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ABSTRACT

During the recent Cirrus Regional Study of Tropical Anvils and Cirrus Layers (CRYSTAL) Florida Area
Cirrus Experiment (FACE) field campaign in southern Florida, rain showers were probed by a 0.523-um
lidar and three (0.32-, 0.86-, and 10.6-cm wavelength) Doppler radars. The full repertoire of backscattering
phenomena was observed in the melting region, that is, the various lidar and radar dark and bright bands.
In contrast to the ubiquitous 10.6-cm (S band) radar bright band, only intermittent evidence is found at 0.86
cm (K band), and no clear examples of the radar bright band are seen at 0.32 cm (W band), because of the
dominance of non-Rayleigh scattering effects. Analysis also reveals that the relatively inconspicuous W-
band radar dark band is due to non-Rayleigh effects in large water-coated snowflakes that are high in the
melting layer. The lidar dark band exclusively involves mixed-phase particles and is centered where the
shrinking snowflakes collapse into raindrops—the point at which spherical particle backscattering mecha-
nisms first come into prominence during snowflake melting. The traditional (S band) radar brightband peak
occurs low in the melting region, just above the lidar dark-band minimum. This position is close to where
the W-band reflectivities and Doppler velocities reach their plateaus but is well above the height at which
the S-band Doppler velocities stop increasing. Thus, the classic radar bright band is dominated by Rayleigh
dielectric scattering effects in the few largest melting snowflakes.
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1. Introduction

Much of our planet’s precipitation originates as snow
far above the surface of the earth. Indeed, understand-
ing the hydrological cycle requires a good working
knowledge of the production of the ice particles that
contribute to snow and rain under a variety of meteo-
rological conditions. As a consequence of our knowl-
edge of the physics of precipitation formation, snow
and rain from melting snow are believed to be the dom-
inant processes in temperate zones, and also probably

Corresponding author address: Kenneth Sassen, 903 Koyukuk
Drive, Geophysical Institute, University of Alaska Fairbanks,
Fairbanks, AK 99775.

Email: ksassen@gi.alaska.edu

© 2005 American Meteorological Society

play an important role in deep convective activity
worldwide. Although the microphysical processes de-
scribing the transition of snowflakes to raindrops are by
now well understood, the corresponding effects on the
propagation of laser light and microwaves would ap-
pear to require more research. Now that precipitating
clouds are coming under scrutiny from earth-orbiting
radar systems (Simpson et al. 1996; Stephens et al.
2002), improving our understanding of the scattering
and attenuation of microwaves in the melting layer is
particularly warranted.

The most widely recognized remote sensing feature
observed during the melting of snowflakes is the radar
bright band. Named after the appearance of the narrow
layer of strong signals on the oscilloscope displays of
World War II vintage radars, it was not long before the
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main causes of the bright band were identified (for re-
views see Battan 1973; Dennis and Hitchfield 1990). Be-
cause of the differences in the dielectric constants be-
tween water and ice, ice particles produce much weaker
backscattering and attenuation in the Rayleigh scattering
regime, such that radar returns in the rain are strongly
enhanced, despite the larger sizes of the low-density (ice-
plus-air mixture) snowflakes (Meneghini and Liao 2000),
and the fact that the concentration of raindrops declines
significantly because their fall speeds are much greater
than the snowflakes from which they are derived.

A major factor contributing to the radar bright band
is a consequence of the manner in which snowflakes
melt—the ice surfaces become coated with liquid, ac-
cumulating to a sufficient depth to scatter essentially
like equivalently sized water particles. These wet snow-
flakes are nonspherical and still relatively large, which,
in combination, generates strong microwave backscat-
tering. At millimeter wavelengths a brightband effect is
typically absent, and a radar dark band has even been
reported for W-band radars near the expected bright-
band position (Lhermitte 1988). Other factors that have
been considered involve the aggregation/coalescence or
breakup of snowflakes and raindrops, which, because of
the diameter-to-the-sixth (D®) power law of Rayleigh
scattering, can have noticeable effects on radar signals.
However, as pointed out by L. J. Battan (1978, personal
communication), any radar brightband theory that re-
lies on particle aggregation or breakup is not likely to
succeed universally. Interestingly, there is an analog of
the bright band with lidar, but the lidar bright band
owes its existence to the increasingly strong snowflake
backscattering with height coupled with the over-
whelming attenuation rate in the snowfall surrounding
the freezing level, which creates a feature resembling a
bright band on an oscilloscope display (Sassen 1977a).

The lidar dark band, on the other hand, is a recently
recognized curiosity of melting-layer remote sensing.
Although long serendipitously captured in lidar returns
from precipitation, its meaning and significance were
concealed essentially because of a lack of prolonged
data collection in rainfall; lidar systems needed to be
shielded from precipitation, and other (optically less
dense) targets were favored. It was not until relatively
recently that Sassen and Chen (1995) comprehensively
studied this phenomenon and gave it a name. More
recent observations have been reported in Demoz et al.
(2000) and Roy and Bissonnette (2001). The term lidar
dark band, in contrast to the radar bright band, delin-
eates its quintessential property. It is a backscatter in-
tensity minimum that occurs surprisingly not far in
height from the location of the radar bright band. Based
on an analysis of coordinated aircraft, polarization li-
dar, and W-band (0.32 cm) Doppler radar measure-
ments, it was concluded by Sassen and Chen (1995) that
this “remarkably narrow and consistent feature” corre-
sponds to a stage of snowflake melting that produced
“inhomogeneous ice-containing raindrops formed by
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the structural collapse of severely melted snowflakes.”
It occurs because of the cross-sectional area-dependent
differences (i.e., D?) in lidar backscattering between
near-spherical raindrops and the much larger snow-
flakes aloft.

Unfortunately, it has yet to be determined how rep-
resentative the Sassen and Chen (1995) findings are,
particularly with regard to the melting-layer tempera-
ture structure, the precipitation rate and mechanism,
and how measurements at other radar wavelengths
compare. The same can be said of the representative-
ness of the available W-band radar dark-band case
studies. We begin addressing these issues in the current
study based on a unique ensemble of remote sensors.

2. The dataset

The National Aeronautics and Space Administration
(NASA) Cirrus Regional Study of Tropical Anvils and
Cirrus Layers (CRYSTAL) Florida Area Cirrus Ex-
periment (FACE) field campaign, carried out during
July 2002 in the southern Florida region, was designed
to research subtropical thunderstorms and the cirrus
clouds derived from their anvils. In addition to six proj-
ect aircraft, three surface sites were equipped with vari-
ous arrays of remote sensing systems to obtain more
continuous atmospheric observations and serve as hubs
for the aircraft operations. The eastern site at the Ken-
dall-Tamiami Executive Airport (~25 km southwest of
Miami) was uniquely equipped with three Doppler ra-
dars and a radiation measurement suite that included a
near-continuously operated eye-safe lidar (see Table 1
for remote sensor specifications). Data were also col-
lected by a Joss—Waldvogel disdrometer located at this
site to obtain high (1 min)-resolution rainfall-rate mea-
surements (Joss and Waldvogel 1990). It should be
noted, however, that rain measurements at the surface
can differ greatly from conditions aloft in the melting
region (~3.5-4.5 km above sea level, in our case) be-
cause of temporal variations in the convective showers.
Figure 1 shows an aerial photograph of the instruments
deployed at the field site.

The micropulse (0.523 pum) lidar (MPL; Spinhirne
1993) is a compact, eye-safe device, which is being in-
creasingly utilized worldwide at ground-based observ-
ing sites for unattended cloud and aerosol observations.
Eye safety is achieved by using a rapidly pulsed (2.5
KHz), low-powered (1.0 W) laser source that is expanded
through a transmit-receive Cassegrain telescope. This
feature allows the instrument to be operated full time in
an autonomous fashion. (At CRYSTAL FACE, how-
ever, data collection was typically suspended around
solar noon—the lidar siesta time of the Tropics—
because of the excessive ambient solar background that
adversely affected the photon-counting detector.)
Campbell et al. (2002) have recently described the in-
strument in detail and summarized the relevant MPL
data processing techniques.
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TABLE 1. Specifications of the MPL and the three radars deployed at the eastern CRYSTAL FACE field site. The differences
exemplify the wavelength-dependent range of operational characteristics of modern remote sensors.

MPL W band K band S band
Wavelength 0.523 um 0.32 cm 0.86 cm 10.6 cm
Peak power (W) 1.0 1000 100 500
Maximum PRF (KHz) 2.5 10 7.7 8.0
Pulse width 10 ns 0.2 us 0.3 us 0.4 ps
Beamwidth 50 prad 0.24° 0.3° 3.0°
Receiver diameter (m) 0.2 0.9 1.8 3.0
Receiver gain (dBZ) — 58 165 —
Range resolution (m) 75 30 45-90 60
Time resolution (s) 60 60 9-35 10
Range gates 800 512 184 244
Sensitivity at 5.0 km — —37dBZ —28dBZ —-6dBZ
V resolution (cm s~ ') — 32 6.4 13.9

The three participating zenith-pointing Doppler ra-
dar systems represent a unique combination of milli-
meter-wave to microwave sensors (see Table 1). Atmo-
spheric probing at the shortest 0.32-cm (94-GHz fre-
quency) wavelength of W-band radars is sensitive
to relatively small cloud droplets and ice crystals, al-
though pulse attenuation in rain and melting snow can
have noticeable effects on the returned signals. The
University of Miami 94-GHz Doppler Cloud Radar
(UMDCR; Albrecht et al. 1999) is a single-antenna ver-
sion of the radar developed during the early 1980s
(Lhermitte 1988). The lightweight UMDCR uses a high
pulse repetition frequency that yields a Doppler veloc-
ity window of =8 m s~ ' at high spatial and temporal
resolutions (typically 30 m in height by 1 s, respec-
tively). With an antenna beamwidth of 0.24°, the radar
horizontal sample size is about 20 m at 5 km. High-
FFT-resolution Doppler spectra are provided by a real-
time FFT algorithm (256, 512, or 1024 FFT points) at all
range gates sampled by the processor. This gives excel-
lent Doppler spectra resolution (Table 1).

At the somewhat longer 0.86-cm wavelength (34.86-
GHz frequency) K,-band wavelength, the National
Oceanic and Atmospheric Administration (NOAA)
millimeter cloud radar (MMCR; Moran et al. 1998)
shares many of the capabilities of the W-band radar,
but with reduced attenuation effects. The MMCR pro-
vides continuous profiles of the equivalent radar reflec-
tivity factor Z, (mm® m ) and the Doppler spectrum
through clouds and precipitation with approximately
10-s temporal and 45-90-m vertical resolutions, using
128 FFT points. Despite a low-peak-transmitted power
of 100 W, the MMCR achieves high sensitivity using a
large antenna, long sampling times, and pulse compres-
sion techniques (Moran et al. 1998).

In contrast to the millimeter-wave radars, the NOAA
10.6-cm (2.835-GHz frequency) S-band radar cannot
generally observe the particles suspended in a cloud,
but rather observes the larger particles that are precipi-
tating out of a cloud. Such radars are traditional in the
sense that pulse attenuation is rarely significant and the
returned radar signals can be treated relatively simply

with the Rayleigh scattering theory. This vertically
pointing profiler (Ecklund et al. 1999) uses a 3-m para-
bolic dish antenna and a peak power of 500 W to ob-
serve the precipitating particles while they advect over-
head. This unit was operated with a 10-s temporal and
a 60-m vertical resolution, and alternated between an
uncoded and a 10-bit-coded pulse compression mode.

During the early part of the CRYSTAL FACE cam-
paign of interest here, a broadening area of low pres-
sure developed in the south-central Gulf of Mexico,
yielding easterly to southeasterly low-level flow over
the research area. In contrast to the usual strong diurnal
convective activity expected during midsummer months
(Michaels 1985), rainfall at this time was often more
continuous in nature. While not inhibiting strong con-
vective cell development, more stratiform rainfall
events were also encountered. Such conditions are
more amenable for observing radar/lidar melting-layer

FiG. 1. Aerial photograph of the eastern CRYSTAL FACE
field site at the Kendall-Tamiami Executive Airport near Miami,
where (clockwise from the top right of the tarmac) the roof-
mounted NOAA K-band Doppler radar, the NASA Surface Mea-
surements for Atmospheric Radiative Transfer (SMART) van
that held the MPL and several radiometers, the circular rain guard
enclosing the NOAA S-band radar dish, and the free-standing
University of Miami W-band Doppler radar attached to its sup-
porting van are shown.
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phenomena than in strong thunderstorms, with their
intense vertical motions and highly variable precipita-
tion conditions.

3. Data and analysis

Prior to showing examples from the multiple remote
sensor dataset, it is useful to overview the scattering
conditions to be expected at each wavelength in the
melting layer, where various Rayleigh and non-
Rayleigh effects will be manifested. Lidar scattering
can be described by the principles of geometric optics,
where the D? law and the precise shape of the ice,
mixed-phase, and water particles govern the backscat-
tering behavior, and the attenuation of the laser pulse
will generally be significant. For an S-band radar, it can
be assumed that Rayleigh scattering dominates under
these conditions, such that hydrometeor scattering can
be treated with spherical and spheroidal dipole particle
models, and is governed by the D® power law and the
hydrometeor refractive index (i.e., phase), while at-
tenuation is unimportant. This corresponds to the tra-
ditional radar brightband scenario.

However, at the millimeter W- and K-band radar
wavelengths, a mixture of Rayleigh and non-Rayleigh
scattering effects will come into play. We show in Fig. 2
how the normalized radar backscattering cross sections
for spherical water drops depend on the radar wave-
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Fi1G. 2. Comparison of normalized backscattering cross sections
(i.e., backscatter coefficients divided by particle cross-sectional
areas) vs spherical water drop diameter for the three indicated
radar wavelengths, showing how Mie scattering effects emerge at
different drop sizes as a function of wavelength. The “x” symbols
define the general upper limit for Rayleigh backscattering by
spheres.
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length A. The two scattering domains are clearly re-
vealed by the slope changes in the curves. For relatively
small spheres, the steep slopes delineate the D® Ray-
leigh domain, while horizontal lines (i.e., backscattering
normalized by dividing by D?) define the geometrical
optics domain that requires the use of the intensive Mie
computations. In between the two limits is a transition
zone often marked by large oscillations caused by back-
scattering resonances. The “x” symbols locate the usual
upper limit for Rayleigh scattering as expressed in
terms of the size parameter y = wD/ A, which is xy =~ 0.3
for spheres (Kerker 1969). Clearly, interpreting melt-
ing-layer observations at millimeter wavelengths
present greater challenges in comparison to the relative
simplicity of the traditional radar Rayleigh theory for
S-band radars.

An example of the appearance of the various melt-
ing-layer backscattering phenomena observed by the
four active remote sensors over a 5-h period on 8 July
is given in the height-versus-time displays in Fig. 3,
where the sensor wavelength decreases from top to bot-
tom. Note that a colored radar reflectivity scale (in
decibels, 10 times log mm® m~?) is given to the right of
each radar display, and that the range-normalized at-
tenuated lidar backscattering (in arbitrary units) is also
based on a logarithmic scale. Over this period, rain
showers of various intensities occurred (see the bottom
panel for surface disdrometer rainfall rate data). The
S-band radar display at the top shows a consistent radar
bright band centered at ~4.3 km height above mean sea
level (MSL), whose intensity tends to vary with the
rainfall rate. The K-band radar display sometimes indi-
cates a comparatively weak bright band at a similar
height, but only under weakly precipitating conditions.
Although no evidence for a bright band is apparent in
the W-band radar display, a weak radar dark band is
indicated by a decline in radar signals at ~4.5 km MSL
from 1430 to 1500 UTC, where dBZ are, in contrast,
increasing slightly at the other radar wavelengths (see
below).

The lidar display is quite dissimilar because of the
dominating effects of optical attenuation by hydrome-
teors, especially in the occasional water clouds below
1.0 km and from ~3.0 to 4.0 km MSL early on and in
the middle of the period. Lidar dark bands are easily
seen centered just above 4.0 km from ~1350 to 1440
and 1615 to 1720 UTC, which corresponds to periods
when the lidar pulse was able to penetrate high enough
to sample the snow causing the rain. Note that the rapid
signal decrease with height in the snow aloft is due to
overwhelming attenuation, which is verified by the ra-
dar data, indicating much higher cloud-top heights, and
produces a lidar bright band at ~4.5 km. It is also in-
teresting to note the differences in the cloud-top
heights sensed by the radars, which reflect the effects
caused by variable wavelength-dependent attenuation
rates versus the A~ sensitivity to particle size that fa-
vors ice cloud detection by millimeter-wave radars, as



























