radar reflectivity (Zc[35 GHz] = −19.8 dBZ while
Zd[35 GHz] = −9.7 dBZ). At 220 GHz the reflectivity from
the cloud (Rayleigh) component remains unchanged whereas
the drizzle reflectivity is drastically reduced (Zd[220 GHz] =

−15 dBZ). The yellow region accounts for the 5.3 dB loss of
reflectivity caused by Mie effects. The magnitude of the Mie
effects can be disentangled by integrating the yellow area be-
tween the two spectra. In general, the higher frequency spec-
trum will be attenuated more and will therefore appear more
like the green line depicted in Fig.7. In such a case, the spec-
trum at the highest frequency should firstly be shifted up-
ward (arrow in Fig.7) until adjusted to match the Rayleigh
region of the spectrum measured at the lowest frequency. The
area corresponding to the blue region is in fact a measure of
the total dual-wavelength attenuation along the correspond-
ing radar path. Of course, this methodology works as long as
all relevant spectral features of the attenuated profile remain
well above the noise floor. The proposed technique has the
unique potential of disentangling Mie and dual-wavelength
attenuation contributions and of characterizing simultane-
ously the cloud and the drizzle component of stratocumulus
clouds. Experimental support for the validity of such an ap-
proach is provided for rain conditions at 35/94 GHz byTri-
don et al.(2013).

A better characterization of the drizzle component can also
be achieved via dual wavelength velocity (DWV) measure-
ments, i.e. the difference between the mean Doppler veloc-
ity measured at two different wavelengths. The left panel of
Fig. 8 shows DWV as a function of the median volume drop
diameter,D0, for the 35–220 GHz pair. A gamma drop size

Figure 8. Left: dual-wavelength Doppler velocity as a function of
the median volume drop diameter,D0, for the 35–220 GHz pair.
The different curves are the results of different shape parametersµ

for a gamma DSD. Right: ratio of drizzle rateR to radar reflectiv-
ity measured at 35 GHz as a function of dual-wavelength Doppler
velocity. Note that for 0.25< DWV < 1 m s−1 an estimate ofR/Z

can be made to within≈ ±30 % without knowledge ofµ.

distribution (DSD) has been assumed withµ values rang-
ing between 0 and 10 (followingO’Connor et al., 2005;
Westbrook et al., 2010). The DWV shows sensitivity even to
relatively small drops (i.e.D0 ≈ 300 µm). The right panel of
Fig.8 shows the ratio of drizzle rateR to the radar reflectivity
of the drizzle drops at 35 GHz, plotted as a function of DWV.
We find that for 0.25< DWV < 1m s−1, the ratioR/Z is not
strongly sensitive to the shape parameterµ, andR/Z can be
estimated to within around 30 % without prior knowledge of
µ. This means that, given DWV andZ at 35 GHz, drizzle
rates can be measured to within 30 %, an accuracy compara-
ble with methods like the one proposed byWestbrook et al.
(2010). In this case however, the method works both below
cloud base, and within the cloud, since DWV is not affected
by attenuation, andZ at 35 GHz is attenuated very little by
liquid water. The only underlying assumption is thatZ and
V are dominated by drizzle and not by the cloud component,
which could be verified by using spectral information (e.g.
using spectral skewness followingKollias et al., 2011).

Finally, we note that at 220 GHz the first minimum in rain-
drop backscattering cross sections is occurring for diame-
ters around 0.72 mm (and therefore in correspondence to fall
speeds of 3 m s−1, Lhermitte, 1990), so is therefore already
visible in drizzle precipitation (see Fig.7). A similar feature
occurs at 94 GHz for a diameter of 1.65 mm and a corre-
sponding fall speed of 5.8 m s−1 and has been the basis for
a vertical wind retrieval technique as proposed byKollias
et al.(2002) which has been implemented into an operational
wind retrieval scheme byGiangrande et al.(2010). Prelim-
inary computations demonstrate that the first minimum in
the 220 GHz Doppler spectrum can be detected for driz-
zle/light rain withD0 > 0.23 mm, and for turbulence broad-
ening lower than 0.2 m s−1, thus extending the range of appli-
cability beyond that of the 94 GHz vertical wind technique.
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4.2 Cirrus and mid-level ice clouds

4.2.1 Sizing: dual-wavelength ratio method

The methodology of using reflectivity measurements at two
different frequencies to size particles in ice clouds is well
established (e.g.Matrosov, 1998; Hogan and Illingworth,
1999; Hogan et al., 2000; Matrosov et al., 2005). The es-
sential idea is that one frequency is chosen such that the par-
ticles are relatively small compared to the wavelength (in,
or close to the Rayleigh scattering regime), while the sec-
ond frequency is chosen such that particle dimensions are
comparable to the wavelength (non-Rayleigh scattering). The
non-Rayleigh scenario leads to destructive interference be-
tween parts of the particle separated by half a wavelength,
and a reduction in reflectivity relative to that measured for
the first frequency (a more detailed explanation is given by
Muinonen et al., 2011). The reduction is a function of the
size of the particle, and hence, the average size of the ice
particles in clouds probed in this manner can be determined.
Hogan and Illingworth(1999) investigated the potential of
dual-wavelength radar measurements from a space-borne in-
strument to size particles in cirrus clouds, including frequen-
cies above 100 GHz. They assumed an exponential size spec-
trum and approximated the ice particles by spheres using Mie
theory. Here we extend their analysis to include a more real-
istic size spectrum and scattering model. The particles are
assumed (as inHogan and Illingworth, 1999) to be aggre-
gates. However, rather than approximate these as spherical
mixtures of air and ice inclusions, we make use of the re-
sults fromWestbrook et al.(2006, 2008) who calculated the
average scattering properties of a large ensemble of realistic
aggregate geometries. For the PSD,Field et al.(2005) devel-
oped a parametrization based on in situ measurements from
stratiform ice cloud over the British Isles which captures the
quasi-bimodal shape of real size spectra and is more realistic
than the simple exponential PSD used byHogan and Illing-
worth(1999). For simplicity we will initially assume that the
relationship between the massm and maximum dimensionD
of the particles follows the empirical relationship ofBrown
and Francis(1995); the results fromHogan et al.(2006) and
Heymsfield et al.(2010) confirm that this is a realistic ap-
proximation for many ice clouds. The problem of how to
identify cases where the particles are more or less dense is
considered in Sect.4.2.3.

Figure9 shows the resulting dual-wavelength reflectivity
ratio, DWR, as a function of the average particle sizeD∗ (de-
fined byField et al., 2005as the ratio of the third and second
moments of the PSD). The value of DWR is a measure of
the size of the ice particles: for larger particles, a larger dual-
wavelength ratio is observed. Note that DWR is also indepen-
dent of the total concentration of particles in the distribution.

It is clear from Fig.9 that the greater the frequency separa-
tion, the greater the dual-wavelength ratio for a given particle
size. Whilst for the 35–94 GHz combination average particle

Figure 9. Dual-wavelength ratio as a function of average particle
size computed for various pairs of wavelengths.

sizes of 700 µm are needed to measure a 2 dB DWR, for a
35–220 GHz combination a 2 dB DWR is obtained for par-
ticles only 260 µm in size. This illustrates the much greater
sensitivity of a G band system for sizing relatively small cir-
rus particles compared with conventional frequencies. A 35–
140 GHz combination yields results lying between the other
two pairs (D∗

= 400 µm at DWR= 2 dB).
Hogan et al.(2000) presented observations of cirrus at 35

and 94 GHz, and they used the DWRs to estimate particle
size in the cloud. However, this was only possible in the
lower portion of a relatively deep ice cloud, andHogan et al.
(2000) remarked that the technique does not work in many
cirrus clouds because the particles are too small. This situ-
ation is dramatically improved for a 35–220 GHz combina-
tion since Fig.9 indicates that particles a factor∼ 3 smaller
can be reliably sized.Field et al. (2005) shows that once
the characteristic size of the PSD is known, along with an-
other moment of the distribution (specifically the reflectivity
at 35 GHz) the complete PSD can be derived and other mo-
ments such as ice water content and optical extinction can be
computed.

This improved sensitivity to small particles is very valu-
able, but also presents a potential practical difficulty. While
Hogan et al.(2000) cross-calibrated their two radars by as-
suming DWR was 0 dB at cloud top where the particles are
small enough to be in the Rayleigh regime, this is not possi-
ble if a 220 GHz radar is used, since even these small par-
ticles will likely be affected to some extent by Mie scat-
tering, given the calculations shown in Fig.9. In addition,
there may be a non-negligible attenuation by the ice parti-
cles themselves throughout the depth of the ice cloud layer
(Hogan and Illingworth, 1999) at these G band frequencies
(Sect.3.2). The solution to this issue is analogous to the
approach taken in Sect.4.1 for boundary layer clouds, and
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Fig. 10. Example Doppler spectra recorded at 35 and 94GHz in a deep ice cloud. The power (abscissa) is in

arbitrary units [dB].
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Figure 10.Example Doppler spectra recorded at 35 and 94 GHz in
a deep ice cloud. The power (abscissa) is in arbitrary units [dB].

makes use of information in the Doppler spectrum measured
at the two frequencies. Since a distribution of particle sizes
is present in the cloud, there will be some small ice particles
present which are Rayleigh scatterers at all frequencies, and
some larger particles which are non-Rayleigh scatterers. This
is revealed clearly through analysis of the Doppler spectrum.
Figure10 shows a pair of Doppler spectra sampled simulta-
neously in a deep ice cloud by the 35 and 94 GHz radars at
the Chilbolton Observatory in the UK (seeIllingworth et al.,
2007, for details of the radars used). The integration time
was 1 s for both radars. In this case, negative velocities de-
note particles falling towards the radar. The slower falling
particles (0.1–0.7 m s−1) have identical reflectivities at both
frequencies, and hence are Rayleigh scatterers; meanwhile
the larger, faster falling particles (0.7–1.7 m s−1) have sig-
nificantly lower reflectivity at 94 GHz than at 35 GHz, and
hence are non-Rayleigh scatterers. Based on these results, it
seems promising that a correction for attenuation at 140 or
220 GHz can be made at each range gate simply by shift-
ing the Doppler spectrum until the reflectivity from the small
particles matches that recorded at 35 GHz.

4.2.2 Sizing: dual-wavelength Doppler velocity method

The challenges of accurate cross-calibration of reflectivity
data in the presence of non-Rayleigh scatterers and atten-
uating particles motivate an alternative approach which is
not sensitive to calibration errors.Matrosov(2011) showed
that the difference in mean Doppler velocity measured at 35

Figure 11. Difference in mean Doppler velocity as a function of
average particle size computed for various wavelength pairs.

and 94 GHz is, like DWR, a function of particle size. Here
we extend Matrosov’s calculations to frequencies> 94 GHz.
We use the same PSD, mass–size relationship and scattering
model used for the DWR calculations in the previous sec-
tion. Terminal velocities of the particles are computed ex-
plicitly from their mass, maximum dimension, and area us-
ing Heymsfield and Westbrook(2010)’s method; the area–
diameter relationship used here is that proposed byMitchell
(1996) for aggregates.

Figure11 shows DWV as a function of the average parti-
cle sizeD∗ computed for various frequency pairs. Like the
dual-wavelength ratio, DWV increases as the size of the par-
ticles increases, and it is independent of the concentration
of particles in the volume. We observe that DWV is larger
for the 35–140 and 35–220 GHz combinations than for the
35–94 GHz pair used byMatrosov(2011). At D∗

= 300 µm
the effect is a factor of 3 larger for 35–220 GHz than for
35–94 GHz, again indicating the much stronger sensitivity to
smaller particles when a G band radar is employed. However,
for all frequency pairs DWV is rather small in magnitude,
and as pointed out inMatrosov(2011), beam-matching and
very accurate pointing of the two radars are essential con-
ditions for the technique to work (for a 15 m s−1 horizontal
wind speed, a 0.1◦ pointing error in one of the radars can
lead to a 0.025m s−1 bias in DWV, making it challenging
to size small particles accurately). Close co-location of the
radar beams is also very important since we have assumed
that any vertical air motion cancels out, since both radars
sample the same region of cloud. Imperfect co-location will
lead to random errors in DWV, again making retrievals of
small particles difficult.
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4.2.3 Discrimination of different ice particle density
relationships

So far we have assumed that the relationship between
a particle’s mass and diameter may be described by the
well-known relationship ofBrown and Francis(1995),
which has been validated byHogan et al. (2006) and
Heymsfield et al.(2010). However, this may not be suitable
for all clouds, and indeedHogan et al.(2006) noted that in
mixed-phase regions the agreement between radar and in situ
data was poor when Brown and Francis densities were as-
sumed. Likewise,Matrosov (2011) observed DWV values
as high as 0.25 m s−1 using 35 and 94 GHz radars. This is
not consistent with the results in Fig.11 for 35 and 94 GHz
radars, and this is likely because the density of the particles
in that cloud was larger than that predicted by the Brown
and Francis relationship. One way to discriminate between
different density assumptions is to investigate the relation-
ship between DWV and DWR. Figure12shows calculations
of this relationship for the 35–220 GHz frequency pair, ini-
tially assuming Brown and Francis densities (solid curve).
Also shown in the figure are predictions for uniformly dou-
bled/halved particle densities obtained by correcting the pre-
factor in the mass–diameter relationship. It is clear that if
DWR and DWV can be measured with sufficient accuracy,
different density assumptions can be discriminated in this
way. For a DWR of 6 dB the dual-wavelength Doppler ve-
locity is 0.09m s−1 for the low-density scenario, compared to
0.17 m s−1 for the high-density scenario. We remark that this
sensitivity of DWV to the assumed density is contradictory to
whatMatrosov(2011) found in his sensitivity analysis. How-
ever, we hypothesize that this is due to his use of a simple
velocity–diameter relationship to calculate the particle fall
speeds, rather than considering the full dependence of parti-
cle fall speed on particle mass (Heymsfield and Westbrook,
2010).

4.3 Microphysical characterization of
precipitating snow

At large particle sizes like those encountered during snow-
fall, the sizing capabilities of DWR techniques are impaired
by the large uncertainties introduced by the wide variety of
possible particle habits. DWRs for snow exponential PSD
have been calculated as a function of the PSD slope parame-
ter3 (inversely proportional to the median volume diameter
D0) for different pairs of radar frequencies. The strongest
DWR signals are achieved by combining measurements in
the Ka band with those at one of the two G band frequen-
cies here considered, 150 or 220 GHz. Unlike for frequency
combinations where the higher frequency is still partly within
the Rayleigh regime (e.g. Ka–W DWR, see Fig. 7 inKneifel
et al., 2011), the Ka–220 GHz frequency pair (shown in
Fig.13) is particularly promising, as there is a monotonic de-
pendence of DWR on snow mean size. However, there is still

Figure 12. Difference in mean Doppler velocity DWV as a func-
tion of dual-wavelength reflectivity ratio, DWR. The thick solid line
shows the prediction for the Brown and Francis density relationship,
while the thinner dashed lines show the effect of doubling or halving
the density of the particles.
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Figure 13.Dual-wavelength reflectivity ratio, DWR, as function of
PSD slope coefficient3 for the Ka–220 GHz frequency pair for dif-
ferent crystal habits.

a strong dependence of DWR on ice particle habit, which is
likely to introduce large ambiguities in particle characteris-
tic size retrievals. This implies that knowledge of the particle
habit is a necessary precondition to obtain the slope param-
eter3 (and therefore, snow water content and snowfall rate)
from a DWR measurement.

Triple-frequency approaches have the potential to separate
different snow particle habits and to narrow down the un-
certainties in the slope parameter characteristic of the PSDs
of ice and snow clouds (Kneifel et al., 2011). For instance,
when considering triple frequency combinations and plotting
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two different pairs of DWR against one another (for example
Fig. 14 in this study and Fig. 2 inLeinonen et al., 2012), it
becomes theoretically possible to distinguish different snow
particle habits. Remotely sounded observational evidence of
non-spheroidal particles in snow has already been reported
using this technique, based on co-located air-borne measure-
ments in the Ku, Ka and W bands (Leinonen et al., 2012).
Figure14 shows similar calculations to those performed by
Leinonen et al.(2012) but using an additional frequency at
220 GHz. Owing to the larger dynamic range of DWR values
and due to the higher sensitivity of the high-frequency DWR
to small particles, separation between different habit modes
should be achieved when adopting G band frequencies (com-
pare top and bottom panel in Fig.14). Once the predominant
habit type has been identified, it is then possible to obtain an
estimate of the median volume diameter or slope parameter
3 (as denoted by the colour of the points plotted in Fig.14).

It should be noted that the effects of attenuation on the
radar measurements are not considered in these plots, i.e. it
is implicitly assumed that an attenuation correction for gases
and hydrometeors has already been applied to the actual mea-
surements (e.g. via the Doppler spectra matching technique).
At frequencies in the G band, attenuation due to snow in-
creases strongly with frequency, and becomes increasingly
sensitive to snow particle habit (see Fig.3). However, the
stronger attenuation at 150 and 220 GHz also makes it eas-
ier to disentangle its contribution from Mie effects in multi-
frequency reflectivity profiles, thus enabling the attenuation
signal to be used to provide further information on snow
habit and snow water content. An example of how attenu-
ation could be used in this way as part of a dual-frequency
set-up is shown in Fig.15. When plotting attenuation against
DWR the different snow habits are clearly distinguishable,
which also allows the PSD parameters to be inferred with less
uncertainty. Note that according to our scattering database
there is large variability in the attenuation due to snow habit,
even more than in the attenuation measurements reported by
Nemarich et al.(1988) andWallace(1988) (indicated by the
arrows in Fig.15). As a result, the large values of snow dual-
wavelength attenuation and dual-wavelength effective reflec-
tivities should significantly help in narrowing down the un-
certainties related to snow microphysics.

5 Recommended technical specifications for
a 220 GHz radar

Though a stand-alone G band system can have its own merit,
the proposed suite of research applications for G band radars
(boundary layer clouds, ice and snow over a wide range of
temperatures) are possible if the proposed G band radars
are deployed alongside a cloud radar for collecting dual-
wavelength radar measurements at a ground-based facility.
As an initial configuration we recommend a vertically point-
ing 35/220 GHz dual-wavelength Doppler system, with the

Figure 14. Dual-wavelength reflectivity (DWR) ratios plotted
against one another in two different triple frequency combinations:
Ku–Ka–W (top) and Ku–Ka–220 GHz (bottom).

second frequency well within the G band and the first fre-
quency typically available at most cloud observatories. In
addition to being co-located, the two radar systems should
also have comparable sampling volumes, ability to collect
radar Doppler spectra, and overlapping sensitivity at the re-
flectivity regimes where the dual-wavelength radar provide
new (more sensitive) information about cloud microphysics.

There are important considerations that should affect the
development of any future G band radar systems for atmo-
spheric research. First of all, for the multi-frequency sys-
tems envisaged for synergetic observations, narrow beam
widths are foreseen. Thus, short integration times (∼ 1–2 s
needed for averaging out spectral noise) are expected to aver-
age out possible antenna mismatches. As a result, matching
the single-beam antenna 3 dB beam widths (i.e. deploying
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Table 1. Specifics for a dual-frequency system involving a G band radar at 220 GHz for cloud studies. The KAZR system uses pulse
compression (which provides an effective 10 dB gain in the MDT). A 6.5 dB noise figure has been used for all systems to compute the MDT.

KAZR MIRA-35 G-KAZR G-MIRA
Specific/system Beam width [◦] 0.3 0.6 0.12 0.24

Antenna diametera [m] 2.0 1.0 0.8 0.4
Fraunhofer distance [m] 934 233 939 235
Power [kW] 0.2 30 0.1 0.1
Pulse lengthb [µs] 0.2 0.2 0.2 0.2
Single pulse MDT @ 1 km [dBZ] −35 −41 −46 −40
PRF [kHz] 2.5–10 2.5–10 10–15 10–15
Nyquist velocity [m s−1] 5.3–21.4 5.3–21.4 3.4–5.1 3.4–5.1

a The KAZR antenna diameter at the ARM SGP site is 3.0m. b The proposed pulse length does not exclude the
use of pulse compression schemes that use longer pulses with frequency modulation. The Fraunhofer distance is
defined as2D2/λ.

Figure 15. Snow attenuation per unit mass at 220 GHz for differ-
ent snow particle habits and PSDs (as indicated by the different
colours), plotted against Ka–220 GHz DWR. Ranges of snow at-
tenuation measured byWallace(1988) andNemarich et al.(1988)
are illustrated by the arrows.

antennas with diameters linearly decreasing with increas-
ing wavelength) does not seem an essential consideration for
high quality dual-wavelength radar measurements as demon-
strated by recent work (Tridon et al., 2013) conducted with
the ARM-KAZR (0.2◦) and the W-SACR (0.3◦). However, it
is crucial to match the integration time interval and the verti-
cal range of the backscattering volume. This suggests using
smaller beam widths at G band in order to increase sensi-
tivity (proportional to the square of the dish diameter,D).
However, to keep near-field effects (proportional toD2/λ) at
a comparable level for the two radars we trade-off the diam-
eter of the dishD to be proportional to the square root of the
wavelength,λ. The single-pulse minimum detection thresh-
old (MDT) at 1 km distance and the Fraunhofer distance for
a 100 W G band system are shown in Fig.16 for different
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Figure 16. MDT (left y scale) and Fraunhofer distance (righty

scale) as a function of the antenna diameter and for different pulse
lengthsT0. The assumed transmitted power is 100 W. A noise figure
of 6.5 dB is assumed.

circular antenna sizes and for different pulse lengths. Note
that this transmitted power seems feasible with state-of-
the-art klystron technology (Steer et al., 2007). Frequency-
modulated continuous-wave solutions could also be adopted
but state-of-the-art solid-state technology allows mean trans-
mitted powers not exceeding 100 mW, thus reducing sensi-
tivity by more than 13 dB compared to the proposed pulsed
system (the MDT scales linearly with the mean transmitted
power).

In view of a dual-frequency configuration here we
consider the two most widely used ground-based
35 GHz systems in atmospheric research: the Ka band
ARM Zenith Radar (KAZR,Widener et al., 2012) and
the MIRA-35 (http://www.metek.de/product-details/
vertical-cloud-radar-mira-35.html), to derive the associated
technical specifications of a 220 GHz radar that will be either
co-located with a KAZR (G-KAZR) or with a MIRA-35
(G-MIRA). If we impose that the diameter of the dish is
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proportional to the square root of the wavelength (previous
criterion) we end up with a diameter of 0.4 and 0.8 m for the
G-MIRA and the G-KAZR, respectively (black vertical lines
in Fig. 16). If we additionally match the vertical resolution
of the KAZR and MIRA the MDT values are depicted as red
diamonds in Fig.16 and reported with the other specifica-
tions of the KAZR, MIRA-35 and G-KAZR and G-MIRA in
Table1. The proposed pulsed 220 GHz klystron system with
a 100 W peak power is capable of achieving comparable
or better single-pulse minimum detection thresholds than
the 35 GHz counterparts (see values in the seventh line in
Table 1). This is certainly needed because of the larger
attenuation suffered by G band systems (see Sects.3.1 and
3.2). The G-KAZR and G-MIRA systems seem well suited
for tackling the cloud problems described in this paper.

Incidentally, we note that at G band there are no spe-
cific limitations to adopt pulse-compressed waveforms for
the transmitted pulse, with the potential of further improv-
ing the MDT of the system. On the other hand, there are no
T/R switches available at such high frequencies which trig-
gers the choice of a bi-static system.

6 Future work and conclusions

Our understanding of the physical processes governing cloud
and precipitation is currently limited by gaps in our ability to
remotely observe vertical profiles of the underlying micro-
physics. It is clear that a significant leap forward in this un-
derstanding can only come from observation systems which
provide an increasing number of independent measurements.
This allows progression from under-constrained problems
into more constrained problems where remote sensing obser-
vations can significantly reduce the uncertainties in the re-
trieved microphysics. Once this goal is reached then proper
parameterizations can be developed, which can be adopted
e.g. into passive or single frequency (under-constrained) re-
trievals. In this work we have proposed the use of multi-
frequency Doppler techniques, combining 35 GHz radars
with radars operating in the G band, to significantly im-
prove our profiling capabilities in three key areas: bound-
ary layer, cirrus and mid-level ice, and snow-precipitating
clouds. These cloud systems are characterized by particle hy-
drometeor sizes in the millimetre range. This implies that
millimetre-radar backscattering signals are not simply pro-
portional to the square of the mass of the scatterer like at cen-
timetre (or longer) wavelengths, but present a weaker mass
dependence. The reduction in reflectivities compared to the
Rayleigh reference is related to particle size and habit, and
carries critical information that can be injected into retrieval
algorithms. For 1 mg ice crystals, DWRs at 220 GHz (with
respect to the Rayleigh reference) can range from 10 dB to
more than 40 dB depending on the shape model. Multiple
frequency measurements (incorporating G band frequencies)
of the same volume can provide very strong tests of the

fidelity of ice scattering models and of the PSD and habit hy-
drometeor populations, as the different frequencies will ac-
centuate contributions from different parts of the PSD and
will be able to probe the monomer structure of the snowflake
(Leinonen et al., 2013). For large ice crystals significant at-
tenuation is produced as well, with the attenuation process
being dominated by scattering. This affects radar measured
reflectivities by introducing measurable attenuation effects
(several dBs) onto vertical and, even more notably, onto
slanted profiles, and allows testing of the consistency be-
tween attenuation and backscattering electromagnetic mod-
elling. By bridging towards the far-infrared, such measure-
ments could facilitate the construction of electromagnetic
modelling fully consistent across the electromagnetic spec-
trum, from microwave to visible.

This work demonstrates that multi-frequency radar tech-
niques, which would combine observations from G band
Doppler radars with Ka or W band radar measurements,
may significantly contribute to solving the microphysical
deadlock in some key sectors of cloud physics. Given this
premise, more than 30 years since the first measurements
with such systems and after almost 25 years of inaction,
we urge the entire remote sensing scientific community to-
wards revitalizing the construction, deployment and exploita-
tion of G band radars for cloud and precipitation studies.
The deployment of such systems at mid/high altitude/latitude
ground-based facilities (e.g. the ARM North Slope of Alaska,
the Canadian Eureka site, the Chilbolton observatory (UK),
the Zugspitze observatory (Germany), to name only a few)
in synergy with lower-frequency radar systems (and addi-
tional active/passive remote sensing instrumentation already
deployed) has great potential and can provide crucial infor-
mation on cold precipitation processes, on vertical micro-
physical profiles of water clouds and on ice particle sizes and
habits. The subsequent improvement in cloud parameteriza-
tions, which we anticipate given the availability of such mea-
surements, would be invaluable in the future development of
numerical weather prediction and global climate models.
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