Reports

Hail Detection with a Differential Reflectivity Radar

Abstract. A major objective in the remote sensing of convective storms by radar is
the clear and reliable differentiation between regions of hail and regions of rainfall.
This report describes the application of the differential reflectivity (Zpr) radar
technique to the problem of hail detection. The procedure is based on the markedly
different polarization-dependent backscatter characteristics of rain and hail. Field
experiments conducted in Colorado during the spring of 1983 provide significant
evidence of hail detection with this new radar technique.

Conventional incoherent meteorologi-
cal radar measures the amount of back-
scattered power from precipitation parti-
cles (raindrops, hail, ice crystals) con-
tained within a resolution volume deter-
mined by the range, antenna pattern, and
transmitted pulse width. The backscat-
tered power per unit volume is propor-
tional to the reflectivity factor Z (in
millimeters to the sixth power per cubic
meter), which is often expressed in deci-
bels above the reference value 1 mm®
m~>; that is, dBZ = 10 log (Z). The
transmitted power is usually linearly po-
larized, and the received power is of the
same polarization. Conventional radar
measurements of reflectivity do not di-
rectly indicate the type of hydrometeors
producing the radar signal except in a
gross sense; for example, large hail often
causes a higher reflectivity than rain.

The first attempts at distinguishing
hailstorms from other types of storms
used reflectivity measurements (/). This
approach is based on an examination of
the echo intensity and its structure and
time evolution within a storm (2) and is
currently being advocated for use as an
automatic means of hail detection as part
of the development, in the United States,
of a Next-Generation Weather Doppler
Radar (NEXRAD) (3). However, the
procedure is very cumbersome and high-
ly limited, since the algorithm deter-
mines only whether the storm contains
hail. Information on the location and
extent of the hailfall within the storm is
not provided.

Another approach to hail detection is
based on radar observations at two
wavelengths (4). This technique depends
upon the ratio of the echo power at 10-
and 3-cm wavelengths and has also been
implemented by Soviet researchers (5).
A major factor complicating the interpre-
tation of dual-wavelength measurements
is rainfall attenuation (6). An alternative
dual-wavelength approach postulates
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that the range derivative of the ratio of
reflectivities at 10- and 3-cm wave-
lengths reduces the effects of attenuation
on the smaller wavelength signal (7).
However, problems such as mismatched
antenna beam patterns at the two wave-
lengths (8) and the requirement for si-
multaneous operation of two radars have
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Fig. 1. The Zy (a) and Zpg (b) contours of a
portion of the 4 June 1983 storm in Colorado
at an altitude of 2.3 km above mean sea level
between 5:13 and 5:21 p.m. Mountain Day-
light Time (MDT). The Zy contours are at 10-
dB intervals, and the radar is located at (x,
y) = (0, 0). There are small regions in excess
of 55 dBZ. The Zpg contours are in decibels
with varying intervals defined by the levels 0,
0.5, 1.0, and 2.0 dB. Regions at and slightly
below 0 dB are hatched. The extended hail
region as estimated by the Zpg hail signal is
contoured by dashed lines in both (a) and (b).

limited the utility of dual-wavelength
procedures thus far.

During the early 1960’s, Canadian re-
searchers introduced a method that is
based on the depolarization characteris-
tics of hailstones as compared to rain-
drops and involves radar measurements
of the complex backscatter coherency
matrix with circular polarization used as
a reference basis (9, 10). Complicating
factors affecting the use of this method
include propagation effects in rainfall
(11), the need to maintain a high degree
of isolation between polarization chan-
nels, and requirements on the sensitivity
of the radar system (9).

The hail detection scheme reported
here is based on the inherent differences
in the radar cross sections of rain and
hail at horizontal and vertical linear po-
larizations (/2). Raindrops falling at ter-
minal velocity in steady-state flow are
nearly oblate spheroids because of a
balance between gravity, surface ten-
sion, and aerodynamic forces. These ob-
servations were made above the surface
boundary layer with a pair of two-dimen-
sional precipitation probes (/3) mounted
on an aircraft with orthogonal optical
axes so that it was possible to image the
drops along two planes, that is, a plan
view and a side view (/4). Earlier obser-
vations and analyses indicate that (i)
raindrops can be modeled as a collection
of oblate spheroids with symmetry axes
oriented vertically (15, 16) and (ii) the
axial ratio of the equilibrium shapes is a
function of raindrop size (/7). Hence, the
rain medium is anisotropic and the prin-
cipal polarization vectors are closely
aligned along the horizontal (H) and ver-
tical (V) directions.

In contrast to the rain medium, the hail
medium is significantly more isotropic
because hail particles are irregular and
generally nonspherical; oblate and coni-
cal shapes have been observed. In addi-
tion, hailstones often tumble with no
strong orientation effect, thus appearing
isotropic with respect to horizontal or
vertical polarization states, or both. This
behavior is consistent with the results of
Canadian observers, which show that
the degree of common alignment of hail
is generally much smaller than that of
rainfall (16, 18). There is also a tendency
for Z to be greater than ~30 dBZ for hail,
with the probability of hail increasing as
opposed to the probability of rainfall
decreasing as Z increases (/9).

The dual-polarization radar technique
for hail detection reported here is based
on differential reflectivity: Zpgr = 10 log
(Zy/Zy), where Zy and Zy are the radar
reflectivity factors at horizontal and ver-
tical polarizations, respectively (/2). In
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rainfall regions, Zpg is always positive
and generally varies between 0 and 4 dB.
Furthermore, Zpr tends to be spatially
correlated with absolute reflectivity (Zy
or Zy). In hail regions Zpg rapidly drops
to values near 0 dB but exhibits larger
positive values in the surrounding rain
regions. On the other hand, in hail re-
gions the reflectivity generally increases
or maintains a relatively high value. This
anticorrelated pattern defines the Zpgr
hail signal. Thus the (Zy and Zpg) sig-
nals in rain and hail regions behave dif-
ferently and can be used to discriminate
between hail and rain regions.

The Zpr technique was recently im-
plemented on the CP-2 radar system
operated by the Field Observing Facility
of the National Center for Atmospheric

Research (NCAR). The transmitted
pulses are switched rapidly and sequen-
tially between H and V polarizations
with a high-power ferrite circulator; re-
ception is copolar, yielding Zy and Zy,
from which Zpg is derived. This mea-
surement scheme results in accurate esti-
mates of Zpr which, for the data pre-
sented here, have standard errors be-
tween 0.1 and 0.3 dB (20). Since recep-
tion is always copolar with respect to the
transmitted polarization state, polariza-
tion purity of the antenna is not a major
consideration. Moreover, system com-
plexity is reduced since a dual-channel
receiver is not necessary for the mea-
surements (2/-23).

Differential reflectivity measurements
were made with the CP-2 radar during

Project May Polarization Experiment
(MAYPOLE), jointly conducted by Ohio
State University, Colorado State Uni-
versity, and NCAR near Boulder, Colo-
rado, from 1 May through 15 June 1983.
This report highlights the real-time hail-
detection feature of Zpg on 4 and 8 June
1983.

On the afternoon of 4 June, hail cells
were observed by radar and were con-
firmed by mobile hail chase teams and
independent observers. Figure 1, a and
b, shows constant-altitude plan-position-
indicator (PPI) scans of Zy and Zpg,
respectively. Regions of the Zpgr hail
signal are contoured in Fig. 1. These are
regions where (Zy and Zpg) signals are
atypical of rainfall; that is, Zpg is small
and Zy large. The contoured hail cell

Fig. 2. The Zy (A) and Zpg (B) plan-position-indicator scans of the 8 June 1983 convective storm in Colorado at 8:18 p.m. MDT at an elevation
angle of 0.5°. Radial distances (in kilometers) are noted by the circular arcs. Azimuth markings are in degrees clockwise from north. Note the
contoured high-Zy (greater than 50 dBZ) and low-Zpg (0 to 0.4 dB) regions where the Zpy signal predicts hail. These characteristics of this storm
exhibit spatial continuity and are also observed in scans at other elevation angles.

Fig. 3. Top and bottom and range-height-indicator profiles showing, respectively, the Z; (A) and Zpg (B) scans of a convective storm in Colorado
on 8 June 1983 at 8:23 p.m. MDT The horizontal axis indicates distance from the radar (in kilometers), and the vertical axis is the height above
ground. Note the clearly observable hailshaft located close to 80 km, where Zpp is very close to 0 dB and Zy is greater than 50 dBZ. The larger
Zpr values at lower heights are due to rain. There is a distinctive separation between water phase and ice phase as one goes up in height where
Zpr drops from a peak of ~1.5 dB to a minimum of 0 dB.
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shown in Fig. 1 caused extensive damage
to Greeley, Colorado, 1/2 hour earlier;
surface observations of baseball-sized
hail were reported by mobile observers
with thie Prototype Regional Observing
and Forecasting Systems of the National
Oceanic and Atmospheric Administra-
tion (NOAA). Observers were located at
the points marked A and B in Fig. 1.
Regions of larger positive Zpg surround-
ing the hail cell are locations where rain
fell.

On the evening of 8 June 1983, a
severe storm developed near Wiggins,
Colorado. Low-elevation PPI scans of
Zy and Zpg are shown in Fig. 2, a and b,
respectively. Locations of three hail
cells based on the Zpgr hail signal are
contoured in Fig. 2. Note the clear delin-
eation of hailshafts from rain regions. A
range heiglhit indicator (RHI) scan at an
azimuth of 76° through the same storm at
a slightly later time is shown in Fig. 3.
The center of the hailshaft occurs ap-
proximately at 80-km rangé, where
Zy > 55 dBZ and Zpg = 0 dB. Regions
of rainfall surround the Hailshaft and are
characterized by Zpg = 0.5 dB. Note
also the discrimination between ice and
water phase with height observed with
the Zpg signal, a characteristic signature
(23). ‘

The Zpg radar technique is likely to
become an important procedure for the
detection of hail in severe storms and in
hail suppression research. Although fur-
ther work is required to demonstrate the
utility of this technique in an operational
environment, a preliminary assessment
based upon the results of Project MAY-
POLE and other experiments strongly
supports use of the Zpr technique for
this purpose (22, 24).
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Large Yearly Production of Phytoplankton in the

Western Bering Strait

Abstract. Production in the western Beiing Strait is estimated at 324 grams of
carbon per sqiiare meter per year over 2.12 x 10? square kilometers. An ice-reduced
growing season makes this large amount of primary production unexpected, but it is
consistent with the area’s large upper trophic level stocks. The productivity is fueled
by a cross-shelf flow of nutrient-rich water from the Bering Sea continental slope.
This phytoplankton production system from June through September is analogous to

a laboratory continuous culture.

Mesoscale spatial patterns in marine
productivity usually reflect underlying
physical processes that determine phyto-
plankton growth conditions. In low lati-
tudes, surface divergence is necessary to
bring nutrient-containing water into eu-
photic depths. In high-latitude cold sur-
face waters, nutrients increase during
winter when mixed layer light conditions
are poor and are seasonally incorporated
into plant organic material only under
suitable upper water column light and
mixing conditions (/). Despite these limi-
tations, intense summer productivity in
the western Bering Strait creates a large
amount of phytoplankton each year.

The eastern Bering Sea is uhusual
among continental shelves because of its
large area and a cross-shelf advection
into the Arctic Ocean through the Bering
Strait (Fig. 1). Currént measurements

suggest average flow through the Bering
Strait is approximately 0.8 sverdrups (2).
This flow is sedsonal, being greater in
summer because of the higher frequency
of flow reversals in winter. The water
passing through the strait has three ma-
jor components (3). In the west, the flow
is dominated by cold, high salinity water
from the Gulf of Anadyr. This flow ap-
pears to be a continuation of the shelf
break current that turns north near Cape
Navarin (Fig. 1). In the east, warmer
coastal water dominated by Yuken River
discharge flows out of Norton Sound.
South of Saint Lawrence Island, the
third water mass (modified shelf water)
is formed: The Bering shelf-Anadyr wa-
ter in the west and the Alaskan coastal-
Yukon River water in the east maintain
their identity during transit through the
strait.
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