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ABSTRACT
The ELDORA/ASTRAIA (Electra Doppler Radar/Analyese Stereoscopic par Impulsions Aeroporte) airborne Doppler weather radar was recently placed in service by the National Center for Atmospheric Research and the Centre d'etude
des Environnements Terrestre et Planetaires in France. After a multiyear development effort, the radar saw its first field
tests in the TOGA COARE (Tropical Oceans-Global Atmosphere Coupled Ocean-Atmosphere Response Experiment)
field program during January and February 1993. The ELDORA/ASTRAIA radar (herein referred to as ELDORA) is
designed to provide high-resolution measurements of the air motion and rainfall characteristics of very large storms,
storms that are frequently too large or too remote to be adequately observed by ground-based radars. This paper discusses the measurement requirements and the design goals of the radar and concludes with an evaluation of the performance of the system using data from TOGA COARE.
The performance evaluation includes data from two cases. First, observations of a mesoscale convective system on
9 February 1993 are used to compare the data quality of the ELDORA radar with the National Oceanic and Atmospheric Administration P-3 airborne Doppler radars. The large-scale storm structure and airflow from ELDORA are
seen to compare quite well with analyses using data from the P-3 radars. The major differences observed between the
ELDORA and P-3 radar analyses were due to the higher resolution of the ELDORA data and due to the different domains observed by the individual radars, a result of the selection of flight track past the storm for each aircraft. In a
second example, the high-resolution capabilities of ELDORA are evaluated using observations of a shear-parallel mesoscale convective system (MCS) that occurred on 18 February 1993. This MCS line was characterized by shear-parallel clusters of small convective cells, clusters that were moving quickly with the low-level winds. High-resolution analysis
of these data provided a clear picture of the small scale of the storm vertical velocity structure associated with individual convective cells. The peak vertical velocities measured in the high-resolution analysis were also increased above
low-resolution analysis values, in many areas by 50%-100%. This case exemplifies the need for high-resolution measurement and analysis of convective transport, even if the goal is to measure and parameterize the large-scale effects of
storms. The paper concludes with a discussion of completion of the remaining ELDORA design goals and planned
near-term upgrades to the system. These upgrades include an implementation of dual-pulse repetition frequency and
development of real-time, in-flight dual-Doppler analysis capability.
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1 .The scientific context for airborne
Doppler radar
Recent development of airborne, research-oriented
Doppler radar systems (Hildebrand and Moore 1990;
Jorgensen and Meneghini 1990) has been prompted
by the need to observe large atmospheric storms that
are too remote for ground-based observation and the
need for observations at higher resolution than are
available from ground-based research radar systems.
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Atmospheric mesoscale convective systems—major
components of the global circulation and heat balance—can occur over major portions of the globe and
include tropical storms, mesoscale convective systems, midlatitude squall line and frontal systems, and
high-latitude cyclogenesis. The size and mobility of
these storms require that improved understandings,
through models and measurements, be made over very
large domains. Due to the wide range of scales active
in these storms, high-resolution measurements must
be provided wherever needed throughout the observational domain.
The initial airborne Doppler radar systems aboard
the National Oceanic and Atmospheric Administration
(NOAA) P-3 aircraft (Trotter 1978; Parrish 1989) were
designed for the study of tropical storms. These radars
are designed to provide Doppler velocity measurements
at about 1-2-km intervals. These data can resolve
storm features with scales of motion above 2 - 4 km
with some attenuation and fully resolve scales of motion above about 8 km. Following validation of the technique (Jorgensen et al. 1983; Hildebrand and Mueller
1985; Mueller and Hildebrand 1985), numerous studies of tropical storms and mesoscale convective systems (MCSs) resulted (e.g., Marks and Houze 1984;
Ray et al. 1985; Marks 1990; Jorgensen et al. 1994).
Prompted by the good results from the P-3 validation studies, planning was begun at the National Center for Atmospheric Research (NCAR) to build a new
generation of airborne Doppler radar specifically designed for dual-Doppler measurements of convective
storms (Hildebrand et al. 1988). A joint FrancoAmerican effort resulted, which included a wide variety of measurement goals, primary among which
was increasing accuracy and spatial resolution of the
airborne velocity measurements from what was possible using the P-3 radars. This joint effort of NCAR
and the French Centre d'etude des Environnements
Terrestre et Planetaires has resulted in the ELDORA/
ASTRAIA1 radar, herein referred to as ELDORA. The
development of ELDORA has been a 6-yr effort culminating in the first field tests of the radar in the Tropical Oceans and Global Atmosphere Coupled OceanAtmosphere Response Experiment (TOGA COARE)
during January and February 1993.

1

The name ELDORA/ASTRAIA stands for Electra Doppler Radar/Analyese Stereoscopic par Impulsions Aeroporte. The radar
is commonly known as ELDORA in the United States and
ASTRAIA in France.
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This paper discusses the design and implementation of the radar, describes support of TOGA COARE
(Webster and Lukas 1992), and evaluates the performance of the system using data from TOGA COARE.
The paper concludes with a discussion of post-TOGA
COARE upgrades to ELDORA that made it possible
to meet the original design goals.

2. Airborne radar measurement
requirements
The measurement requirements for airborne Doppler radar result directly from the required accuracy
of the individual radar measurements of velocity and
reflectivity, the required spatial and temporal resolution of the measurements, and the required domain
over which the measurements are to be made.
a. Velocity and reflectivity measurement accuracy
Dual-Doppler radar measurement of three-dimensional storm motions (e.g., Lhermitte and Miller 1970;
Doviak and Zrnic 1993; Ray 1990) involves using
radial velocities taken from more than one vantage
point around a storm. These measurements are first
used to determine velocity and divergence fields on a
series of nearly horizontal planes that intersect the
storm. Following this, cross-planar "vertical" velocities can be calculated by integrating the divergence
fields, using appropriate boundary conditions. Commonly used boundary conditions include 1) restricting the vertical velocities to zero at the ground,
coupled with upward integration of the continuity equation to determine w(z); or 2) the assumption of zero
vertical velocity at storm top—a representative stormtop level is assumed based on observations—coupled
with downward integration; or 3) use of a variational
relaxation of the continuity equation, usually coupled
with an explicit or implicit floating boundary condition and integration in an appropriate direction.
Three requirements must be met in using Doppler
radars to accurately measure storm morphology, dynamics, and transport (e.g., Ray 1990). First, the Doppler radar radial velocity measurements must be made
to ~1 m s_1 accuracy at ~0.3-km intervals, leading to
a spatial resolution of -1.5-2 km. Second, at any location where the circulations are to be measured, the
directions from which the two or more radial velocities are measured must be different by 30° or more.
Third, the in-storm Doppler radial velocity fields must
be measured very close to the storm boundaries withVol. 77, No. 2, February 1 9 9 6
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out significant contribution from clutter. Meeting
these requirements enables calculation of convergence for features with magnitudes of > 10~3 s_1 and
length scales of 1.5-2 km [typical values for large
convection, as reported by Ray (1990) and Carbone
et al. (1990)]. The last requirement provides the instorm divergence and convergence fields very close
to the storm boundaries with minimal contribution
from clutter.
The requirement for accurate, high-resolution velocity measurements establishes the need for a rapidly scanning radar with accurate measurement of
radial velocity, joint requirements that dictate use of
a complex transmitted waveform. The requirement of
an approximately 30°-pointing angle difference for
dual-Doppler measurements establishes the radar
scanning technique and the needed beam pointing
angles. The requirement for measurement in high-gradient areas dictates the need for high-quality antennas with low sidelobes and for high radar sensitivity.
The accuracy of the reflectivity measurements is
very important in spite of the inevitable attenuation
that will result from use of the 3.2-cm X-band wavelength (see section 3). Storm reflectivity structures
provide important measurements of the development
and transport of precipitation. A well-calibrated radar,
accompanied by the in situ hydrometeor measurement
capabilities of a research aircraft, makes it possible
to mitigate errors due to attenuation. Various techniques for attenuation correction (e.g., Hildebrand
1978; Kabeche and Testud 1995) can be applied to
the data if the radar is calibrated within 1-2 dB.
b. Spatial and temporal resolution
The spatial resolution requirements for ELDORA
include three-dimensional resolution of convective
cores of 1-3-km diameter, plus higher-resolution twodimensional measurements of finescale atmospheric
structures relating to entrainment, turbulence and
stratiform precipitation. These spatial measurement
requirements dictate that the radial velocities should
be evaluated at 0.3-0.5-km intervals, sometimes distributed over hundreds of kilometers. The radar must
therefore be designed for high-resolution measurements over a very large domain. These measurement
requirements dictate that the radar scan quickly
(144° s_1 at a flight speed of 120 m s_1) and have a
narrow beam and a short pulselength. This scan rate
is approximately 4-5 times the 30°-40° s_1 scan rate
typically used for ground-based radars. The practical
limitations of the system, particularly flight speed and
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beamwidth, limit the maximum range from the aircraft
for high-resolution data to about 40 km and the time
resolution for 100-km-scale storms to about 15 min
(the time required to fly past the system).
The radar reflectivity for convective clouds typically varies by 50-60 dB and for severe storms by as
much as 80-90 dB, with gradients of 40-60 dB km"1
(or four to six orders of magnitude in liquid water
content) being common. Since many of the most interesting areas for research occur in areas of high
reflectivity gradients, there is a strong requirement for
high spatial resolution. This requirement places a high
demand on having low range-time sidelobes, excellent antenna sidelobe performance, and a high dynamic range.
The individual storm cells are highly dynamic and
can change significantly in a few minutes. This requirement constrains the scanning approach and
planned flight track during data collection to provide
all needed measurements at any given location in a
storm cell to within a time period of 1-4 min.
c. Measurement domain
Large atmospheric convective systems can cover
areas as large as 105 km2 and move with time. The
TOGA COARE storm system from 9 February 1993
presented in Fig. 1 (and discussed in section 6) occupies an area of about 200 by 300 km and is typical of
many mesoscale convective systems. At the time of
the satellite cloud-top temperature measurements in
Fig. 1, the NCAR Electra (green flight track) was using ELDORA to observe the western portion of the
storm, some 150 km to the west of the most intense
portion of the storm. At the same time, the two P-3
aircraft (blue and black flight tracks) were jointly
observing the structure and evolution of a particularly
intense area of the storm to the east. Radar measurement of complete storm systems such as this can be
accomplished using an airborne radar capable of observing at high resolution out to -30 km from the aircraft, with additional measurements out to -60 km.
The aircraft can measure storm structure as it flies
around or through the storm cells of interest. With
flight speeds of about 120 m s"1 (240 kt) and flight
durations of up to 10 h, the aircraft can traverse a large
stormy area several times in a single flight, thereby
obtaining a complete picture of the storm, good measurements of the evolution of the storm, and measurements of the storm environment. For the storm illustrated in Fig. 1, the three aircraft measured storm
structure and evolution for a period of about 6 h.
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wavelength of 3.2 cm, the 1.4-m-diameter ELDORA antenna provides a
1.8° beamwidth with about - 3 5 dB
sidelobes.
b. Scan geometry and strategy
The major considerations for selecting a scanning strategy are the requirement that measurements be
made at 0.3-0.5-km intervals out to
~30-km range from the aircraft, plus
the need for observations from two
different beam-pointing angles within
a few minutes. Experience with analysis of ground radar data (e.g., Ray
1990) indicates that the included
angle between two beams must be
> 30° and that larger differences are
FIG. 1. Mesoscale convective storm system observed during the TOGA COARE
better.
At 30-km range, the 1.8°
experiment at 1740 UTC 9 February 1993. Satellite-measured storm-top temperatures
beamwidth
is 0.9-km wide. For this
are depicted with the areas of < 208 K shown in red tones. Aircraft flight tracks from
the NCAR Electra (green flight track) and the two NO A A P-3 aircraft (blue and black
beamwidth, measurements made at
flight tracks) are shown for the period 1640-1740 UTC. Data from the three aircraft
0.3-, 0.5-, and 0.9-km intervals are
radars collected during this time period are presented in section 6.
30%, 50%, and 80% independent, respectively, assuming a Gaussian beam
pattern. The typical 1° sampling interval in elevation provides 0.5-km intervals between
3. Radar design constraints
beams and, thus, 50% independence between the meaIn this section we will discuss the constraints that dic- surements on adjacent rays (in elevation) at all ranges.
tated the selections of wavelength, scan strategy, trans- This level of independence provides a comfortable
mitted waveform, and other aspects of radar design. amount of spatial prefiltering to the radar measurements, thus reducing any possible aliasing of finerscale fluctuations into the data collected by the radar.2
a. Selection of wavelength
The ELDORA radar scanning concept makes use
The radar wavelength can be determined through
considering the maximum antenna size, radar beam- of two radars to provide continuous sampling on all
width and sensitivity, maximum transmitted power, sides of the aircraft as it flies along. The antenna
and atmospheric attenuation. The size of the NCAR mounting (Fig. 2) consists of a rigid rotating structure
Electra limits the maximum antenna aperture to (the rotodome) that rotates about the aircraft's longi~ 1.4-m diameter. For a given aperture, the beamwidth tudinal axis and includes the antennas, radomes, and
of an antenna is proportional to the radar wavelength; antenna/radome mounts. One antenna points -18.5°
hence, the shortest possible wavelength was needed forward of a plane normal to the aircraft axis, and
another antenna points -18.5° aft. This scan pattern
to give the highest possible resolution.
provides
fore- and aft-pointing Doppler data while the
On the other hand, the radar signal can be greatly
attenuated by absorption and scattering of the radar aircraft flies in a straight line, thus enabling calculapulse as it passes through areas of precipitation. These tion of two-dimensional wind fields within the storm
effects are very sensitive to wavelength: attenuation volume (Fig. 3). The flight pattern resulting from this
at short wavelengths and at high rainfall rates (Ulaby scan strategy efficiently collects data over very large
et al. 1981; Nathanson 1969) effectively eliminates
wavelengths shorter than 3.2 cm for severe storm
observations. Since the measurement of winds in
rain is the major application for the radar, a wavelength > 3.2 cm (9.3-9.8 GHz) is indicated. At a
216

2

The possibility of aliasing in the along-track sampling direction
remains if, at ranges close to the aircraft, data are collected with
an along-track sampling interval that is larger than small scales
of motion containing significant energy.
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areas and requires that very little flight time be spent
turning the aircraft. The geometry for this scanning
technique is discussed by Lee et al. (1994a).
The fore and aft tilt angles of the radar beams were
selected on the basis of the required accuracy of the
radar velocity measurements and on the maximum
allowable time lag between the fore and aft observations. Since the ELDORA radar scans in a cylindrical
coordinate system, it is convenient to define lateral and
longitudinal velocities, for which the longitudinal, eu
(along-flight track), and lateral, ev (cross-flight track),
velocity measurement uncertainties are given by

sin

and
(1)

cosl
where <Jr is the radial velocity measurement uncertainty [see (Eq. 4) below] and 0 is the tilt angle of the
radar beam fore or aft of a plane normal to the aircraft axis. The uncertainty in divergence calculated
from u and v is given (in Cartesian coordinates) by

pling effects and boundary condition assumptions also
contribute to ew. See Doviak and Zrnic (1993, pp.
291-292).] Values of
and ew are plotted in Fig. 4
over a range of values of 2 0 , where ew is the contribution from one 1-km-depth interval, evaluated using no spatial averaging. (Use of spatial averaging
will reduce these errors considerably.) The cross-track
velocity measurement error ev varies little over the full
range of 20. On the other hand, the e and e values
°
/
u
w
are unacceptably large for small 20, but the curves
flatten out significantly for 20, > 40°. This suggests
that little value will be gained by increasing 20 much
above - 40°.
An additional consideration in setting the tilt angle
is the time lag between the fore and aft looks at a particular area in the storm. The time lag between the
successive observations from the fore and aft radar
beams is related to the aircraft airspeed and the distance from the aircraft by
St =

2Dtan(0,)
V

(3)

where D is the distance normal to the aircraft's flight
track and V is the aircraft's true ground velocity (typie^=[o.5(e2u+e2v)f.
(2) cally -120-125 m s_1 plus the wind velocity). The
maximum acceptable value of 8t is set by the effects
An estimate of the uncertainty in the vertical velocity of storm evolution and advection and ranges from
measurement resulting from geometrical considera- ~5 min for large-scale storm motions to 1-2 min for
tions, ew, can be obtained by integrating ediv over a rep- small-scale motions. For measurement of large-scale
resentative depth. [Other factors including beam-sam- motions, 29t must be < 40° within a maximum range

FIG. 2. ELDORA/ASTRAIA scan technique showing the dual
radar beams, tilted fore and aft of a plane normal to the fuselage.
The antennas and radome rotate as a unit about an axis parallel
to the longitudinal axis of the aircraft.
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FIG. 3. Sampling of a storm complex by the ELDORA/
ASTRAIA airborne dual-Doppler radar. The flight track past a
hypothetical storm is shown. Data are taken from the fore and
aft beams to form an analysis of the velocity and radar reflectivity
field on planes through the storm. The radial velocities at beam
intersections are used to derive the two-dimensional wind field
on the analysis planes.
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where the normalized spectral width is given by

(5)
the normalized signal correlation by

P (0 = exp

8

N (7,,

A

(6)

and where A is the wavelength, M is the number of
independent samples, <7 is the Doppler spectral width,
SNR is the signal-to-noise ratio, Ts is the pulse repetition interval, and t is a time interval. Evaluation of
Eqs. (4)-(6) for an X-band radar operating with a
pulse repetition frequency of 2 KHz, <j = 1 m s_1, and
SNR = 10 dB shows that > 1 0 independent samples
are needed to achieve the required minimum measure_1
of about 40 km, a 4-min maximum time lag is as- ment accuracy of o w ~ 1 m s . For many convective
_1
sumed. Values of St are plotted versus 26t in Fig. 4 storms, <7 will be > 1 m s , and the sampling requirements will be correspondingly reduced.
for ranges of 10, 20, and 40 km.
For weather radars, independence is achieved eiFor these reasons, the ELDORA system tilt angle 0
was selected to be about ±18.5°, with a small variation ther by sampling a new region of space or by waiting
(± ~ 1 °) due to the change in beam-pointing angle with for in-storm turbulence to reshuffle the precipitation
changing transmit frequency. For this tilt angle and for particles with respect to the transmitted radar wave.
the 120-125 m s_1 flight speed, the time lag between Since maximal spatial resolution is usually desired,
fore and aft looks at the same location in space, St, is waiting for reshuffling to occur is usually the chosen
about 1 min for each 11-km range from the aircraft. option. The reshuffling time to independence is a function of radar wavelength and Doppler spectral width
(Atlas 1964). For typical convective storms, with
c. Transmit waveform design
_1
For a distributed weather target, the velocity mea- Doppler spectral widths of 1-3 m s , the time to insurement accuracy is related to the sum of the re- dependence is in the range of about 2-5 ms for a
flected signals from the individual hydrometeors, a 3.2-cm-wavelength radar. The combined effects of the
sum that changes as the hydrometeors are moved with high antenna scan rate and the aircraft velocity in-1
respect to the transmitted radar waveform by random crease the Doppler spectral variance by about 2 m s
turbulent motions. For a pulse pair mean velocity (Lhermitte 1971; Jorgensen et al. 1983). This reduces
estimator (auto covariance), the velocity variance due the time to independence to ~2 ms. For an airborne
_1
to sampling, <j2vr, for pairs of correlated transmit radar with a flight speed of 120-125 m s and 1° sampulses can be expressed [Doviak and Zrnic 1993, Eq. pling in the vertical, the 0.3-km along-track sampling
interval provides only a 7-ms dwell time and only ~3
(6.22a)] by
independent samples, not the needed > 1 0 independent samples.
A complex waveform was used to surmount this
problem and to provide the needed radial velocity
A2
2oTnx'2
SNR 2
_2
measurement accuracy. The ELDORA complex
o\„.
=
vr
2
2
waveform breaks the transmitted pulse into 2-5 dis32K Mp (Ts)Ts
crete subpulses or "chips," each transmitted at a
[\-p{2Ts)ST_ Tx, 0
SNR
slightly different frequency and which are then received
and processed individually. The measurements
(4)

FIG. 4. Evaluation of the fore-aft tilt angle of the radar beams.
The cross-track (v), along-track (M), and vertical (w) velocity
measurement uncertainties are plotted vs difference in beampointing angle. The time lag between the fore and aft looks at
ranges of 10, 20, and 40 km from the aircraft (dashed lines) are
plotted vs the difference in beam-pointing angle.
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from the different frequencies are averaged to produce
final radar measurements with a reduced sampling
error. The transmit frequencies within the individual
chips must be selected far enough apart that they are
independent of each other and will be detected by only
a single receiver channel, (see Gondeau et al. 1989;
Girardin 1990.) The ELDORA waveform can provide
additional independence through range averaging. In
many cases, and in most convective storm conditions,
the meteorological turbulence will be greater than the
assumed ~ l m 2 s~2 (e.g., Lhermitte 1971; Jorgensen
et al. 1983) and will add an additional factor of approximately two to three independent samples, thus
raising the net number of independent samples to > 20.
This provides some potential flexibility for future increases in scan rate or reduced velocity estimate uncertainty in particularly demanding applications.

TABLE 1. ELDORA radar characteristics as operated in TOGA
COARE.
TOGA
COARE

Design
goal

3.2

3.2

Transmit frequency (GHz)

9.35,9.45

9.2-9.8

Beamwidth (deg, circular)

1.8

1.8

Antenna gain
(dB: fore, aft antennas)

38.75, 38.7

40

Polarization
(antenna horizontal)

horizontal

horizontal

Sidelobes (dB)

- 2 3 to - 3 0

-35

±18.5

+15-19

heading

heading

Antenna rotation rate (deg s_1)

66

5-144

Dwell time (ms)

15

7-50

Rotational sampling rate (deg)

1

1

35-50

50

-12

-12

Receiver bandwidth (MHz)

0.5-8

0.5-8

Receiver temperature at antenna (K)

< 600

<600

Pulse repetition frequency (s~!)

2000

2000-5000

Unambiguous range (km)

70

20-90

Unambiguous velocity (m s_1)

16

13-20

1
(switched)

2
(fore/aft)

Number of transmit
frequencies per radar

2

5

Pulse chip length (jus)

1

0.1-3.0

Range averaging (chips)

1

1-4

0.15

0.015-1.2

0.7 and 1.4

0.3-1.0

Characteristic
Wavelength (cm)

Beam tilt angle (fore or aft, deg)

4. Radar implementation
The ELDORA radar was designed to meet the
specifications discussed above while minimizing the
impact on the Electra aircraft's range, endurance, and
payload. The ELDORA radar—specifications are
given in Table 1—consists of three basic subsystems:
transmitter/receiver, antenna/rotodome, and radar
control/data display/recording. Each subsystem includes all components for both the fore and aft radars.
The radar weighs about 1500 kg and requires a crew
of three: radar scientist, radar operator, and radar engineer. With ELDORA aboard, a full fuel load, plus
flight and radar crews, the Electra has -500 kg available for other purposes. The layout of the radar on the
aircraft reserves the forward cabin and portions of the
main cabin for additional instrumentation. This section provides a concise summary of hardware implementation: for a more complete discussion see
Hildebrand et al. (1994a).

Antenna spin axis parallel to

Peak transmit power (kW)
Minimum detectable
signal at 10 km (dBZ)

Number of radars

a. System overview
The transmitter/receiver subsystem includes signal
generator/receiver units and high-power amplifiers for
both the fore and aft radars. The signal generator units
are programmable, can generate the needed complex
waveforms, and provide all basic timing and reference
signals for the full radar system. The transmitter contains broadband, high-power traveling wave tube amplifiers capable of a peak power of -50 kW, pulse lengths
of 0.1-10 /is, and pulse repetition frequencies of 0.55.0 kHz, limited by a maximum duty cycle of 1%.
Bulletin of the American Meteorological Society

Range resolution (km)
Along-track beam spacing (km)
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The antenna/rotodome subsystem consists of two
slotted waveguide antennas, which are covered with
fixed radomes and rigidly mounted to the rotodome
frame. The antennas have < - 3 5 dB sidelobes and a
fore-aft beam "tilt" angle of ±18.5°, with slight
changes depending on the transmitted frequency. This
entire rotodome structure is mounted to the tail of
NCAR's Lockheed L-188C Electra aircraft and spins
about an axis parallel to the aircraft's longitudinal axis.
The radar control/data display and recording subsystem consists of the intermediate frequency and
digital signal processors, plus radar control, and flexible data display and recording capabilities. Monitors
for data display and radar control are provided, as are
keyboards and track balls for system control.
b. Data processing
The received signal consists of the total reflected
energy from all transmitted frequencies. To take advantage of the independent information from each transmitted frequency, separate receiver/signal processor
chains are provided for each transmitted frequency,
and the final recorded variables are the averages of the
estimates from each independent transmitted frequency.
Additionally, the radar uses dual offset linear receivers for each channel to provide 92 dB of dynamic range.
For each transmitted frequency and for each range
gate, the zeroth and first lag autocovariance of the
received signals are estimated. The radar reflectivity
factor, normalized coherent power (NCP), and spectral width are then calculated for each frequency using the standard pulse-pair algorithms (e.g., Doviak
and Zrnic 1993; Keeler and Passarelli 1990). The final ELDORA output variables—radar reflectivity factor, Doppler velocity, Doppler spectral width, and
NCP—are then calculated from these measurements.
The data displays include one or two variables,
typically reflectivity and radial velocity are chosen,
with the data displayed either from the radar scan surface or on a plane that can be horizontal or vertical
and can be at any selected distance from the aircraft,
above, below, or to the side.
Data from the aircraft's inertial reference unit, global positioning system (GPS), and other aircraft instrumentation including summary meteorological information are sampled and placed into the main radar datastream prior to recording on high-density tape
cartridge drives. The data recording rate is generally
just under 500 kbytes s_1. Data reduction algorithms
have therefore been implemented in order to maintain
a small margin of error.
220

c. Final data product
The final ELDORA data product for TOGA
COARE (Hildebrand et al. 1994b) includes data in
Doppler radar data exchange (DORADE) format (Lee
et al. 1994b) or universal format (Barnes 1980). In
data processing, the data are corrected for aircraft
navigation errors using returns from the sea surface
to correct for errors in the aircraft attitude (roll, pitch,
yaw), antenna or rotodome mounting (roll, pitch,
yaw), aircraft altitude, aircraft ground velocity, range
to the initial range gate, etc. This correction technique
(Testud et al. 1995) assumes that if everything is measured correctly the sea surface should be flat and
should have no ground-relative velocity. Any errors
in data navigation should produce easily identifiable
signals, such as a tilted, nonflat sea surface with some
residual velocity, that can be used to identify and remove the problem.
The data processing includes several steps. The
velocity data are first renavigated, then thresholded
using a normalized coherent power (NCP) > 0.33 (Fig.
5) to produce a velocity field containing presumably
"good" data. The aircraft ground velocity is removed
from the data, and a pass is made at automatically
unfolding the radial velocities using the aircraft in situ
air velocity measurement plus the single-beam unfolding technique of Bargan and Brown (1980). Figure 5
depicts the renavigated data from one scan of the radar, shown on the conical scan surface, taken through
the storm shown in Fig. 1 and further discussed in
section 6a. The range rings are at 10-km intervals. The
storm reflectivity (dBZ) structure is shown in the upper left, NCP in the lower left, the original uncorrected
velocity data (VR) are in the upper right, and the
thresholded, unfolded radial velocities with the aircraft velocity removed (VU) are shown in the lower
right.
The final TOGA COARE dataset includes reflectivity, NCP, Doppler spectral width, and the corrected
ground-relative radial velocity with aircraft velocity
removed and with a first pass correction to Nyquist
folding (VU). In addition to these four data fields,
three other radial velocity fields—VR and two intermediate fields—are provided so that users can perform their own velocity corrections if they wish. A
complete description of TOGA COARE data quality
and data processing considerations is available
(Hildebrand et al. 1994b). Our evaluations of data
quality (see section 5) indicate that the VU data are
sufficiently accurate to produce reasonable analyses
with only batch-mode editing (see the analyses of secVol. 77, No. 2, February 1 9 9 6
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FIG. 5. ELDORA/ASTRAIA data from 1724:30 UTC 9 February 1993, showing renavigated radar reflectivity factor (dBZ, upper
left), VR (upper right), NCP (lower left), and VU (lower right). The VU field has been thresholded using NCP > 0.33. The aircraft is
flying into the page at the center of the 10-km-range rings. The sea surface is located 3 km below the aircraft and has reflectivities
slightly higher than the rain shafts above the sea surface. Return from the rain can also be seen in the reflections that appear below
the sea surface. These reflections are present in all data variables.

tion 6). Nevertheless, we suggest that additional small
corrections to aircraft location and velocity (e.g., using GPS navigation, etc.) plus additional editing will
improve the overall quality of the data and analyses.

5. Deployment of ELDORA in TOGA
COARE
The ELDORA airborne Doppler radar was operated in TOGA COARE during January and February
of 1993. During this period, the NCAR Electra aircraft flew 15 research missions in support of studies
of atmospheric convection and boundary layer processes. The ELDORA radar was operated on 13 of
these flights (Hildebrand et al. 1994b). The first seven
flights were boundary layer flights that served as
ELDORA checkout missions, during which the bulk
of the initial installation problems were solved. The
remaining six flights were atmospheric convection
missions during which excellent airborne Doppler
Bulletin of the American Meteorological Society

radar data were collected. Four of these six flights
included coordinated data collection with other research aircraft.
Some limitations of ELDORA operation in TOGA
COARE resulted from problems with transmitters,
signal processors, and antennas. Due to transmitter
failures, ELDORA operated in TOGA COARE with
only one transmitter, using a waveguide switch to successively illuminate the fore and aft antennas. The
switch provided the capability to observe on one side of
the flight track at higher resolution or on both sides of
the flight track at lower resolution. The signal processor limited the data rate to 400 range gates at 72° s~l
antenna rotation rate (12 rpm or ~0.6-km along-track
sampling at a flight speed of 120-125 m s-1)> and a
software problem limited us to two transmitted frequencies instead of the planned four to five. Finally,
the antennas had a sidelobe problem that increased
ground clutter at ranges closer than about 5 km but
did not prevent short-range observations in the presence of strong weather returns. These initial difficul221
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ties, discussed in the ELDORA data summary for
TOGA COARE (Hildebrand et al. 1994b), have now
been resolved and validated in recent ELDORA field
tests and research programs.

6. A preliminary look at ELDORA data
from TOGA COARE
This section provides a first look at data from
ELDORA during TOGA COARE. Two examples are
presented. The first example compares observations
from ELDORA with data from the two P-3 aircraft
and demonstrates the benefits of high sample density
observations. The second example shows the benefits
of the high sample density capabilities of ELDORA
for observing a shear-parallel mesoscale convective
system. The ELDORA analyses presented below were
performed using no hand editing of the data. Thresholding (here done on NCP) plus new batch editing
approaches have eliminated this laborious task.
a. Comparison of ELDORA and P-3 observations
of the 9 February 1993 squall line
On 9 February 1993 all three TOGA COARE turboprop aircraft were coordinated in sampling the eastwest-oriented squall line depicted in Fig. 1. After sampling the western portion of the line, the Electra (green
flight path) joined the two P-3 aircraft (blue and black
flight paths) in observations of a vigorous convective
cell near the eastern end of the storm. During the period 1725-1740 UTC, the Electra was on the northern side (front) of the squall line flying from west to
east at 3-km altitude. At the same time, the two P-3s
were straddling the squall line, flying in the opposite
direction: the N42RF at 4-km altitude on the south,
rear inflow side of the line, and the N43RF at 0.3-km
altitude on the north side, in close proximity to the
NCAR Electra's flight track.
These parallel P-3 flight tracks on either side of the
storm had been selected for the purpose of jointly
collecting quad-Doppler data. Quad-Doppler sampling makes use of the fore- and aft-radar data from
two airborne Doppler radars on parallel flight tracks
to provide four radial velocity measurements at each
analysis grid point. Together with an estimate of hydrometeor fall velocity, these measurements can completely describe three-dimensional storm motions in
the upper portions of the storm, limited to areas between the flight track. We will compare the dual-Doppler analysis of ELDORA data with the quad-Dop222

pler analysis of P-3 data. [See Jorgensen and Matejka
(1993) and Jorgensen et al. (1994) for an explanation
of the advantages of the quad-Doppler technique.]
During the data collection, ELDORA observed
only to the south (right) side of its flight track, switching between its fore and aft antennas twice per radome
revolution and thereby observing the storm every
0.6 km along the flight track. Both P-3 radars scanned
on both sides of the flight track, switching between
their fore and aft antennas once per revolution. Due
to switching once per revolution and due to their
slightly slower scan rate, the P-3 data were collected
every 1.6 km along track. These data provide an excellent opportunity to compare the effects of highresolution measurements from ELDORA with lowerresolution measurements from the P-3s.3
The ELDORA and P-3 data were analyzed on a
common grid that measured 110 km x 90 km x 17 km
(x, y, z) and had a grid spacing of 1.5 km x 1.5 km
x 0.5 km. The ELDORA data were analyzed using a
standard dual-Doppler approach (e.g., Ray 1990). The
data first are interpolated to the grid using a weighting function extending out to 1.2 times the grid spacing. Horizontal velocities are then calculated, and the
data are smoothed using a three-pass, five-point filter (Leise 1981). Finally, vertical velocities are calculated using a variational approach constrained by
the assumption of zero vertical velocity at the ground
and at 2 km above the highest grid locations having
data. No corrections were made for terminal fall speed
or for the contribution of vertical velocities to the
measured radial velocities. Due to limitations of the
dual-Doppler technique, this analysis was performed
only in areas in which the radar elevation angle was
< 4 5 ° . Since the ELDORA data were available at
0.6-km intervals in the horizontal, a second analysis
was performed using a 0.75-km horizontal grid spacing and smaller interpolation filter radius.
Data from the two P-3 radars were analyzed using
the quad-Doppler approach4 (Jorgensen and Matejka
1993; Jorgensen et al. 1994). The quad-Doppler analysis includes three steps. First, the data are interpolated
to the grid, and the horizontal wind field is determined
using dual- or triple-Doppler wind analysis. Second,
the upper boundary condition is determined directly
3

Similar to ELDORA, the P-3 radars had the capability to scan
every 0.8 km by switching between antennas. This was not done
in order to enlarge the P-3 sampling domain.
4
This quad-Doppler analysis was graciously provided by B. Smull
of NOAA/NSSL.
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using triple- or quad-Doppler observations (as are
available), plus particle terminal velocities that are
estimated from the radar reflectivity. Third, the vertical velocities are determined using downward integration of the horizontal convergence field plus the
upper boundary condition. Finally, any residual vertical velocity errors at the ground are reduced through
redistribution of the errors through the analysis volume (O'Brien 1970).
These analyses allow us to evaluate the resolution
and capabilities of the ELDORA and P-3 data. The
dual-Doppler analysis of ELDORA on the 1.5-km grid
(Fig. 6, left column) and the quad-Doppler analysis
of the P-3 data (right column) are compared at altitudes of 0.5, 4.5, and 12.0 km. The flight tracks for
the three aircraft are illustrated. Both analyses depict
similar storm reflectivity and velocity features throughout the common analysis domain, although the P-3
reflectivities are generally higher and more extensive.
The more extensive domain of the P-3 reflectivities,
particularly on the south side of the storm, are due to
attenuation of the ELDORA signal on the south side
of the storm and due to having the second P-3 aircraft
on the south side of the storm.
At z = 0.5 km, both the dual-ELDORA and quadP-3 analyses depict the low-altitude, southwesterly
storm outflow that lies under the high-reflectivity areas of the storm. The two analyses measure slightly
different displacement of this storm outflow boundary. The ELDORA analysis shows the northern
boundary of this flow to be at y ~ 66 km (as measured
at JC = 30 km); the P-3 analysis shows this boundary
to be at j ~ 72 km. The P-3 analysis also shows a
somewhat sharper boundary to the storm outflow between JC = 20-40 km—a quite believable measurement. The difference in the location of the outflow
boundary is most likely due to the ~10-min time
difference between the ELDORA and P-3 data: at a
10 ms - 1 advection velocity, the storm outflow boundary could advance 6 km in 10 min. The difference
in the sharpness of the storm outflow boundary appears to be the result of the P-3 measurements being
made at a range of only a few kilometers, whereas
the ELDORA measurements are made at a range of
-20 km.
At z = 4.5 km, the flow patterns are again in general agreement. For example, see the counterclockwise horizontal eddies at x = 50, y = 70 km, and at x
= 40-45, y = 50-55 km; and the clockwise turning of
the southeasterly flow at x = 55-80, y = 40-50 km.
At 12.0 km, the divergent upper-level outflow at x =
Bulletin of the American Meteorological Society

20-30, j = 40-70 km and other details of the general
storm structure are again quite similar.
Vertical cross sections through the storm (Fig. 7)
show general agreement and some differences between the ELDORA and P-3 analyses. The reduced
domain for the wind fields in the P-3 quad-Doppler
analysis (bottom panels) is due to the quad-Doppler
wind retrieval technique. [A comparative dual-Doppler P-3 analysis, performed using exactly the same
analysis technique as the ELDORA data (not shown),
had a more extensive wind data domain.] In the northsouth cross section at JC = 27 km (Fig. 7, left column),
the ELDORA and P-3 analyses that were performed
on the 1.5-km grid (center and bottom panels, respectively) depict similar updraft structure, with northerly
slant to the updraft at all levels plus low-level southerly rear inflow. As noted above, the time delay between the ELDORA and P-3 observations is the likely
cause of the ~6-km difference in the location of the
storm outflow boundary atx = 27 km. The P-3 quadDoppler analysis (bottom panels) depicts stronger and
deeper storm outflow than does either the 0.75- or the
1.5-km ELDORA dual-Doppler analysis (top and
center panels). On the other hand, the ELDORA dualDoppler vertical velocities are generally stronger than
those produced by the P-3 quad-Doppler analysis.
This appears to be due to the different analysis techniques and is most striking in the enhanced-resolution 0.75-km ELDORA analysis (top panels). All
analyses retrieved the dual-altitude peak in the
vertical velocities that was frequently observed in
TOGA COARE: a low-level peak is seen at z = 3 4 km, x = 65 km, and a high-level peak at z = 1014 km, JC = 40-60 km.
In the east-west cross sections at y = 57 km (Fig.
7, right column), the ELDORA dual-Doppler and P-3
quad-Doppler analyses similarly resolve the low-level
horizontal flow and aspects of the upper-level flow.
However, the main updraft between x = 20 and 30 km
has very different intensity in the ELDORA and P-3
analyses, plus considerable enhancement of peak updrafts for the high-resolution ELDORA analysis.
The individual radar scans from all three radars
depict small-scale reflectivity features plus modulations in the radial velocity fields associated with these
small-scale features. These features are resolved in
the high-resolution 0.75-km analysis (Fig. 7, top panels), where we can see many finescale cores of vertical velocity associated with individual convective
cells as well as considerably higher vertical velocities for each convective cell. These aspects of the
223
Unauthenticated | Downloaded 01/09/23 07:50 AM UTC

FIG. 6. Horizontal storm structure as depicted in ELDORA dual-Doppler (left column) and P-3 quad-Doppler (right column) analyses
at altitudes of 0.5, 4.5, and 12.0 km MSL on 9 February 1993 between 1720 and 1740 UTC. The aircraft symbols represent the
aircraft flight tracks for the three aircraft.
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high-resolution data lend credence to their veracity.
Peak updraft strength (measured over the full domain)
is increased from 14 m s_1 at
z = 11 km for the ELDORA
1.5-km analysis to 29 m s_1 at
z = 12 km for the ELDORA
0.75-km grid analysis. The
peak updraft for the P-3
quad-Doppler analysis was
17-18 m s"1 at z = 13 km. To
evaluate which estimate is correct, we viewed the uninterpolated radial velocities from
the radar scans. At 1724:30
UTC, the storm top reached to
the tropopause, and evidence of
strong outflow can be seen in the
reflectivity and radial velocity
structures (Fig. 5, upper left and
lower right, respectively). At z
= 17 km, radial velocities of
- 2 4 m s_1 are measured at the
approximately 23-km range and
+25 to 26 m s_1 at the approximately 30-km range. Similar
flow intensities are seen in
neighboring scans. This corresponds to storm-top divergence
of about 7 x 10"3 s _l , measured
across ~7 km. The peak updraft
FIG. 7a. North-south (at x = 21 km) vertical cross sections of storm reflectivity and
velocity can be estimated by as- velocity from the analyses of Fig. 6. The top sections contain ELDORA dual-Doppler data
suming the storm-top eddy to be analyzed on a 0.75-km horizontal grid; the center and bottom sections contain ELDORA
about equally dimensioned in dual-Doppler and P-3 quad-Doppler analyses, respectively, on a 1.5-km horizontal grid.
the vertical and horizontal, in
which case the updraft peak
should be about 24-25 m s_1 at z = 12-14 km.
such a good analysis resulted while data were missIt therefore appears that the ELDORA high-resolution analysis gave a peak updraft value 4-5 m s_1 too
high and that the P-3 quad-Doppler analysis is
7-8 m s_l too low. The reason for the ELDORA overestimate is likely due to the assumed boundary condition. A possible cause for the P-3 underestimate is
attenuation of the signal due to both aircraft flying at
low altitude and having to observe through areas of
intense precipitation. Note that the extent of the P-3
data in the quad-Doppler analysis is only up toz = 1415 km (Fig. 7), whereas the storm-top area of peak
divergence was at about z = 17 km (Fig. 5). It is a
strong testimony to the quad-Doppler technique that
Bulletin of the American Meteorological Society

ing near storm top.
It is instructive to compare the differences in bulk
storm structure through a volume that was observed
by all three radars. At about 1730 UTC, all three aircraft were making observations near the center of the
analysis grid near* = 60-65 km. The vertical profiles
of volume-averaged w, v, and w, plus <7, <7, and Ow
are illustrated for the ELDORA dual-Doppler and the
P-3 quad-Doppler analyses (Fig. 8) through two volumes: an east volume atx = 60-90 km, y - 40-60 km
and a west volume at x = 30-70 km, y - 50-70 km.
These profiles show strong similarities for the u, v,
w, a , and a profiles for both areas. At the lowest
225
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Gw with altitude is suggestive
of possible dual-Doppler analysis error in the vertical velocity
calculation.

FIG. 7b. As in Fig. 7a but for east-west (at y = 51 km) vertical cross sections.

levels, ELDORA measures slightly weaker horizontal winds than do the P-3s. This is probably due to the
beam averaging: the ELDORA observations were
made at a longer range than the P-3 observations. The
(J and (J profiles for both volumes are quite similar
for both the ELDORA and P-3 analyses, but the
ELDORA values are generally slightly greater than
P-3 values. Differences in the <7 profiles are much
more striking, with ELDORA Ow values being considerably larger than the P-3 quad-Doppler values at
all altitudes and increasing with altitude in the upper
levels. The previous discussion of peak vertical velocities and the possible attenuation problems that
the P-3s suffered due to their flight track suggests that
<7 may be underestimated for the quad analysis,
On the other hand, the continuous increase ELDORA
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b. High-resolution
observations of a shearparallel squall line
This case illustrates the need
for high resolution to correctly
observe details of storm structure. On 18 February 1993, the
ELDORA radar was used to observe a shear-parallel MCS
while operating alone. A pair of
scans from the fore and aft radars are shown in Fig. 9. Here,
the aircraft is flying at 3-km altitude at the center of the 10-kmrange rings, the sea surface is the
horizontal reflectivity line 3 km
below the aircraft, the storms
extend - 1 0 km above the sea
surface, and the reflections of
the storms can be seen below the
sea surface. Interesting features
of this MCS included its rapidly
changing and highly cellular nature, its complicated kinematic
structure, and the multilayered
nature of the velocity and reflectivity structure of the storm.
Data from one flight leg past

the squall line are presented here
to further illustrate the effect of
high-resolution data on storm measurements. As in the
previous example, data were collected with a resolution of -0.6 km along the flight track, 0.15 km in
range, and 1° in elevation. In this case, the data were
analyzed on a 110 km x 50 km x 14 km grid with a
resolution of 0.8 km x 0.8 km x 0.5 km (JC, y, z). The
analyses was otherwise identical to the 9 February
1993 case discussed above, and the horizontal filter
radius was set to 1.2 times the grid spacing,
Horizontal fields of reflectivity and velocity [Fig.
10 at altitudes of 0.3, 2.3, 3.8, and 6.3 km above mean
sea level (MSL) on a reduced domain of the grid]
show the squall line to consist of east-west elongated
clusters of small convective cells that are aligned with
the low-level shear. The lower-level wind fields show
convergence into the squall line from both the north
Vol. 77, No. 2, February 1 996
Unauthenticated | Downloaded 01/09/23 07:50 AM UTC

FIG. 8. Vertical profiles of domain-averaged u, v, w and standard deviation of w, v, W as calculated within two subvolumes
within the larger grid using the 1.5-km gridded data from ELDORA dual-Doppler (solid line) and P-3 quad-Doppler analyses
(dashed line).

and south and apparently no areas of outflow. This extend up to ~5 km and a strong flow to the north at
characteristic of the squall line was verified through z = 5-7 km. This flow to the north lies just above the
examination of data from uninterpolated radar scans. ~0°C inversion that characterizes the tropical convecThe in-cluster horizontal westerly winds at lower lev- tive environment. This flow apparently feeds moisels are enhanced above the ambient winds, dropping ture into an older squall line centered -50 km to the
sharply at the eastern edge of the cluster: see at north.
x = 65 km, y = 15-20 km and again below the updraft
The northeasterly winds at upper levels can be
at x = 72 km, y = 10 km. The presence of the updrafts observed to tilt the upper-level updrafts to the south
at these two locations can be deduced from the diver- (Fig. 11). Vertical eddies can be observed to the north
gent outflow in both locations at 6.3 km. Also visible and south of areas of stronger updraft: in the Fig.
are interesting horizontal eddies at x = 72, y = 10 km 11 x = 48-km cross section, see the eddies at
at z = 3.8 km and at x = 53, y = 17 km at z = 6.3 km. y = 10, z = 8 km and y = 23, z = 11 km. These vertiMost of these small-scale features are lost if the data cal eddies exist on the upwind and downwind side of
are analyzed with a more typical analysis horizontal vigorous updrafts and extend from the z = 5-6-km
grid resolution of 1.5 km (not shown here).
(0°C) inversion up to the tropopause. Much of the
North-south vertical cross sections through the resolution of these finer-scale features, such as the
band at x = 48 and x = 60 km (Fig. 11) show the con- eddies, is lost if a lower 1.5-km grid resolution analyvergence and inflow from both north and south to sis is performed.
Bulletin of the American Meteorological Society
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FIG. 9. Radar scan plane observations of the shear-parallel squall line of 18 February 1993 at about 2200 UTC. Reflectivity (dBZ,
upper panels) and VU (lower panels) data from the fore and aft radars (left and right panels, respectively) are shown. Otherwise, as
in Fig. 5.

East-west vertical cross sections through the core
of the band (at y = 11.2, 13.6, and 16.0 km in Fig.
12) illustrate the small-scale cellular nature of the
squall line. The abrupt decrease in the in-cluster westerly winds below areas of updraft can be seen at x
= 75 km in the y = 11.2-km cross section (bottom
panel of Fig. 12) at x = 44, 67, and 73 km in the y
= 13.6-km cross section (middle), and at x = 60 and
67 km in the y = 16.0-km cross section (top). Based
on these observations, we can hypothesize that the enhancement of the in-cell westerlies results from the
convergent inflow on both sides of the squall line, plus
the capping inversion. The enhanced winds thus drop
markedly below updrafts, since the capping inversion
is broken and the air can escape up into the upper troposphere. The peak vertical velocities occur in the upper levels (z > 7 km), and at all levels there is good
agreement between the location of updrafts and areas of enhanced reflectivity.
When analyzed at lower resolution (not shown
here), most of the small-scale features and details of
the storm structure disappear into an amorphous eastwest-oriented mass, the basic cellular nature of which
228

is lost. The mechanism for acceleration of the in-cluster horizontal winds also becomes unclear. Updraft
intensity is also reduced. In the 0.75-km analysis, the
updrafts peak at 9 m s_1 at z = 5 km and again at
12 m s_1 at z = 13 km: these values are reduced by
40%-50% in a 1.5-km-resolution analysis.

7. Discussion and outlook f o r the future
As implemented in TOGA COARE, the NCAR
ELDORA airborne Doppler radar data easily met most
measurement design goals, even though several aspects of the radar implementation were then incomplete. Close examination of data from ELDORA operations in TOGA COARE has shown the data to be of
excellent quality. The data generally have smooth, error-free reflectivity and velocity fields, which are much
more like ground-based radar data than previous airborne radar data. Achieving this reduction in sampling
uncertainty was a major design goal for the ELDORA
development and was the primary motivation for using a multiple-frequency transmission waveform.
Vol. 77, No. 2, February 1 996
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FIG. 10. Horizontal winds and reflectivities at 0.3, 2.3, 4.3, and 6.3 km MSL plus the Electra flight track from 2159-2211 UTC
18 February 1993. Data from a subdomain of the analysis volume (.x = 38-80, y = 0-28) are shown.

Examination of the effects of the higher-resolution
data provided by ELDORA in section 6 suggests that
the decrease in grid spacing from -1.5 to -0.75 km
is critical for resolving the convective storm structure
and convective cell-scale motions. The features resolved in the high-resolution analyses agree well with
the uninterpolated radar data: the lower-resolution
analyses looses many features. These results are
hardly surprising and, indeed, were a major factor in
the ELDORA design. As pointed out by Clark et al.
(1980) and Carbone et al. (1985), many of the features of interest in deep convection have spatial scales
on the order of 2 km. They point out that failure to
adequately resolve these scales of motion could seriously compromise measurements of vertical motions.
Doviak and Berger (1980) note that failure to adequately resolve short wavelengths in one dimension
(e.g., the horizontal) can attenuate the measurements
in another dimension (e.g., the vertical). These results
Bulletin of the American Meteorological Society

demonstrate the need for the high-resolution
ELDORA measurements: recent improvements have
reduced the along-track sampling interval to 0.3 km.
Other recent improvements to the radar have addressed remaining shortcomings of the system. The
high-power amplifiers have been replaced with reliable new units. The antennas have been rebuilt to
eliminate the secondary beams and to lower sidelobe
levels to the designed <-35-dB specification. The signal processor has been rebuilt to enable operation at
the designed four to five frequencies at the planned
data-sampling rates. The radar control software has
been upgraded to significantly ease radar operation.
These repairs were evaluated in a field test program
in the summer of 1994.
More recent upgrades have included implementation of 1) dual-pulse repetition frequency (PRF) radar operation capability, 2) upgrades to data recording, and 3) improvements to data displays. The dual229
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provided important financial support
and guidance through the development
period. Dr. Robert Serafin, Mr. Richard Carbone, and Mr. Byron Phillips of
NCAR provided critical encouragement, financial support, and guidance
through thick and thin and thereby contributed greatly to the success of
this development. Quite a number of
NOAA scientists and engineers, particularly Drs. David Jorgensen, Frank
Marks, and Jim DuGranrut, contributed
their valuable consultation during design of the radar. We would like to
thank the T O G A C O A R E leaders
and scientists, in particular, Drs.
David Jorgensen, Frank Marks, Peggy
LeMone, and Bradley Smull and others, and those who served in Honiara,
Solomon Islands, for their encouragement and understanding as we brought
the radar on-line in January of 1993.
Dr. Bradley Smull graciously provided
the P-3 data and the quad-Doppler
analysis of the 9 February 1993 case for
FIG. 11. North-south vertical cross sections through the squall line at JC = 48.0 and 60.0 km
for 2150-2211 UTC 18 February 1993. Data from the subdomain of the analysis volume
(y = 0^48) are shown.

PRF operation provides a means of automatically
unfolding the radial velocities to within a range of
±80 to ±100 m s"1. This has recently been tested in
observations of tornadic storms. Improvements in data
displays have been directed at displaying multiple
variables and improving in the planar displays.
The real-time dual-Doppler analysis capability
(Hildebrand et al. 1995) builds on these efforts. The
major problems confronting the real-time dual-Doppler analysis include the techniques of automated data
correction—principally, unfolding in range and velocity—plus improved thresholding techniques in
which objective criteria are used to discriminate between meteorologically accurate data and noisy data
resulting from areas of no signal. The lack of spurious wind vectors in Figs. 6, 7, 10, 11, and 12 illustrates both the generally good quality of the ELDORA
data and the need to continue improving of automatic
data processing capabilities.
Acknowledgments. This development would not have been
possible without long-term support, encouragement, and the application of substantial special funds from the National Science
Foundation of the United States of America and the Centre National de Recherche Scientifique of the government of France,
and the authors wish to thank these agencies for their support.
Drs. J. Fein, C. Jacobs, G. Tesi, and D. Cadet of those agencies

230

the comparative analysis of ELDORA
and P-3 data and was extremely helpful in understanding the details of the
quad-Doppler analysis technique. The
authors wish to gratefully acknowledge
the large number of engineers, technicians, programmers, pilots,
scientists, and administrative support personnel from NCAR and
CETP who played important roles in the development and testing of ELDORA. Reef Heck developed the data-recording software. Richard Oye developed the major data-handling scheme
for ELDORA data analysis. Sherrie Smith and Susan Stringer developed the radar display software for postflight data display and
analysis and assisted with figures for this paper. Patsy Alonzo
provided truly excellent administrative support for the project.

References
Atlas, D., 1964: Advances in Radar Meteorology. Vol. 6, Advances in Geophysics, Academic Press, 317-478.
Bargen, D. W., and R. C. Brown, 1980: Interactive radar velocity unfolding. Preprints, 19th Conf. on Radar Meteorology,
Miami Beach, FL, Amer. Meteor. Soc., 278-285.
Barnes, S. L., 1980: Report on a meeting to establish a common
Doppler radar exchange format. Bull. Amer. Meteor. Soc., 61,
1401-1404.
Carbone, R., M. Carpenter, and C. Burghart, 1985: Doppler radar sampling limitations in convective storms. J. Atmos. Oceanic Technol., 2, 357-361.
, and Coauthors, 1990: Convective dynamics: Panel report.
Radar in Meteorology, D. Atlas, Ed., Amer. Meteor. Soc.,
391-400.
Clark, T. L., F. I. Harris, and C. G. Mohr, 1980: Errors in wind
fields derived from multiple Doppler radars: Random errors

Vol. 77, No. 2, February 1 996
Unauthenticated | Downloaded 01/09/23 07:50 AM UTC

and temporal errors associated with
advection and evolution. J. Appl.
Meteor., 19, 1273-1284.
Doviak, R. J., and M. Berger, 1980:
Turbulence and waves in the optically clear boundary layer resolved
by dual-Doppler radars. Radio Sci.,
15, 297-317.
, and D. S. Zrnic, 1993: Doppler
Radar and Weather Observations.
Academic Press, 458 pp.
Girardin, J., 1990: Etude de faisabilite
et definition des caracteristiques du
schema d'impulsion et du systeme
de traitement de signal pour un
radar D o p p l e r m e t e o r o l o g i q u e
aeroporte (in French). Ph.D. thesis,
University of Paris, 186 pp.
Gondeau, J., F. Baudin, and J. Testud,
1989: Comparison of various pulse
coding techniques for an airborne
meteorological Doppler radar. Preprints, 24th Conf. on Radar Meteorology, Tallahassee, FL, Amer.
Meteor. Soc., 577-580.
Hildebrand, P. H., 1978: Iterative correction for attenuation of 5 cm radar in rain. J. Appl. Meteor., 17,
508-514.
, and C. K. Mueller, 1985: Evaluation of meteorological airborne radar. Part I: Dual Doppler analysis of
air motions. J. Atmos.
Oceanic
Technol., 2, 363-380.
, and R. K. Moore, 1990: Meteorological radar observations from
mobile platforms. Radar in Meteorology, D. Atlas, Ed., Amer. Meteor. Soc., 287-315.
— , C. L. Frush, and C. Walther,
FIG. 12. East-west vertical cross sections along the center of the squall line at y = 11.2,
1988: Design of the ELDORA air13.6, and 16.0 km for 2150-2211 UTC 18 February 1993. Data from the subdomain of the
borne Doppler radar. NCAR Tech.
analysis volume (.x = 38-80) are shown.
Note NCAR/TN-325+EDD, 137
pp.
— , C. A. Walther, C. L. Frush,
J. Testud, and F. Baudin, 1994a: The ELDORA/ASTRAIA
—, and T. Matejka, 1993: Overdetermined quadruple Doppler
airborne Doppler weather radar: Goals, design, and first field
synthesis from airborne Doppler radars. Preprints, 26th Int.
tests. Proc. IEEE, 82, 1873-1890.
Conf. on Radar Meteorology, Norman, OK, Amer. Meteor,
Soc., 454-456.
— , W.-C. Lee, R. Rilling, and R. Oye, 1994b: ELDORA
Data U s e r ' s Guide for T O G A C O A R E . N C A R Tech.
—, P. H. Hildebrand, and C. L. Frush, 1983: Feasibility test of
Note N C A R / T N - 4 0 8 , 21 pp. [Available on-line f r o m
airborne pulse Doppler meteorological radar. J. Climate Appl.
http://www.atd.ucar.edu]
Meteor., 22, 744-757.
, C. A. Walther, and W.-C. Lee, 1995: Real-time computa— , T. J. Matejka, D. Johnson, and M. A. LeMone, 1994: A
tion of dual-Doppler winds from airborne research Doppler
TOGA COARE squall line seen by multiple airborne Doppler
radar systems. Preprints, Ninth Symp. on Meteorological Obradars. Preprints, Sixth Conf. on Mesoscale Processes, Portservations and Instrumentation, Charlotte, NC, Amer. Meteor.
land, OR, Amer. Meteor. Soc., 25-28.
Soc., 396-400.
Kabeche, A., and J. Testud, 1995: Stereoradar meteorology: A
Jorgensen, D. P., and R. Meneghini, 1990: Airborne/spaceborne
new unified approach to process data from airborne or ground
radar: Panel report. Radar in Meteorology, D. Atlas, Ed.,
based meteorological radars. J. Atmos. Oceanic Technol., 12,
Amer. Meteor. Soc., 315-322.
783-799.

Bulletin of the American Meteorological Society

231
Unauthenticated | Downloaded 01/09/23 07:50 AM UTC

Keeler, R. J., and R. E. Passarelli, 1990: Signal Processing for
Atmospheric Radars. Radar in Meteorology, D. Atlas, Ed.,
Amer. Meteor. Soc., 287-315.
Lee, W.-C., P. Dodge, F. Marks, and P. Hildebrand, 1994a: Mapping of airborne Doppler radar data. J. Atmos.
Oceanic
Technol., 11, 572-578.
, C. A. Walther, and R. Oye, 1994b: Proposed Doppler radar data exchange format: DORADE. NCAR Tech. Note
NCAR/TN 403+IA, 36 pp.
Leise, J. A., 1981: A multi-dimensional, scale-telescoped filter
and data extension package. NOAA Tech. Memo. ERL WPL82, 24 pp.
Lhermitte, R., 1971: Probing of atmospheric motion by airborne
pulse-Doppler radar techniques. J. Appl. Meteor., 10,234-246.
, and L. J. Miller, 1970: Doppler radar methodology for the
observation of convective storms. Preprints, 14th Radar Meteorology Conf., Tucson, AZ, Amer. Meteor. Soc., 133-138.
, and R. A. Houze, 1984: Airborne Doppler radar observations in Hurricane Debby. Bull Amer. Meteor. Soc., 65,
569-582.
Marks, F. D., Jr., 1990: Radar observations of tropical convective systems. Radar in Meteorology, D. Atlas, Ed., Amer.
Meteor. Soc., 287-315.
Mueller, C. K., and P. H. Hildebrand, 1985: Evaluation of meteorological airborne radar. Part II: Triple Doppler analysis
of air motions. J. Atmos. Oceanic Technol., 2, 381-392.

Nathanson, F. E., 1969: Radar Design Principles. 2d ed. McGrawHill.
O'Brien, J. J., 1970: Alternative solutions to the classical vertical velocity problem. J. Appl. Meteor., 9, 197-203.
Parrish, J. R., 1989: New NOAA OAO WP-3D Doppler radar
system. Preprints, 24th Conf. on Radar Meteorology, Tallahassee, FL, Amer. Meteor. Soc., 615-618.
Ray, P., 1990: Convective dynamics. Radar in Meteorology,
D. Atlas, Ed., Amer. Meteor. Soc., 348-390.
, D. P. Jorgensen, and S. Wang, 1985: Airborne Doppler
radar observations of a convective storm. J. Climate Appl.
Meteor., 24, 687-698.
Testud, J., P. H. Hildebrand, and W.-C. Lee, 1995: A procedure
to correct airborne Doppler data for navigation errors using
the echo returned from the earth's surface. J. Atmos. Oceanic
Technol., 12, 800-820.
Trotter, R., 1978: Design considerations for the NOAA airborne
meteorological radar and data system. Preprints, 18th Conf.
on Radar Meteorology, Atlanta, GA, Amer. Meteor. Soc.,
405-408.
Ulaby, F. T., R. K. Moore, and A. K. Fung, 1981: Microwave
Remote Sensing, Active and Passive. Vol. I, Fundamentals and
Radiometry, Artech House, 456 pp.
Webster, P. J., and R. Lukas, 1992: TOGA COARE: The TOGA
Coupled Ocean-Atmosphere Response Experiment. Bull.
Amer. Meteor. Soc., 73, 1377-1416.

T h e Representation
of C u m u l u s Convection
in N u m e r i c a l M o d e l s
Meteorological Monograph No. 4 6
Cumulus convection is perhaps the most complex and perplexing subgrid-scale process that must be
represented in numerical models of the atmosphere. It has been recognized that the water vapor
content of large parts of the atmosphere is strongly controlled by cloud microphysical processes, yet
scant attention has been paid to this problem in formulating most existing convection schemes. This
monograph is the fruit of the labors of many of the leading specialists in convection and convective
parameterization to discuss this and other issues. Its topics include: an overview of the problem; a
review of "classical" convection schemes in widespread use; the special problems associated with
the representation of convection in mesoscale and climate models; the parameterization of slantwise
convection; and some recent efforts to use explicit numerical simulations of ensembles of convective
clouds to test cumulus representations.
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