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Final report Grant No DAAL03-86-K-0145
Principal Investigator: R. Lhermitte, University of Miami
Project title:

REMOTE SENSING USING A GROUND BASED 94 GHZ
RADAR

1L.INTRODUCTION

The original purpose of this research was to ezplore the usefulness and
performance of a 94 GHz pulse Doppler radar for the remote sensing of
clouds and precipitation. The approach was first Lo design and assemble a
94 GHz Doppler radar. Then observations of clouds and precipitation with
that radar were conducted along with the inierpretation of the observational
dala in an effort to make coniributions toward a betler understanding of the
physics and dynamics of clouds and precipitation systems.

This project was originally based on the design and fabrication of the
94 GHz Doppler radar as well as the implementation of hardware and
software methods for Doppler radar signal processing. This was initiated
under a previous contract but, during the contract period covered by this
report, the radar was substantially modified and upgraded.

Also, in order to place the 94 GHz radar in proper perspective, theo-
retical calculations of radar reflectivity and attenuation coefficient under
various cloud and precipitation conditions were performed for radar fre-
quencies ranging from 35 GHz to 240 GHz.

The field experiments were all conducted with the ground-based 94GHz
radar operated in a vertically pointing beam mode. The meteorological
events observed with the radar were: cirrus clouds, fair weather cumuli
and stratiform and convective rain. The data acquired with the radar
were: vertical profiles of radar reflectivity, vertical profiles of mean Doppler
velocity and occasionally Doppler spectra observed at vertical incidence.

This research was concerned solely with ground based atmospheric mea-
surements. However, the experience acquired in gathering and analyzing




millimeter wave radar observations presented the opportunity to explore
the capabilities and feasibility of a millimeier wave radar installed on an
orbiting satellite platform for the purpose of remote sensing of earth cloud
and precipitation.

The ARO supported research yielded more that ten published articles
which are listed at the end of the report and numbered so that they can
be used as references in this writing which essentially summarizes various
aspects of the results, A copy of some of these articles is attached to this
report. Reprints of any of the remaining papers is available on request.

2.RADAR AND SIGNAL PROCESSING

The radar, which was developed in-house using commercially available
parts, is described in details in [1), {2], [3], and [5). The first version was
based on the use of two antennae, one for transmitting and the other for
receiving. It was more recently redesigned to accomodate one antenna,
using a circulator and two crystal protector switches along with pulse timing
circuits designed and implemented for that purpose.

The main characteristics of the radar are:

¢ Peak power: 1.2 kW

o Pulse width is adjustable, but 400 ns and 100 ns were selected for
vertical profiles and high resolution Doppler spectra, respectively.

o Pulse repetition rate: 10 kHz for all measurements reported here,
e Receiver noise: 6.5 db DSB noise figure

¢ Antenna: 90 cm cassegrain

¢ Doppler method: Coherent-on-receive

¢ Doppler signal processing: Pulse-Pair and FFT

¢ Minimum detectable reflectivity at 2 km with 3 s signal dwell time:
-50 dBZ

The radar receiver circuits include an orthomode transducer yielding
two separate orthogonal polarization channels. The transmitted pulse sig-
nal polarization is horizontal.

(R




The radar sensitivity is expressed by the following equation:

10logn = 10logP, — 10logP; + 10logdn R? — 10logh — 10logA, (1)

where 7 is the radar reflectivity, P, is the received power, P; is the
transmitted peak power, h is the scattering volume radial dimension, A,
is the effective area of the receiving antenna, and R is the target distance.
With the radar characteristics above, k = 60m (400 ns pulse), and a 3.5dB
antenna efficiency correction, we have;

10logn = P;(dbm) — 23.5 + 20logR (2)
Or,indB2Z:

dBZ = P,(dBm) + 53 + 20logR (3)

At a 3km range, a cloud reflectivity of —33 dBz yields a signai equal to
receiver noise. With a signal integration time of 3s, a radar reflectivity less
than -50 dBZ can be measured. Presentation and discussion of the radar
sensitivity parameters and the radar’s ability to detect very small clouds
can be found in more detail in [5), [6], [7], [8], [9)-

The signal procsssing system includes a hardwired signal amplitude in-
tegrator and a hardwired Pulse Pair {§) processor delivering mean Doppler
estimates. The system was designed to process and record mean signal
intensity and mean Doppler at 250 gates spaced by 400 ns, thus covering a
15km range (altitude for vertically pointing). The mean Doppler and mean
signal intensity data were processed and displayed in a format suitable for
analysis (i.e. vertical profiles) using a PC/AT assigned to the project and
equipped with a plotter.

A unit digitally recording the I and Q signals at 16 selected gates simul-
taneously was later added to the radar data acquisition system. This unit
allows continuous digitization and recording on half-inch magnetic tape

(1600 bpi), of 8192 samples simultaneously at each of 16 selected range ”

gates. The minimum gate spacing is 0.1 us, which is equivalent to a range
interval of 15 m. At the 10 kH =z pulse repetition rate, the recording time
(including data acquisition overhead) is approximately 1 s and a new set
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interval) is acquired at approximately 2 s time intervals. Doppler spectra
were calculated off line from the recorded samples with a PC/AT in which
software developed FFT algorithms were implemented, An example of the
excellent range resolution allowed by the method can be seen in {12, Fig. 7).

3. ATTENUATION AND BACKSCATTERING OF MIL-
LIMETER WAVE RADIATION BY CLOUD AND PRECIPI-
TATION

The absorption and scattering of millimeter wave radiation by hydrome-
teors was investigated in an effort to provide the general background needed
for meteorological interpretation of the 94 GHz radar observations. These
investigations were also used for a comparison between the performance of
the 944G Hz radar and that of other radars using different wavelengths in the
millimeter wave part of the spectrum. This work is presented and discussed
in [15] and the following is a summary of the approach and results.

Only spherical droplets or raindrops (also spherical hailstones) were
considered so that the absorption, scattering, and backscattering cross sec-
tions of these targets could be computed using the classical Mie functions.
This was done for water and ice and for a particle diameter ranging from
10um to a large raindrop size (6 mm diameter) and at selected frequen-
cies between 35 to 240 GHz. The water and ice index of refraction data
which were required for these computations, were determined from previ-
ously published results (see [15])). An example of the Mie backscattering
calculations at 94 GH z is shown in Fig.1.

In order to apply these calculations to rainfall, a Marshall-Palmer rain-
drop size distribution was assumed. This together with the theoretically ex-
pressed Mie functions and a raindrop terminal velocity vs diameter function
determined in an analytical form, allowed the determination of relationships
between precipitation and millimeter wave radar observed parameters.

More precisely, absorption and scattering coefficients as well as radar
reflectivity calculations were performed for precipitation of various intensity
and related to rainfall rate or rain liquid water content. This included
theoretical evaluation of Doppler spectra observed in various precipitation
conditions at vertical incidence. The results are reported in detail in [15).
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4. OBSERVATION OF FAIR WEATHER CUMULI

Observing fair weather cumuli with the radar revealed its unique capa-
bility to map both the cloud’s radar reflectivity (down to a -50 dBz detec-
tion threshold) and the mean Doppler velocity (beam vertical incidence)
which, in that case of very low droplets’ terminal velocity, can be identified
with air vertical velocity (updrafts or downdrafts). These observations are
presented and discussed in [9] and [11).

Observing these clouds with a vertically pointing beam yields vertical
profiles of radar reflectivity and vertical velocity continuously observed dur-
ing the cloud passage overhead. If there is no time evolution of the fields
when the cloud is passing overhead, the variation of mean Doppler or radar
reflectivity from one profile to the next only relates to the fixed radar beam
intersecting different parts of the cloud due to the cloud motion. If the cloud
translation speed, , is known, the time coordinate can thus be replaced
by a space coordinate z = ut. If the cloud is passing overhead with the
fixed radar beam going through the cloud center, a representative vertical
cross section of intra-cloud radar reflectivity and vertical velocity fields can
be obtained. When conducting the cloud observations, we were fortunate
to find that these conditions were met on certain occasions. Observations
acquired in this manner are presented and discussed in [5) and [11].

Examples of the results are illustrated in Figs.2a and 2b. The radar
reflectivity field 1s shown in Fig. la. The maximum reflectivity is - 31
dBZ and the minimum detectable reflectivity -52 dBZ. There is a sharply
defined cloud top due to a temperature inversion clearly indicated by the
radioscnde data acquired that day. The cloud base, however, is not as well
defined and exhibits a noticeable variability.

Inspection of the vertical velocity field cross section observed with the
radar, which is shown in Fig.2b, reveals the presence of a strong updraft re-
gion (maximum updraft velocity 3 ms™!). Comparing the velocity and the
radar reflectivity fields indicates that the bulk of the updraft is just below
(and slightly lagging in time) a region of high radar reflectivity, although
the downdrafts are always in a region of very low radar reflectivity. The
main updraft location coincides with a local rising of the cloud top (working
against the temperature inversion lid), although the downdrafts are associ-
ated with a local lowering of the cloud bottom that can considerably distort
the cloud base.

Maximum liquid water concentration in the clond can be estimated

5
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from radar reflectivity assuming a droplet size distribution function, or its
general shape and a droplet size median diameter IJ,. Simplifying further
by assuming that all the droplets have the same diameter DD, provides a
fairly representative estimate of the relationship between radar reflectivity
and cloud liquid water, M (in gm™3). In these conditions, we have: M =
0.52D3Z. Assuming D, ~ 10um and applying the above relationship to the
maximum radar reflectivity observed in the cloud (=~ ~30dBZ), indicates
that the cloud liquid water in the vicinity of the cloud center in a region of
maximum updraft is approximately 0.5 gm=3.

The fair weather cloud observations presented above, which are more
extensively discussed in {5] and [11], have not been yet duplicated in any
other radar experiment, Qur results indicate that such new data can be
very useful in the modelling of boundary layer “fair weather” cloud circu-
lation and possibly their dynamics and physics if radiosonde and airplane
measurements yielding observations of the cloud’s environment are included
in the project.

5. OBSERVATIONS OF HIGH ALTITUDE CIRRUS

Cirrus clouds were systematically observed with the millimeter wave
radar, Nearly all high altitude clouds seen by the naked eye are detected and
their radar reflectivity was found to be between approximately ~ ~35dB2Z
(minimum detectable signal at a 10 km range) and ~ 0 dBZ. The mean
Doppler velocity was always observed and some of these observations re-
vealed the presence of strong upward and downward velocities (possibly
reaching 1 ms™!). Incidentally, observations of stratocumulus layers also
revealed the presence of well organized updraft-downdraft cells.

6.0BSERVATION OF STRATIFORM PRECIPITATION

The general purpose of this part of our research was to observe and study
the physics and dynamics of stratiform precipitation, Such a precipitation
system is essentially characterized by very low air vertical velocity, as com-
pared to convective rain in which updrafts and downdrafts are predominant
features. Our approach was to acquire vertical profiles of mean Doppler ve-
locity and backscattered signal intensity using the 94 GHz Doppler radar,
again operated in a vertically pointing beam mode. This work is presented
and discussed primarily in [10] and {12].

Examples of vertical profiles of signal intensity and mean Doppler are




shown in Figs.3a and 3b, respectively. Fig.3a shows that, from the ground
up to approximately 2.3 km, the received signal profile exhibits a systemat-
ically decreasing intensity with a quasi-linear slope. Since the mean rainfall
intensity did not vary appreciably from the ground up to the 2 km level
(as indicated by the mean Doppler profile shown in Fig.3b), the signal
intensity decrease with height is attributed to signal attenuation by pre-
cipitation. The slope of the function can then be interpreted in terms of
the attenuation coefficient alone which, in this case, was found to be 8
dB km™! (two-way path). This attenuation coeflicent measurement was
compared to measurements by other researchers and found in good agree-
ment with their results. It was also compared to the theoretical attenuation
coefficients based on Mie function that we calculated (see above). These
investigations are discussed in more detail in [15].

For the data shown in Fig.3 the air temperature is below freezing above
the 2.5 km altitude level and, beside the likely presence of very small size
supercooled droplets “unseen ” by the radar, the larger hydrometeors found
there must be of the ice crystals and snowflakes type (graupel is more likely
found in convective storms in which updraft velocity is significant). The
experience acquired in observing stratiform precipitation with centimeter
wave radars indicates that in such conditions, moving down from an al-
titude well above the freezing level, radar reflectivity increases suddenly
due to the partial melting of snowflakes when falling in the transition zone
where air temperature becomes above freezing. Below this altitude, the
backscattering signal intensity decreases due to a lower particles’ concen-
tration associated with an increase of their fall speed occurring when they
evolve from a wetted snowilake structure into a lower drag raindrop shape.
The combination of these processes thus yields a reflectivity profile max-
imum at an altitude slightly below the freezing level. This characteristic
feature of radar signal intensity vertical profile in stratiform precipitation
was named “bright band ” because of the association between signal inten-
sity and radar display brightness. However, the bright band is not observed
at 94 GHz. The drastic change in signal reflectivity due to snowflake melt-
ing appears clearly but there is no vertical profile maximum. Furthermore,
a minimum of signal intensity (“dark band”) just above the freezing level
is often found in the vertical profiles. It was speculated that the difference
between signal intensity profiles observed with centimeter wave opposed
to that observed with millimeter wave radars may be attributed to the

7
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pecnlarities of Mie backscattering, i.e. an increase of particle size may be
associated with a decrease of signal intensity. In the case of centimeter
wave radars, Rayleigh backscattering prevails which thus implies that an
increase of particle size is unquestionably associated with an increase of
backscattering cross section. These considerations are discussed in more
detail in [11] and to a lesser degree in [15].

Fig.3b shows the vertical profile of mean Doppler. The observed val-
ues appear to be much smaller than those observed with centimeter wave
radars for the same precipitation intensity. This is due to the fact that the
Rayleigh backscattering-raindrop diameter relationship, which has a D®
form strongly enhancing the contribution froia large raindrops, does not
apply and must be replaced by Mie scattering functions. Indeed, the Mie
functions emphasize contribution from raindrops having a diameter near
the Mie maximum (1 mm) at the 94 GHZ frequency. The observed mean
Doppler velocity data are in agreement with the theoretical mean Doppler
values determined in [15].

The systematic increase of mean Doppler with greater altitudes clearly
seen in Fig.3b is attributed to the decrease of air density experienced when
moving up in the atmosphere. The slope of the mean Doppler function is in
agreement with a theoretical assessment of air density effects on raindrops’
terminal velocity [10].

Comparing Fig.3a and Fig.3b indicates that the mean Doppler pro-
files variability (in both altitude and time) is not reproduced in the signal
intensity profiles which are amazingly steady. This is attributed to the
fact that most of the mean Doppler variability is due to the contribution
of small-scale air velocity (updraft- downdraft) fluctuations which appear
surprisingly high for data acquired in such steady rain conditions f10], [12].

In addition to the processing of spectral moments (signal intensity and
mean Doppler) discussed above, complete Doppler spectra were calculated
and displayed. This was accomplished by performing a FFT operation on
the "coherent video” I and Q signals delivered by the phase coherent radar
receiver, simultaneously sampled at 16 selected range gates. A high speed
(15 M Hz sampling rate) signal digitizer was used and, since there was no
real-time processing of the radar signals, the spacing between range gates
was reduced 100 ns. For these measurements, a 100 ns radar transmitter
pulse was selected so that a 15m vertical resolution was effectively obtained.

The Doppler spectra calculated from the FFT procedure applied to

8




data collected in 10- 20 mmhr=! stratiform rain at vertical incidence using
this method revealed the systematic presence of & well-defined notch in the
spectrum. An example of such observations is shown in Fig.4. The spec-
tral notch was found to be related to the first backscattering cross section
minimum in the Mie function at 94 GHZ which is shown in Fig.1. This
minimum occurs at & 1.6 mm raindrop diameter, and thus its position in the
spectrum yields direct measurements of the vertical velocity of raindrops
of that size. This also allows an objective determination of air velocity
by comparing the observed spectrum to a theoretically predicted spectrum
(shown in Fig. 4, see captions) based on Mie functions, a terminal velocity
vs size relationship (corrected for the air density at the altitude at which
the observations are made), and a Marshall-Palmer dropsize distribution.

This concept was implemented using a more refined correlation method
{10],{12]. To avoid problems related to departure of an actual dropsize dis-
tribution from the M-P model (especially for very large or very small rain-
drop size), the correlation calculations were limited to a relatively small
diameter interval around the Mie minimum occurring for & 1.6 mm rain-
drop diameter in the predicted spectrum. The procedure applied to our
stratiform rain data showed that up- downdrafts with a magnitude some-
times reaching £ 40 cms™! were often observed. The correlation method
yields an objective measurement of vertical air velocity which can be used
to correct the Doppler velocity at vertical incidence so that a dropsize dis-
tribution, whose expression is neccessarily based on a terminal velocity vs
diameter relationship, be derived from the Doppier spectrum. An example
of a dropsize distribution obtained using this procedure is shown in Fig.5.

The above considerations as well as more general results related to anal-
ysis and interpretation of the Doppler spectra including some application
to downdraft measurements in convective storms are more extensively dis-
cussed in [10] and [12].

6. 94 GHZ RADAR ON A SATELLITE ORBITING PLAT-
FORM

The experience acquired with the 94 GHz Doppler radar we developed
and used extensively for observations of clouds and precipitation from the
ground provided us the opportunity to explore the capability of such a radar
for remote sensing of cloud and precipitation from space. The proposal of a
94G H z radar installed aboard a low orbit satellite was thus considered and

9
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an article presenting and discussing the radar concept and design as well as
an assessment of the radar’s capabilties for probing hurricane circulation
from space was published [13].

7. CONCLUSION AND RECOMMENDATION FOR FU-
TURE WORK

This project has demonstrated that the ground-based 94 GH z Doppler
radar we developed and used for precipitation and cloud remote sensing is
a viable tool for meteorological research and may also be successfully used
for remote sensing from an airborne or satelliteborne platform.

Our prototype was developed without any background reference to any
otner similar system so that we experienced growing pains with some of
the components. A significant amount of time was spent to maintain the
equipment in an operational condition, especially the pulse modulator part
of the radar which failed often, sometimes at critical times. We believe that
this sort of experience helped the manufacturers of some of the components,
such as Varian Associates and Pulse Technology Inc., to develop more reli-
able, commercially available, products. We also believe that the problems
experienced in the early stages of the radar development have now been
solved. Therefore, a 94 GHz Doppler radar of the kind we developed can
be operated with the reliability of a well-designed X-band radar.

The coherent-on-receive method for the extraction of the Doppler fre-
quency shift, which saves the much greater cost of a four cavities EIA
(Extended Interaction Amplifier), appeared very reliable and yielded sur-
prisingly low noise Doppler spectra considering the very high (94 GHz)
operating frequency. A large part of this success is due to the excellent
characteristics of the EIO (Extended Interaction Oscillator) tube.

Considering a new equipment, sensitivity can be increased by use of a
larger antenna, i.e. a 180 cm dish in a Cassegrain configuration. Such an-
tenna can be manufactured at a reasonable cost at the 94 GHz frequency
and would increase the receiver sensitivity by 6 dB compared to that avail-
able with the 90cm dish used in our radar. In addition, the EIO peak power
can be increased to 2kW and possibly slightly more. Also the receiver noise
figure can be improved by possibly 2dB. All of these improvements would
yield a radar sensitivity increase of approximately 10 dB compared to that
of the radar we developed originally. This would represent a substantial
improvement of small cloud detectability. Our experience indicates that

10



although fair weather cumuli of maritime origin are always detected and
observed, fair weather cumuli of continental origin are sometimes not ’seen’
by the radar. This may be due to the fact that the median diameter of the
population of cloud droplets in the maritime cloud is 9-12 ym compared to
7-9 um in continental cloud. The 10 dB increase in sensitivity would allow
that all fair weather clouds be observed.

Observations of fair weather cumuli by the radar can be significantly
improved, not only by the increase of sensitivity quoted above, but also by
a (approximately) +£10° beam angle scanning from vertical in a direction
perpendicular to cloud motion. This beam scanning procedure would min-
imize contribution to Doppler from the cloud horizontal velocity. In addi-
tion, since the scanning is limited to a small angle from vertical, practically
air vertical velocity alone is observed by the radar. The beam scanning
combined with the cloud motion would then yield observation of the fields
of reflectivity and vertical velocity in three dimensional space. This is a
drastic improvement over the fixed beam method producing only a vertical
cross section of the fields.

Using the equation of mass continuity, the dw/dz term inferred field
from the vertical velocity field can be interpreted in terms of horizontal
divergence of the motion fields which, in turn can be used to specify the
cloud entrainment. This procedure, assisted by the three dimensionally
measured radar reflectivity could serve as an input for the development of
cloud circulation and dynamics models.

One of the advantages of the radar is its ability (confirmed by experi-
ence) to observe small nearby meteorological targets without ground clutter
problems, thus allowing extremely short range operation. This is due to the
A~4 Rayleigh backscattering enhancement (60 dB with respect to S-band)
which yields a high meteorological target-ground clutter contrast and al-
lows low power detection of even weak weather targets. Incidentally the
very short range operation yields observation of extremely low reflectivity
targets (primarily above water) with some of them not explained by the
presence of hydrometeors.

An application which was not considered in our research is to observe
a heavy pollution environment containing a few um size particulates. Us-
ing the Doppler capability, the air motion fields can be determined leading
to an estimate of factors governing pollution occurrence. We believe that,
especially with the improved sensitivity, such 94 GHz Doppler radar obser-
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vations can be done from a minimum range of 50 meters to a few kilometers,
if the particulate size reaches several um's. These considerations can also
be applied to the observation of fog.

We also believe that the results reported here can serve as incentives
for airborne (and possibly satelliteborne) use of the 94 GHz radar.

A last word. Other millimeter wave frequencies in atmospheric ab-
sorption windows ranging from 35 GHz to 240 GHz could be considered.
However, the 94 GHz frequency seems to offer a very good compromise be-
tween frequencies which are too low to take a real advantage of the Rayleigh
scattering enhancement and frequencies which are too high so that signal
attenuation problems, low transmitter power, and hardware development
costs become overwhelming. A 94 GHz radar for which commercially avail-
able hardware exists, represents a good compromize and that frequency may
be considered as an adequate choice for a millimeter wave meteorological
radar.
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ABSTRACT

This article is concerned with investigations of scattering and absorption of 35, 94, 140, and 240 GHz radiation
by clouds and precipitation. The computations of radar reflectivicy, Doppler spectra, and absorption coefficients
are performed using Mie functions and exponenlial drop-size disiributions, The results can be used for an
assessmen] of the applicability of short-wavelength Doppler 1.idars for observation and study of clouds and
precipitation either from the ground or from a space platform.

1, Background

The backscattering cross section of small scatterers
(size much smaller than the incident radiation wave-
length, A) is proportional to 1/A* so that, compared
to that observed at a 3 GHz frequency (A = 10 cm),
the radar reflectivity of a cloud of small droplets (e.g.,
diameter less than 100 um) is greater by 42 dB at 35
GHz, 60dB at 94 GHz, and 74 dB at 240 GHz. There-
fore, radars operating at a frequency within the milli-
meter wave radio spectrum (wavelength interval | io
8.5 mm ) appear as more sensitive cloud observing in-
struments than centimeter wave radars.

The choice of a wavelength suitable for radar op-
eration in the earth atmospher is restricted to spectral
regions in which absorption of the radar signal by at-
mospheric gases, namely oxygen and water vapor, is
minimal. The presence of absorption lines at 23 GHz
(H,0), 60 GHz (O, absorption band), 118 GHz (0,),
and 183 GHz (H,0) restricts the wavelength choice to
windows centered on 35, 94, 140 GHz, and between
200 and 300 GHz. The residual atmospheric atten-
uation in the windows is primarily due to the skirts of
water vapor absorption lines and increases systemati-
cally with shorter wavelengths [ for a complete view of
aimospheric gas absorption in the millimeter wave
spectrum see Liebe (1985) and Lhermitte (1987)].

The first millimeter wave radar designed for mete-
orological use was a 35 GHz system {see Paulsen et al.
1970). The radar was originally assigned by the US
Air Force 10 cloud deck monitoring, essentially as a
replacement for the optical ceilometer. More recently,

Corresponding author address Dr. Roger M. Lhermutte, Division
of Meteorological and Physical Oceanography, University of Mian,
4600 Rickenbacker Causeway, Miami, FL 33149-1098.

35 GHz radars have been equipped with Doppler ca-
pabilities and used again for the observation of clouds
and precipitation (Hobbs ¢t al. 1985; Pasqualucci et
al. 1983; Omar and Sauvageot 1987, It was alse dem-
onstrated thai an even shorter wavelength (A = 3.2
mm or 94 GHz) radar (Lhermitte 1987), operating
with 1 kW transmitted peak power and 3-foot size an-
tenna was a viable meteorological tool providing ef-
fective observations of liquid water content and internal
circulation in small clouds. Observing rainfall at ver-
tical incidence with the 94 GHz Doppler radar also
revealed that some of the raindrop size-related Mie
backscattering oscillations can be clearly seen and thus
can be used for raindrop's diameter identification
(Lhermitte 1988b).

Present research and development of millimeter
wave tubes (such as the “gyrotron” for example) is
expected to contribute to the availability of more pow-
erful transmitters, possibly reaching 50 kW peak power
and 50 watts average power, A 94 GHz radar equipped
with such a transmitter and a 2 m antenna would have
a sensitivity 16 dB higher than that of the 94 GHz
radar mentinned above (Lhermitte 1987, 1988a). Such
sensitivity allows detection of clouds having a radar
reflectivity as small as —60 dBZ (e.g., | mg m™ of
liquid water divided into 8 um droplets ) at 2 km range,
and probably would allow short range observation of
heavy pollution layers in which particulates may reach
a few micrometer size. Radars operating at 240 GHz
(Narayanan et al. 1988) may in the future represent a
viable solution for the observation of small clouds, es-
pecially ice clouds. Therefore the characteristics of
scattering and attenuation of 240 GHz radiation by
hydrometeors is also considered in this article.

Millimeter-wave radars have two distinct advantages
over centimeter-wave radars:
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¢ Very narrow beams are produced with small an-
tenna size,

¢ Rayleigh scattering gain reduces the need for high
power transmitters,

A 3.2 mm wavelength radar, equipped with a 2 m an-
tenna and a relatively low power {1 kW peak) trans-
mitter, has the same 0,1° antenna beamwidth and sen-
sitivity on weak distributed targets (such as a small
cloud), as would have a 10 cm wavelength radar with
a 60 m antenna and a | MW peak power transmitter.
The difference in dimension, weight, and power supply
requirements between these two radars is enormous.
However, even if the millimeter wave radiation fre-
quency lies in a spectrum window, it is significantly
more attenuated than centimeter wave radiation when
propagating through clouds and precipitation.

Observations of small (e.g., boundary layer) cumuli
can be successfully conducted with millimeter wave
radars without much concern about signal attenuation
by cloud droplets { Lhermitte 1988a). However, deep
stratus and cumulus clouds possibly reaching the pre-
cipitation stage bring significant attenuation problems
and heavy precipitation may attenuate millimeter wave
radiation so much that the eflectiveness of the radar
as a weather probing tool may be significantly reduced.
For instance, the successful operation of the satellite-
borne Doppler radar mentioned in the conclusion—
even if its main capability is the probing of motion
fields in precipitation systems—may be severely limited
if the radar radiation does not reach sufficient low al-
titude levels in the storm. Therefore, the cvaluation of
a millimeter wave radar’s performance as a weather
remote sensing tool must rely on assessnient of the
physical conditions governing scattering and absorp-
tion of millimeter waves by clouds and precipitation.

The scattering and absorption of both millimeter
wave and microwave radiation by cloud droplets {or
any particulate or hydrometeor smaller than approx-
imately 100 um) can be treated using the Rayleigh
approximation (scatterers much smaller than the radar
wavelength ). Evaluating performance is easy since, in
these conditions, the familiar backscattering o, scat-
tering (;, and absorption Q, cross sections are given
by

a=w°D%(M|K|?)
Q. = 2x°D*J(3N|K|%)
Q. = (#* D’ Im(—=K))/\,

(1)
(2)
(3)

where | K|? and Im(— K) are derived from the complex
index of refraction m = n' + in"(n’is the real part and
n"is the imaginary part ), Here | K|? decreases slightly
with shorter wavelengths and Im{—K) varies with
temperature and wavelength (see Table 1),

If the particles are small compared to the radiation
wavelength (R iyleigh limit), radar signal attenuation
by scattering is always small compared to the effect of
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absorption. Absorption of radiation by ice particles is
also negligible even at millimeter waves, but scattering
attenuation by ice particles, while being negligible for
Rayleigh scatterers, becomes significant if larger par-
ticles are considered.

Although cloud particles (less than 100 zm diame-
ter) can be always considered as Rayleigh scatterers
regardless of radar wavelength, this does not hold for
precipitation particles and, at millimeter wavelengths,
relationships between precipitation intensity and radar
reflectivity or signal attenuation must be investigated
using Mie functions. Even at 35 GHz, Rayleigh back-
scattering is not rigorously valid for a particle diameter
greater than 1 or 2 mm. At 94 GHz and above, scat-
tering by all raindrops falls in the Mie region.

This article investigates the characteristics of ab-
sorption and scattering of millimeter wave radiation
by hydrometeors in an effort to provide the basic in-
formation needed for an assessment of the perfor-
mance, as a cloud or precipitation observing instru-
ment, of a ground- or satellite-based millimeter wave
radar. There are scattering and absorption theoretical
solutions for nonspherical particles but, since the ge-
ometry of these nonspherical hydrometeors { except for
cloud droplets and some raindrops) is difficult to spec-
ify, only spherical raindrops or hailstones identified
with ice spheres are considered here. Because of the
dominant effect of surface tension for small water
spheres the assumption of spherically shaped raindrops
is adequate for diameters up to approximately 2 mm.

In this article, the absorption, scattering, and back-
scattering cross sections of spherical particles are com-
puted theoretically using the classical Mie functions
{Mie 1908). The first task was to implement Mie func-
tion programs for tue computation of scattering and
absorption cross sections of raindrops (temperature
ranging from 0° {2 20°C) and ice spheres as a function
of particle’s diameter, which was done at the 35, 94,
140, and 240 GHz frequencies mentioned above, These
computations required specification of the complex
index of refraction of water and ice for all frequencies
and temperatures considered. These data were com-
piled from several sources found in the literature on
the subject (Ray 1972). The Im(-K) and |K|? pa-
rameters computed from the index of refraction values
have also been added to this list;, the results are pre-
sented in Table 1.

The Mie functions were calculated for the frequen-
cics and temperaturcs listed above and then stored for
use in programs assembled to compute several radar
related precipitistion paramcters.

2. Drop-size distribution and precipitation related pa-
rameters

In addition 1o the Mic functions the programs de-
signcd to calculate radar related precipitation param-
eters require specification of a drop-size distribution,
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TasLE 1. Index of refraction of water and ice at selected frequencics and temperatures.
Frequency Temperalure
{GH2) Waler/ice (°C) n' 'Y |K]? Im(—K)
35 water 0 4.18 2.58 0.892 0.1027
35 water 10 4.67 278 0.906 0.0835
35 water 20 52 287 0912 00676
35 ice 0 1.8 0.0001 0.182 0.0001
94 water 0 2.846 1.48 0.711 0.1938
94 water 10 3.128 1.75 0.77 0.17
94 water 20 34l 2.02 0.828 0.147
94 ice 0 178 0.0004 0.176 0.0001
140 water 0 2.50 1.05 0.569 0.2006
140 waler 10 268 1.25 0.643 0.1952
140 waler 20 2.86 1.53 0.724 0.190
140 ice 0 1.76 0.0004 0.169 0.0001
240 waler 0 23 0.6 0414 0.148
240 waler 10 245 0.8 0.494 0.169
240 waler 30 245 1.1 0577 0215
240 fce 0 1,75 0.0003 0.169 0.0001

In the past considerable effort was devoted to selection
of an appropriate drop-size distribution and the rain
parameters attached to it { Atlas 1964; Atlas and Wexler
1963 Joss 1968; Sekhon and Srivastava 19717 Willis
1984; Ulbrich 1983; 1988, However, the exponential
distribution N{ D) = N, exp{(— AD), derived from the
original Marshall and Palmer (M-P) (1948) distri-
bution is a very convenient model and will be used
throughout this work,

The M-P distribution was originally conceived to
be a unique function of the rain intensity, R, expressed
by

R=(x/6)3.6 10* J: [N(D)DV(D)dD, (4)

where Risin mm h™', N(D)is in cm™, D isin cm,
and the raindrop vertical velocity, V(D)isincms ™.
In the original M-P distribution, N, is fixed and A is
a function of R only, However, an analytical solution
for A as a function of R and N, can be found if an

integral such as (4) has the following form:
J- [exp(—AD)D"dD] = T{n + 1)/A™!'. (5)
0

with the right member of the equation showing the
solution,

Equation (4 ) can thus be solved in closc form using
the V(D) relationship proposed by Spilhaus (1948):
V(D)= 1420D°3, yielding the analytical solution: A
= 82.2N,*°R %9, The Spilhaus relationship exhibits
significant departures from the measurements of ter-
minal velocity of raindrops by Gunn and Kinzer (G-
K){1949). The following V ( D) equation (Lhermitte
1988b). is more appropriate since it matches the G-
K experimcntal measurements within 5 cm s~ in the
50 um to 6 mm raindrop diameter range;

V(D)= V,[l - exp(—6.8D% — 4.88D)], (6)

where V(D)isinems™!, Disincm, ¥V, = 923(p,/
p:)° with p, and p. being the air density at the ground
and at the altitude z at which V(D) is expressed, re-
spectively, Using the V( D) function (6) in Eq. (4) (p,
= p,) and solving numerically leads 10 a log(A ) versus
log( R) relationship slightly nonlinear but in close
agreement with a mean slope (0.03 to 400 mm h ™!
domain ) yielding the solution;

A =69.7(R/N,)°, (7)

With N, = 0.08, (7) reduces to the familiar expres-
sion A = 41 R™°% proposed by M-P, If the relationship
between log( A) and the logarithm of a given parameter
can be represented by a linear function, Ny is a constant
term independent of D. For instance, if liquid water
content, M in g m™>, is considered, A = 42.1(M/
N,) ' (also proposed by Willis 1984). Using this
expression and Eq. (7) we have;

M = 0.133(N,)° 6 RO34 (8)

With N, = 0.08 this reduces to M = 0,0887 R®*,
which is in close agreement with the expression pro-
posed by Sekhon and Srivastava (1971), In the same
way the relationship between the familiar radar reflec-
tivity factor Z = [ [N(D)D®4dD] (in mm® m~) and
Ris Z = 89.71(N,) % R' 4" which, with N, = 0.08
reduces to Z = 293R'Y,

A relationship such as (8) for instance, or the Z-R
relationship above, allows the use of exponential dis-
tributions in which N, may have a different value from
that in the M-P expression, such as the “thunderstorm
distribution™ (N, = 0.014 cm~*) and the “drizzle dis-
tribution” [N, = 0.3 em™* proposed by Joss et al.
(1968)]. If the N, term is constant, the slope of the
log Z versus log R relatienship is independent of Z or
R. A large number of empirical logZ-logR relation-
ships have been proposed in the last 40 years. Within
the context of Rayleigh scattering { also no polarization
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effects) and a linear exponentiat drop-size distributicn,
alogZ versus log R linear regression slope different from
the 1.47 value mentioned above may be explained by
a possible statistical dependence between N, and R in
a dataset including different types of rain,

Actual raindrop size distributions may not have a
linear exponential slope in the full raindrop size domain
but rather exhibit a systematic increase of that slope
with raindrop size, so that the function becomes as-
symptotic to a D value which represents the largest
possible drop diameter found in that particular type of
rainfall. This effect is more noticeable for high rain
intensity and thus may reduce the slope of the logZ
versus log R relationship on the high end of that func-
tion. Nevertheless, as a consequence of Mie scattering,
the logn (7 is the radar reflectivity) versus logR (or
log M) function is not linear at millimeter wavelengths.

Other drop-size distributions have been proposed:
the gamma (Ulbrich 1983; Willis 1984) and the log-
normal (Fcingold and Levin 1986) functions, which
essentially remove the M-P linear exponential slope
restriction. However, at millimeter wavelengths radar
reflectivity is not overly dominated by contributions
from large size raindrops as it is for Rayleigh scattering.
Furthermore, except for very light rain intensity for
which, anyhow, the linear slope of the size distribution
seems to extend to very small drop size, the contri-
bution to radar reflectivity from drops having a di-
ameter smaller than 0.5 mm is not significant. Indeed,
as seen below, the bulk of the contribution to radar
reflectivity and attenuation (both scattering and ab-
sorption ) comes from raindrops with a diameter be-
tween 0.5 and 3 mm, 50 that a linear slope exponential
distribution is an acceptable choice, requiring only
specification of N, or an assessment of the influence
of N, on the results. Furthermore, the simple form of
the exponential distribution is easy to manipulate and
leads to easily interpretable results. In the course of
this research we concluded that a linear exponential
distribution, in which N, is allowed to vary, is a con-
venient mode! yielding representative results.

The rainfall parameters selected for computation are:
radar reflectivity, mean Doppler velocity and Doppler
spectrum width observed with a vertically pointing ra-
dar beam, and attenuation coefficients.

These parameters ar¢ presented as a function of rain
intensity. However, liquid water content, A/, and pre-
cipitation parameters such as radar reflectivity, n, and
radar signal attenuation coefficients are related to vol-
ume concentration of hydrometeors. The concept of
rain intensity ( which is really only valid at the g:ound)
involves a vertical flux of the liquid water at a given
mean vertical speed, w. Here w is a “raindrop mass
weighted” mean velocity expressed by w = R/M, and
can be calculated assuming a given drop-size distri-
bution and no air vertical velocity, Using an expo-
nential drop-size distribution N, exp(—AD), W
= 5250(A)"°" is a function of A only, The W varies
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from 216 cm s~ for A = 66 cm™! (0.1 mm h~' M-P
rain) to 794 cm s for A = 12 cm™! (200 mm h7!
M-P rain). In the case of significant up-downdrafis
{downward motion is usually taken as negative ), w,,
R = M(w £ w,). In this perspective, the choice of rain
intensity 1o represent what is really a volume concen-
tration of liquid or solid water may appear questionable
when applied to hvdrometeors above the ground.
However, the use of rain intensity as a valid parameter
was discussed in more detail by Kessler (1987) and
Lee (1988) and their conclusions are used as a justi-
fication for the selection of this quantity as a bonafide
variable for the expression of the radar related param-
eters in this work.,

All parameters (including rain intensity) are nu-
merically computed using an exponential drop-size
distribution and when needed, the raindrop size versus
terminal velocity relationship (6) and the Mie func-
tions.

3. Backscattering cross sectlons

The Mie backscattering cross section, oy, of water
spheres calculated at the 35, 94, 140, and 240 GHz
frequencies is shown in Figs. 1 and 2 for water at a0°C
temperature, Rayleigh scattering does not apply to the
full range of raindrops and even thz clearly defined
first Mie function minimum is within that range for
all the selected frequencies. That minimum occurs at
approximately D = 4.5 mm at 35 GHz, 1.67 mm at
94 GHz, 1.10 mm at 140 GHz, and 0.68 mm at 240
GHz. The 140 and 240 GHz functions clearly show
that, for large diameters, the Mie oscillations are re-
duced and that oy, tends to be equal to the raindrop's
geometric cross section, owe increases slightly with
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their diameter at 35 and 94 GHz. The dashed lines indicate the Ray-
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FIG, 2. As in Fig. 1 but for 140 and 240 GHz.

temperature, approximately 0.1 dB at 35 GHz, 0.7 dB
at 94 GHz, 1.0 dB at 140 GHz, and 1.3 dB at 240 GHz,
over the 0°C to 20°C temperature range.

Figure 3, which shows the ouge/ opayieqn backscatter-
ing cross section ratio, indicates the maximum diam-
eter value for which Rayleigh approximation is ac-
ceptable (Rayleigh function is also indicated by the
dashed lines in Figs. | and 2); i.e., approximately, 2.5
mm at 35 GHz, 0.9 mm at 94 GHz, 0.5 mm at 140
GHz, and 0.3 mm at 240 GHz. Above these diameter
values the Mie function oscillates but, on the average,
departure from Rayleigh scattering increases with
raindrop size. For a 5 mm diameter drop, for instance,

vy r— )]

DIAMETER {mm)

FIiG 3. Rauo (1n decibels) of Mie¢ to Rayleigh backscatiering cross
sections at the indicated radar {requency us a funchion of raindrop
thameter.
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Fig. 4. Backscatiering cross section of water (0° and 23°C tem-
perature) and ice spheres as a function of diameter, Frequency is 94
GHz,

the actual Mie scattering is approximately 20 dB below
Rayleigh at 35 GHz, 35 dB at 94 GHz, 45 dB at 140
GHz, and more than 55 dB at 240 GHz.

Figure 4 shows the 94 GHz radar cross section of
both water spheres at two temperatures 0 and 23°C,
Gwaters and ice spheres, oy, Although, in the Rayleigh
region, water raindrops are better scatterers than ice
spheres of the same size, the effect is reversed for larger
diameters with ice particles now being much more ef-
fective scatterers than water particles, Also note the
relatively small variation of the backscattering cross
section of raindrops as a function of their temperature
{approximately 1 dB for a 0° to 23°C temperature
change),

Figure 5 shows the ratio, awaer/ oice, between water
and ice spheres backscattering cross sections at the 35,
94, 140, and 240 GHz frequencies. In the Ra;leigh
region, Guaerf fice 18 €qual to the ratio of the | K| * term
for water and ice; i.e., —6.95 dB at 35 GHz, —6.4 dB
at 94 GHz, —5.8 dB at 140 GHz, and —4.7 dB at 240
GHz. This holds within | dB up to D = 4 mm at 35
GHz, D =~ 1.5 mm at 94 GHz, D =~ 1 mm at 140
GHz, and D = 0.6 mm at 240 GHz. Ahove these values
the effect is reversed and ice becomes a rnore effective
scattering agent. Figure 5 shows that, above this “crit-
ical” diameter, ice spheres are consistently stronger
scatterers than water spheres with o;../ ua., stabilizing
at an average of 15 dB for a particle diameter greater
than approximately 4 mm and for frequencies above
90 GHz, While the general wisdom in radar meteo-
rology is to assume that the same amount of rainwater
would produce less scattering if that water is converted
to ice, this is not systematically true at millimeter waves
(frequency above 90 GHz); even relatively small ice
particles {graupel) such as commonly found in con-
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vective storms may exhibit a radar reflectivity greatly
exceeding that of intense rainfall.

4, Radar reflectivity of rain at millimeter wavelengths

The contribution, d, 10 the radar reflectivity, »,
arising from diops with a diameter between D and D
+ dD is given by

dn = N(D)o(D)}dD (9)

where o(D) is the backscattering cross section as a
function of D. Assuming a M—P drop-size distribution
for N(D}, dy/dD was calculated with the results pre-
sented in Fig. 6 for the 35, 94, 140, and 240 GHz fre-
quencies, for a rain intensity of 40 mm h~' (N, = 0.08
cm ™% A = 19cm™'). These results reflect the behavior
of the Mie function and clearly show the predominant
contribution to radar reflectivity of a relatively narrow

range of raindrop diameters. The maximum contri-
bution occurs at approximately D = 2.5 mm at 35
GHz. At 94 GHz, the contribution to reflectivity ex-
hibits a narrow peak around D = 1 mm and another
weaker maximum at D =~ 2.1 mm. At 140 and 240
GHgz, several closely spaced maxima occw within the
drop-size range for which significant drop concentra-
tion exists, but the average contribution extends from
approximately 0.3 to 3 mm dizmeter. This is partic-
ularly noticeable at 240 GHz.
The radar reflectivity computed as

1;=J:b N(D)o(D)dD (10)

using a M-P drop-size distribution and o( D} values
derived from Mie functions, is prescnted as a function
of rain intensity for the 35, 140, and 240 GHz fre-
quencies in Fig. 7. Also indicated in Fig. 7 is the cm-
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pirical relationship between » and R at 35 GHz pro-
posed by Wallace (1987) as a least squares fit of ex-
perimental data. Wallace's 35 GHz data agree well with
the theoretical computations, which supports the se-
lection of a M-P distribution here.

The influenee of N, on the # versus R relationship
is shown in Fig. 8, which presents the » versus R func-
tion at 94 GHz for three N, values: 0.014 {Joss “thun-
derstorm distribution™), 0.08 {original M-P distribu-
tion), and 0.3 {Joss “drizzle distribution”). Below R
= 0.G! mm h~', Rayleigh seattering dominates so that
y is proportional to (N,) °*°*R'¥", Around R = 0.1
mm h™', 5 becomes fairly independent of N, and, above
| mm b7, the effect of N, is reversed since an increase
of that parameter is now associated with an increase
of #. A similar behavior is observed at 35 GHz, but
the independence from A, is reached for a 20-30 mm
h~! rain intensity instead of 0.1 mm h™' at 94 GH..,
The least souares fit to 94 GHz experimental data pre-
sented by Wallace { 1987 is also shown and is seen 10
fall between the A, = 0.05 and the A, = 0.3 curves.
This suggests that, for the set ol data uscd by Wallace,
the mean N, is probably between these two values.

Fora 0.1 mm h ! rain intensity, the radar reflectivity
at 35 GHaz (still approximately 40 dB above that at 3
GHz) is approximately 14, 15, and 16 dB lower than
that at 94, 140, and 240 GiHz, respectively. The radar
reflectivity at 94 GHz, 140 GHz, and 240 GHz is nearly
the same fora 0.3 mm h ' rainfall but sull 10 dB more
than that at 35 GHz. For a 10 mm h™' rainfall, the
radar reflectivity at all the selected frequencies appears
to be almost identical {within 2 dB). Here n can be
converted into the familiar equivalent radar reflectivity
factor, Z,, which is defined by the Rayleigh scattering
value that would produce the same reflectivity:
2, = 1072 (| K) e %) (11)
where Z,. is the mm® m "? and ¢ in cm ™", For a 100
mm h™! rainfall, Z, values are approximately 40 dBZ,
at 35 GHz, 30 dBZ, at 94 GHz, 20 dBZ, at 140 GHz,
and 10 dBZ, at 240 GHz, ccmpared tc more than 50
dBZ at centimeter waves,
Indeed, departurc from Rayleigh seattering at mil-
limetcr waves results in compre: sion of the radar re-
flectivity dynamic range. For a rain intensity variation
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intensity at the indicated radar frequencies. The liquid water derived
from the drop-size distribution is also indicated in the upper scale.
The dashed line shows the empirical function proposed by Wallace
(1588) as a fi1 to 35 GHz experimental data.

of0.1 to 100 mm h™! (associated with a 45 dB variation
of n at centimeter waves), n varies by 37 dB at 35 GHz,
22 dB at 94 GHz, 19 dB at 140 GHz, and 16 dB at
240 GHz. These results should not be interpreted as a
failure of the short millimeter waves to probe a wide
range of rainfall intensity but rather as requiring better
accuracy in the reflectivity measurement. The mean
d(log R)/d(logn) slope, which changes by a factor of
two from 35 GHz to 94 GHgz, indicates that a 1 dB
uncertainty in radar reflectivity measurements pro-
duces a mean uncertainty in the estimate of rain in-
tensity of 15 percent at 35 GHz and 30 percent at 94
GHz. The log R versus logn function is not linear so
that, for the same dB uncertainty, the variance of the
rain intensity estimate is greater (smaller) than the
mean value for high (light) rain intensity. Incidentally,
the smaller range of ¢ values may remove the need for
a logarithmic compression receiver, which may be
considered as an advantage. Nevertheless, the primary
concern with the reliability of 5 quantitative measure-
ments at millimeter waves is signal attenuation,

5. Radar reflectivity of Ice at millimeter wavelengths

The structure of ice crystals and snowflakes is com.
plex and certainly fur from being spherical so that their
radar cross section cannot be evaluated theoretically
using the simple Mie solution. The main purpose of
this paper is to calculate radar reflectivity on the basis
of Mig scattering functions and specified drop-size dis-
tributions and not to consider empirical fits of obser-
vational data except if compared with theoretical com-
putations. Dry, solid ice hailstones that have a near-
spherical shape can be treated as icc spheres, at least
as a first approximation of their scaticring character-
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istics. Assuming a known hailstone size distribution,
radar reflectivity can thus be calculated theoretically.
To introduce the basic difference between hail and rain
backscattering at millimeter wavelengths, Fig. ¢ shows
the density distribution of radar reflectivity as a func-
tion of particle diameter, dn/dD, for both ice spheres
{solid ice, applicable to dry hailstones) and raindrops,
assuming an exponential size distribution for both ice
and water with N, = 0.08 cm™ and A = 1S cm ™, At
35 GHz, most of the contribution to radar reflectivity
comes from 1 to 4 mm diameter raindrops with water
drops having consistently more reflectivity than ice
spheres, At 94 GHz, water raindrops having a diameter
smaller than 1.5 mm are still better scatterers compared
to ice particles of the same size but, for larger diameters,
the contribution to n by ice significantly exceeds that
from water. This effect is more pronounced at 140 and
240 GHz with ice now showing an overwhelming con-
tribution.

In the data shown in Fig. 9, the A = 15 cm ™ ex-
ponential slope, although smaller than the A = 19cm ™!
selected in Fig, 6, still virtually pre ents particles larger
than D = 7-8 mm to contribute significantly to radar
reflectivity. Hailstones can grow to a much larger size
than raindrops. For instance, Douglas { 1964) reported
that observations of a typical hailstone size distribution
can be represented by the following expression:

N(D)/M = 32.2 exp(—3.09D) (12)
where N(D) is the hailstone concentration in number
per cubic meter and M is the hailstone’s water content
in grams per cubic me? r, In order to understand the
advantage of using a size distribution normalized to
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exponential drop-size distnbutions with different N,. Frequency is
94 GHz. The dashed hine shows the » versus R empincal relationship
proposed by Wallace on the basis of 94 GHz expenimental data.
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water content, let us assume N(D)} = Ny exp(—AD)
and express M as a function of Mg and A in the manner
discussed above and inserting the ice density, 5. We
have:

N(D)/M = (exp(-AD)A")/(87).  (13)

Therefore, the primary advantage of the Douglas’ dis-
tribution is that it is independent of Ng. Incidentally,
comparing Egs. (12) and (13) indicates that Douglas
selected a & = 0.9 value that is acceptable for dry ice.
The normalization to hail water content is a very useful
concept that can be extended to calculating the ratio,
n/ M, represented by

/M = (4%/6%) [ lexp(- AD)a(D)ID] (14)

which is only function of A. The #/M values for ice
calculated using { 14) are presented in Fig. 10 as a func-
tion of A for the 35, 94, 140, and 240 GHz frequencies.
The A domain extends from 2 1o 1000. The large A

values are not realistic for hail {or even for rain}), but
they indicate the tendency of the functions to reach a
A3 slope arising from /M = 0.07|K|2A73\ "%, an
expression that is applicable to Rayleigh scattering. In
Fig. 10, n/M is also shown for a 10-cm wavelength
assuming that all hailstones are Rayleigh scatterers,
which is really applicable only to diameters smaller
than approximately 3 cm. All the n/M versus A func-
tions at millimeter waves exhibit a maximum for A
~ 15 cm~! but this is not the case for the A = 10 cm
function that increascs monotonically for decreasing
A values so that, at A = 10 cm, the largest hailstone
sizes produce the highest radar reflectivity per water
content. Figure 10 indicates that, at millimeter wave-
lengths, ice spheres having a relatively small size (¢.g.,
size distributions with A = 15 cm™') vield a greater
radar reflectivity per liguid water content than that
produced by the very large hailstones with the size dis-
tribution { A = 3.09 cm ™'} quoted by Douglas { 1964).
At94 GHzand A = 15em™, = 15 107 em™
(approximately 40 and 10 dB more than that observed
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Fi0. 10. Radar reflectivily a1 1he indicaled radar frequencics of a
medium composed of hailstones with an exponential size distribution
N = N,exp(—AD), as a function A. The radar reflectivily based on
Rayleigh scaltering al 3 GHz is also shown.

at 3 and 35 GHgz, respectively), a value still 10 dB
greater than that observed for rain with the same A
and N, (~200 mm h~! rainfall intensity). In this con-
text, medium size hail and graupel remain the strongest
backscattering medium at millimeter waves, Assuming
a very high value of 10 g m =3 for M, a maximum hail
radar reflectivity of approximately 2 X 10 *cm ™' may
be observed at 94 GHz for a size distribution ap-
proaching that of the graupe! typically found a few
kilometers above the freezing level in a eonvective
storm. However, for very large size hail such as quoted
by Douglas (1964}, the maximum radar refleetivity
will be reduced to approximately 3 X 10 *em ™1,

6. Doppler spectrum at vertical incidence

The data shown in F.g. 6 indicate that the oy, versus
D oscillations should be observable using a millimeter
wave Doppler radar probing rainfall in a vertically
pointing radar mode. The Doppler spectrum obtained
in these conditions is the density distribution of the
radar reflectivity as a function of raindrop velocity. If
there is no air velocity contribution the raindrop's ver-
tical velocity producing the Doppler shift is a unique
and known function of its diameter, so that the radar
reflectivity density distribution can be easily changed
from diameter to velocity intervals and expressed as a
function of velocity ( Lhermitte 1988b).

The Doppler spectrum at vertical incidence is the
density of radar reflectivity as a function of the particle
vertical velocity V, S{V') = dn/dV and can be expressed
by S(V) = [N(D)e(D))dD/d V. Using the Mie func-
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tions, the raindrop’s vertical velocity versus diameter
function in Eq. (6) for ¥( D), and a M-P drop-size
distribution for N(D) a theoretical representation of
the Doppler spectrum observed at vertical incidence
in a rainfall can be achieved. The results for A = 19
em™' (40 mm h~! rain intensity according to a M-P
drop-size distribution) are presented in Fig. 11 for 35
and 94 GHz, and in Fig. 12 for 140 and 240 GHz. The
Doppler spectrum at 35 GHz fails to show even the
first Mie scattering minimum, The spectrum at 94 GHz
clearly shows the first minimum at 5.9 m s~! and pos-
sibly two others at 7.9 and 8.8 m s .. At 140 and 240
GHz, two or three minima can be identified even in a
noisy spectrum,

It must be remembered that, even if there is no mean
velocity bias arising from the presence of vertical air
velocity, the vertical velocity of a raindrop may include
a random component due to air turbulence and oscil-
lation of raindrop shape. This should smear an ob-
served spectrum, thus essentially reducing the relative
amplitude of closely spaced spectral minima and max-
ima (Lhermitte 1988b). Shape oscillations are more
savere for raindrops having a diameter greater than
approximately two millimeters, Hence, the spectrum
smearing caused by shape oscillations will primarily
affect the high velocity part of the spectrum,

Experience acquired from stratiform rain observa-
tions with a 94 GHz Doppler radar at vertical incidence
indicates that the first Mie minimum can always be
identified if the rainfall intensity is greater than ap-
proximately 5 mm h™', Figure 13 shows a Doppler
spectrum observed in a 8 mm h™! rainfall at 1.2 km
altitude. A spectral dip at 6.2 ms ™!, in good agreemenr.
with the terminal velocity of a 1.57 mm raindrop at
the altitude considered ( 1.2 km), is clearly seen. These
results suggest that Mie oscillations in a Doppler spec-
trum can be used to effectively test the relationship
between raindrop vertical velocity and size, and as a
method for the measurement of both air vertical ve-
locity and drop-size distribution { Lhermitte 1988h),

In the case of ice particles the first minimum of the
Mie backscattering function is not as deep but should
still be easily identified in a vertical incidence Doppler
spectrum, It appears at D = 4 mm at 35 Ghz and D
= 1.5 mm at 94 GHz. Therefore a 35 GHz Doppler
radar used in a vertically pointing mode may be useful
in the measurement of vertical velocity of small hail
or graupel in a convective storm. Using the method
for the identification of large size hail may be done
more effectively at 9 GHz, for which the first Mie min-
imum appears at approximately 1.5 cm.

7. Mean Doppler and spectral variance at vertical in-
cidence

The mean Doppler vertical velocity, ¥, which is a
parameter useful for the expression of mean velocity
components from Doppler data, is given by
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e where N{D) is the drop-size distribution and V(D)
Va= J; MDY D)V (D)aD) / the relationship between raindrop diameter and fail
© speed. It is clear from (15) that V; is independent of

N(D)o(D)dD], (15) No.sothatitisonly afunction of A, Here V; was cal-

J:) [N(DYe(DYAD],  (15) culated as a function of A using Eq. (5) with an ex-
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FIG. 13, Doppler specirum actually observed with a 94 GHz
Doppler radar at vertical incidence in a 8 mm h ! rainfall. The 1heo-
relical spectrum calculaled using the Mie function and a M-P drop-
size disiribution is also shown by the dashed line.

ponential drop size distribution, Eq. (6} for V{ D),
and Mie functions for o{ D}. For each value of A, the
rain intensity normalized to N,, R/N,, and the radar
reflectivity normalized to N, #/N,, were also com-
puted. The computations were repeated at 35, 94, 140,
and 240 GHz, The results are presented in Fig. 14 as

log( V) versus log(Z,/N,), with Z, given by Eq. (9).

The use of Z, provides a normalization of » so that the
results are independent of the selected frequency in the
Rayleigh region. _

For low radar reflectivity, ¥; = 2.31Z "7, which in-
dicates that Rayleigh approximation is applicable (A
is proportional Z'/”} and also that for D between 10
g and 1 mm, the terminal velocity of a small size rain-
drop is roughly proportional to its diameter, D, as
shown by the Gunn and Kinzer (1949 ) data. Still as-
suming Rayleigh scattering, but for greater D for which
V is not proportional to D, the mean log( Vy) versus
logZ./Ne is no longer a linear function but ¥y
= 27 /%8 ig a reasonable fit. This expression is signif-
icantly different from the ¥; = 2.88Z /!4 obtained by
Rogers (1964) using the Spilhaus relationship men-
tioned before for ¥ ( D). The Spilhaus function exhibits
large deviations from the G-K data for both very small
and very large raindrops and that can explain the dis-
crepancy. On the contrary, the ¥ ( D) function (€) is
in much better agreement with the G-K data, with
significant differences only localized in the Stokes’ re-
gime region ( below D = 10 um } for which the terminal
velocity is proportional to D?. The log(V,) versus
log( R/ N,) function is shown in Fig. 15 together with
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the Rayleigh scattering solution applicable to centi-
meter wavelengths.

The calculations above show that, for high rain in-
tensity, ¥4 is significantly smaller at millimeter waves
than at centimeter waves, as a consequence of the Mie
backscattering cross section being significantly smaller
than Rayleigh for large raindrops. For a rainfall inten-
sity above 10 mm h™', the mean Doppler value at 35
GHz is approximately 1 m s~' smaller than that cal-
culated at centimeter waves for which Rayleigh scat-

MEAN DOPPLER VELOCITY (M/5)

RAIN INTENSITY {tm/he)

FIG. 15. Same as Fig. 14 bul expresscd as a function of rain intensily
with Ng = 0.08. The curve labeled Rayleigh is 1he solution for Rayleigh
scallerning applicable 1o centimeler wave radars
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tering applies. At 94, 140, 240 GHz and for high rain
intensity, ¥, is approximately 3 m s~! smaiier than
the Rayleigh scattering value (5 m s™! instead of 8§ m
s~! for a 100 mm h~! rainfall). _

_We also computed the spectrai variance given by
V2 — (V). V, is obtained by replacing V'( D) by
V2(D)inEq.(i5). Thespectral variance values, which
are again independent of N,, are plotted against rain
intensity assuming a M-P drop-size distribution with
N, = 0.08 (see Fig, 16). At 35 GHz, the spectral vari-
ance is nearly the same as that obtained using Rayleigh
scattering. At higher frequencies, the spectral variance
is iess than the Rayleigh vaiue for rain intensity lower
than 1 mm h~!, but increases markediy for a higher
rain intensity. This can be explained by the bimodal
or trimodal nature of the spectra seen in Figs. ii
and 12.

8. Millimeter wave attenuation by atmospheric gases
and hydrometeors

Atmospheric absorption in the windows is due pri-
mariiy to the skirts of water vapor iines. For a specific
humidity of 0.25 g m 3, the absorption coefficient is
0.04, 0.042, 0.05, and 0.09 dB km ', at 35, 94, 140,
and 240 GHz, respectively. For a specific humidity of
25 g m ™3, absorption values for the same frequencies
are approximately 0.35, 2.1, 5.0,and i3 dB km ™', Hu-
midity is concentrated at low aititude in the earth at-
mosphere so that atmospheric gases absorption is im-
portant only for gound based equipment acquiring data
with iow elevation angles.

The main consideration in the evaluation of the per-
formance of a millimeter wave meteorological radar is
the atienuation of millimeter wave radiation by ciouds
or precipitation.
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TABLE 2. Absorption cocfficients agy, at 35, 94, 140, 240 GHz in
dB km™' per g m™ of fiquid water at the indicated temperatures,

XGHe
Temperalure ays g X0 o0
0°C 0.99 4.9 7.66 9.68
10°C 0.80 4.2 746 11.05
20°C 0.63 175 7.26 14.06

Even at miliimeter wavelengths, Rayleigh scattering
or absorption generaliy applies to cloud droplets. This
impiies that contribution from scattering to attenuation
is negligible and that the attenuation coefficient, o,
= [ N(D)Q(D)dD, in decibels per kilometer per gram
per cubic meter (one-way), is given by

o, = 8.18 im(—K)/A. (i6)

The results of these computations for fiquid water are
shown in Table 2.

If the hydrometeors are not very smail compared to
the radar waveiength, expression (16) is not valid and
« must be caiculated using Q, from Mie functions.
Also the scattering cross section, (;, becomes signifi-
cant and signai attenuation calculations must be based
on the extinction cross section Q, = Q, + Q.. Figures
i7 and i8 show the absorption and scattering cross
sections (0, and (;, respectively, as a function of D at
the seiected frequencies. in the Rayieigh region (D
<0.1 mm) Q, = [»*D? Im(—K)]/A and thus is pro-
portionai to raindrop mass. For larger D/A 2 2.5, O,
exceeds the Rayleigh absorption value and exhibits a
maximum deviation from Rayleigh for D/\ = 2.8 (see
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al the indicaled frequencies as a funclion of diameter for liquid waler
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solution 1n the hypolhetical case of Rayleigh scaltering.
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dashed line indicating Rayleigh absorption at 94 GHz).
Above DfA = 5, (, becomes markedly smaller than
its Rayleigh value. Indeed, above D = | mm at 94,
140, 240 GHz, and above D= 2 mm at 35 GHz, @,
is nearly independent of the radiation frequency.
The raindrop size contribution to attenuation is il-
lustrated in the data presented in Fig. 19, which show
the attenuation coefficient per gram per cubic meter
of liquid water content as a function of the raindrop
diameter, calculated at 35, 94, 140, and 240 GHz (0°C
water temperature), For small drop diameter (less than
100 urt for example), the attenuation coefficient is
equal to the Rayleigh absorption values shown in Table
2. However, for a greater raindrop diameter, the atten-
uation coefficient increases, reaches a maximum for
Df X = 3, greatly exceeding Rayleigh absorption, and
then decreases slowly to a value smaller (except for 35
GHz) than that calculation for Rayleigh absorption.
The attenuation peak occurs at approximately: D
= 2.5 mm (35 GHz}, D = (0.9 mm (94 GHz), D
= 0.6 mm (140 GHz}, and D) = 0.4 mm (240 GHz).
The attenuation coefficient, o given by

] =J; {Q(D)N(D)dD] (17)
was computed using a M-P distribution and Q, eval-
vated from the Mie functions. The rcsults, which are
expressed as a function of rain intensity calculated using
the same drop-size distribution and the raindrop’s ter-
minal velocity relationship (6), are presented in Fig.
20 for a 20°C water temperature. In the Rayleigh region
« is proportionai to R"®, which agrees with Eq. (8).
At 35 GHz, theexpression a == 0.2 R (R in millimeters
per hour and « in decibels per kilometer) applies to a
wide rain intensity domain and is in good agreement
with observations. Howcver, at 94 GHz and above, the
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log & versus log R relationship becomes markedly non-
linear for high rain intensity, which suggests that the
a = aR® form proposed by Olsen et al. (1978) is not
an acceptable model at these very short wavelengths.
Figure 20 also shows that, for very high rain intensity,
the attenuation coefficient tends to be independent of
frequency. For a 10 mm h™! rainfall, the theoretical
value of a varies from 2 dB km™' at 35 GHz to ap-
proximately 7 dB km ™' at 94 GHz and 8-9 dB km ™!
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at 140 and 240 GHz. These theoretical values of signal
attenuation at millimeter waves are derived from single
particle Mie cross sections, Forward scattering and
possible multiple scattering are not included in the G,
cross section.

To explore the validity of the above treaiment, the
theoretical results have been compared to actual mea-
surements of attenuation. Two reliable measurements
of signal attenuation at 94 GHz were considered. One
was a set of attenuation measurements reported by
Wallace (1988) on the basis of which a linear least
squares fit between loga and log R was proposed. The
other data was a carefully done measurement of atten-
uation in a stratiform rain in which the drop-size dis-
tribution and the rain intensity were also measured
(Lhermitte 1988b). Both data are presented in Fig. 20
(see caption).. The theoretical calculations which, in-
cidentally, do not seem to be significantly influenced
by temperature, agree well with the functions proposed
by Wallace for very low rain intensity but overestimate
the Wallace function for R = 0.1 mmh~' (7 dBkm ™
calculated instead of 4 dB km ~' measured at 10 mm
h~'). Wallace’s data are also in close agreement with
Lhermitie’s data obtained in a 8 mm h ™' steady rain
for which both rain intensity and drop-size distribution
were measured (6 dB km ' theoretical instead of 3.5
dB km ~' measured). These results point out the need
for more experimental data on signal attenuation by
precipitation at 94 GHz and above,

If @ can be expressed as a function of », this offers
a method for signal attenuation correction, The a ver-
sus 7 relationship was investigated, assuming an ex-
ponential drop-size distribution and computing both
a and 5 as a function of A and for different values of
N,. The « versus n functions obtained using this
method are shown in Fig. 21 for a 94 GHz frequency.
In the Rayleigh region, o is proportional to (Ng)*’
X %7, which indicates a significant dependency on
No. However, Fig. 21 shows that the N, control on g
is significantly reduced for higher n values, and that
forn = 107®cm ' (@ = 1 dB km ™) the relationship
between « and 7 is virtually independent of N,. The
same behavior is found at 35 GHz {not shown) but
the independence from N, appears for much larger ¢
and « value,

9. Conclusion

Because of the typical low power and antenna size
of a millimeter wave radar, the choice of a millimeter
wavelength is very attractive for space platform appli-
cations. A 0.2° beamwidth and a —20 dBZ sensitivity
for a spaceborne radar at an altitude of 300 km would
require a 6 m antenna and 100 watts average power at
15 GHz, compared to | m and 10 watts at 95 GHz.

Signal attenuation by clouds and precipitation is a
serious problem associated with airborne or spaceborne
millimeter wave operation (Meneghini et al. 1986).

ROGER LHERMITTE
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Measuring precipitation intensity directly (based on
radar reflectivity-rain intensity relationship) may be
unachievable at very short wavelengths, but attenuation
is already a problem at 15 GHz for instance, for which
the attenuation coefficient is approximately 0.12 dB
per mm h~' of rain intensity, thus preventing reliable
measurements of intense rainfall.

The answer 10 the question of feasibility of ground
rainfall measurements from space may be to derive
rainfall intensity empirically from other storm param-
eters such as the altitude of—and radar reflectivity gra-
dients at—cloud tops and also precipitation penetration
depth, using precipitation structure models. This ap-
proach is somewhat analogous to the empirical meth-
ods used in the treatment of satellite IR data to infer
earth’s surface precipitation. However, the radar ap-
proach relies on much more elaborate information on
backscattering signal intensity gradients in the upper
storni region, rather than only the upwelling radiation
signal at the storm top.

Recently, a 94 GHz spaceborne radar was proposed
{ Lhermitte 1989). Because of its low power reguire-
ment and small antenna size, the instrument does not
rely on complex technology. It is nevertheless capable
of providing information on motion felds inside pre-
cipitation systems that can be penetrated by the mil-
limeter wave radiation.

Providing some of the background material required
for evaluation of ground-based and spaceborne milli-
meter wave radar performance was the primary incen-
tive for this work. The results yield a basic understand-
ing of the problem and are directly applicable toclouds
and rclativcly weak precipitation. Considering ice par-
ticles with complex structure and even large raindrops
that are basically oblate when falling will require much
more experimental measurements of radar reflectivity
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and signal attenuation using ground-based and airborne
radars,
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OBSERVATION OF RAIN AT VERTICAL INCIDENCE WITH A 94 GHZ DOPPLER RADAR:
AN INSIGHT ON MIE SCATTERING

Roger M. Lhermitte

Rosenstie School of Marine and Atmospheric Sciences, University of Miamij, Fla

Abstract, A new method aimed at differentiating air verti-
cal motion and raindrop terminal velocity in a velocity spec-
trum ohserved at vertical incidence identification hased on Mie
backscattering oscillations occurring within the raindrop size
range at the 3.2 mm wavelength, The method is applicahle
to measurement of downdraft or microburst in rainshafis and
dropsize distrihution in all types of rain.

INTRODUCTION

Recent observations of stratiform precipitation at vertical in-
cidence with a Doppler radar operating at a 94 gHz frequency
(A=3.2 mm) have revealed a unique capability of the system
hased on the fact that, at this very short wavelength, the
backscattering cross section of a raindrop as a function of its di-
ameter oscillates markedly (Mie scattering). Since they occur
withln the raindrop size range, the Mie hackscattering oscil-
lations create a pattern of maxima and minima In a Doppler
spectrum ohserved at vertical incidence, and thus can serve as
a means to ldentify raindrop size. The occurrence of air ver-
tical velocity, w, merely shifts the Mie oscillation pattern and
does not alter Its structure. The w shift can he determined hy
comparing the ohserved spectrum with a predicted spectrum
evaluated assuming w = 0 This note presents the new method
and some of the results,

The 94 GHz Doppler radar has the following main charac-
teriatics: peak power 1 kw; pulse width 200 ns; antenna size
3-foot; heamwidth 0.3°; minimum detectahle signal with 3 &
integration time -115 dBm, The radar is equipped with a pro-
cessor providing vertical profiles of mean Doppler velocity and
radar reflectivity [Lhermitte, 1387). In addition, the radar sig-
nal containing backscattering phase and amplitude information
(coherent' video}, can he sampled at a selected range gate and
continuously recorded, The recorded signal is processed hy a
micro computer programmed with FFT algorithms to generate
power density apectra (Doppler spectra)..

DOPPLER SPECTRUM AT VERTICAL INCIDENCE IN
RAIN

If a Doppler radar observes falliag raindrops at vertical in-
cidence, the Doppler frequency shift arises from the raindrops’
vertical velocity, V - V is expressed by V = V; 4 w , where
V; is the raindrop terminal velocity in still air and w is the air
motion, The fall velocity of raindrops has heen accurately mea-
sured [Gunn and Kinzer, 1948; hereafter referred to as G-A].
Although complicated functions bave heen proposed as a fit to
the G-K experimental data [i.e. Beard, 1976), we have found
that they can be represented to a sufficient degree of accuracy

Copyright 1988 by the American Geophysical Union.
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hy, Vi = Vo[l — exp ~(aD? + bD)), where V; is in cm/s, D In
em. With V, = 925 em/fs, a = 6.8, and b = 4,88, the standard
deviation of the above expression from the G-K data ls Jess than
3 cm/s in the 0.5 to 6 mm raindrop size range and may he con-
sidered as an acceptahle fit, possibly reducing the experimental
data noise. The G-K measurements were made at sea leve] and
these V; values must he corrected for observations made aloft
hy (/)% [Foote and duToit, 1969] where p, is the air den-
sity at sea level and p Is the air density at the height at which
the observations are made. The Doppler spectrum ohserved at
vertical incidence, S(V) = n{D).dD/dV.o{V) can he defined as
a density distrihution, dn/dV of the radar reflectlvity, n, with
the vertical velocity, V, of the scatterers. The first term con-
trihuting to S(V) is the dropsize distrihution, n(D) = dN/dD,
a density dlstrihution of the number of ralndrops per unit vol-
ums as a function of equal diameter D intervals. n{D).dD/dV
is the dropsize distribution expressed as a function of equal
velocity intervals, n{D) can he represented hy a simple expo-
nentlal function n{D) = N, exp(—AD) proposed by Marshall
and Palmer, [1948) ( M-P), where N, is equal t0 0.08 crn™* and
A Is a parameter depending on rain Intensity. Actual dropsize
distrihutions do not agree fully with M-P as there are signifl-
canm. departures at the low and high ends of the slze spectrum,
However, an exponential forin is a reasonshle fit to any actual
size apectrum within D=1 m:n to 3 - 4 mm (depending on raln
intenslty). (), is the radar cross section of ralndropa as a
function of their vertical velocity using: i. o versus D from
Mie scattering tahles, and li. the terminal velocity V; versus D
relationship,

We can thus derive k.n(D)} (k Is an unknown constant) from
the Doppler spectrum S(V) alone. The evaluation of & re-
quires measurement of the radar reflectivity which can he seen
as the integral of §(V'} over all possihle vertical velocities. Thls
method, which was proposed in the early days of meteorological
Doppler radar methodology, is severely hindered hy the possihle
presence of air vertical velocity, w, which shifts the V(D) re-
lationship and corrupts particle diameter measurements hased
on the V; versus D function. For large raindrops, even a small
uncertainty in w produces a very large error in D measure-
ments {at D=4.5 mm the error on D is 0.4 mm for a £0.2
ms~! uncertainty on V;). Two methods, originally conceived
for the purpose of measuring duwndraft- updraft from Doppler
spectra, were proposed to separate particle terminal velocity
and air velocity. The first method is hased on estimating the
velocity spectrum houndaries [Battan, 1970); the second relies
on a known relationship hetween the mean Doppler (first mo-
ment of the Doppler spectrum) and the radar reflectivity hased
on an M-P assumption for n{ D) {Rogers,1964). However, none
of these methods can yield an acceptable estimate of w if the
actual dropsize distrihution is unknown.

MIE SCATTERING AS MEANS TO MEASURE W

Using a radar operating at a verv short wavelength offers
a completely new approach to the prohlem of separating V;
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Fig. 1.  Backscattering cross section of spherical liquid water

drops as a function of their diameter at a 3.2 mm wavelength

and for 0, 10, 20° temperatures.

and w, hased on the presence of maxima and minima of the
backscattering croes section, ¢, occurring at well defined rain
drop diameters. As seen in Fig. 1, at a 3.2 mm wavelength
(droplet temperature 15°C), ¢ exhibits maxima at D = 1.0,
2.26, 3.44, 4.62 mm, and minima at D = 1.67, 2.86, 4.04, and
5.22 mm. These oacillations should modulate the Doppler spec-
trum observed at vertical incidence and thus can serve as a
means for particle size idenfification, The occurrence of air
velocity, w, will merely shift these oscillations in the Doppler
frequency scale and should not destroy their integrity. There-
fore, comparing an observed Dopplet spectrum with a predicted
spectrum evaluated from the Mie function should lead to a 1nea-
surement of w, and then, correcting for w, a measurement of
n(D).

Recent rain observations witb our millimeter wave radar
indeed confirmed tbat some of these Mie oscillations appear
clearly in a Doppler spectrum observed at vertical incidence
in moderate to beavy rain conditions. Fig. 2. shows an ex-
ample of the observed spectra, processed from data recorded
on Novembher 30 1987, at Sudbury, Massachusetts, The ob-
servations were made at an altitude of 1.3 km in steady rain
conditions dominated by a radar "melting hand” (see Fig.4 cap-
tions). Four individual spectra were added to yield the smooth
spectrum shown in Fig. 2, Each spectrum was calculated using
4096 complex samples wbicb were recorded at 1 5 time inter-
val. The dominant feature of the spectrum is the well defined
dip at 6.2 m/s (first Mie minimum for a diameter of 1.67 mm),
surrounded by the two maxima at approximately 4 and « m/s.
Also shown in Fig. 2 is a predicted spectrum based on the
Mie function evaluated at the 3.2 mm radar wavelength as.
suming an exponential drop size distrihution with a 15 cm™!
slope and a D=0 intercept adjusted for best match with the
observed spectrum in the 2 to 8 m/s range (1 to 3 mm in rain.
drop size). Tbe agreement between the two spectra in the 2 to
8 m/s velocity range is remarkable, Tbe volume sampled by
tbe radar (approximately 10* m®) is quite sufficient to yield a
representative sample of the dropsize distribution.

Tbe contribution from air velocity, w, can be objectively de-
termined by calculating tbe croes correlation, p{AV) between
predicted and observed spectra as a function of a velocity lag

Lhermitte: Rain at Vertical Incidence with a 94 GHz Doppler Radar
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Fig. 2. Radial velocity (Doppler) spectrum observed in a
15 mm/hr rain at vertical incidence together with a predicted
spectrum (dashed line) based on Mie backscattering cross sec-
tion and an exponential dropsize distribution with A adjusted
for best fit. The shaded area shows the difference between tbe
ohserved and predicted spectrum. The most noticeable feature
ir the spectral dip at 6.2 m/s, The function at the top of the
jigure is the cross correlation between the two spectra as a func-
tion of a velocity lag. The correlation peak (0.965) is obtained
for a very small velocity lag (less than 5 cm/s).

AV . The result of such calculations is shown in the upper part
of Fig. 2. The cross correlation is maximum (0.965) for a ve-
locity lag slightly less tban 5 em/s (downward). Applying the
cross correlation method to a few hundred individual spectra
sampled during a 10 minute time interval, indicated that the
peak to peak AV variation from spectrum to spectrum was ap-
proximately +30 cm/s with most of the observations showing
less than a £10cm/s value. These results are consistent with
the observed variations of mean Doppler illustrated by Fig.4.
At the altitude of the observation, the mean Doppler veloc-
ity varies by +20cm/s although the radar reflectivity varies by
less than 0.1 dB. Such a steadiness of the observed radar re
flectivity values indicates that tbe primary cause for variation
of the mean Doppler is variability in air motion. Since the
observalions presented bere were made in stratiform rain con-
ditions, AV (attributed to an updraft or a downdraft) is small.
However, if these measurements are made in convective rain
conditions (i.e. in siwuations where a rainshaft is associated
with a stror.g downdraft or a microburst) mucb greater values
of w are expected.

In Fig. 2 the spectral dip in the observed spectrum does
not quite reach the minimum shown in the predicted spectrum.
Spectral averaging required to yield a smooth spectrum could
produce this effect, but in our case it is done with a 8 cm/s
bandwidth, too small to produce significant spectrum smear-
ing; also amplitude white noise is removed in spectrum pro-
cessing. The possibility of a significant contribution from radar
frequency noise was rejected because backscattering from fixed
targets was always observed to be associated with very nar-
row spectra. Due to the radar narrow beam (5 102 radian)
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Fig. 3. Same as Fig. 2 but including a 5 cm/s velocity
shift and convolving the predicted spectrum with a 20 cm/s
standard deviation noise spectrum.

the combined horizontal wind-beamwidth effect on spectrum
smearing was also rejected as well as a possible contribution
due to multiple scattering, It was felt that the primary contei-
bution to the excess spectral density observed in the spectral
dip was the presence of a random component attached to either
the velocity or the diameter varlables, essentially smearing the
V versus D relationship, Departures from sphericity typically
observed for large raindrops during their fall could produce
a random modulation of the Mie backscattering cross section.
However, this effect is not likely to be important for a drop with
a diameter less than 2 or 3 mm, so that random fluctuations
of raindrop velocity due to air turbulence, or any variations of
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Fig. 4.  Vertical profiles of mean Doppler velocity and radar
reflectivity in dBZ acquired on 30 November 1887, The sudden
velocity increase at an altitude of 2500 meters is due to patticle
melting. Four profiles, 4 s apart, are shown. The Doppler
spectrum measurements were made slightly above the bottom
dash line. Note the variability of mean velocity compared to
the steadiness of radar reflectivity.
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Fig. 5.  Spectrum as a function of equal raindrop diame-
ter, D, intervala. Both the observed spectrum and a predicted
spectrum (dashed line} based on the Mie function and an ex-
ponential dropsize distribution are shown. The shaded area
highlights the small difference between the two functions. The
agreement is remarkable between D = 0.5 to D = 3mm, but for
diameters larger than approximately 3mm the observed spec-
trum falls off more rapidly.

w during the signal dwell time may be a more general cause
for spectrum smearing. Such an effect can be reproduced by
convolving the origina! spectrum with a spectrum simulating
the random velocity fluctuation and its variance. This method
was applied to the predicted spectrum shown in Fig. 2. The
results are presented in Fig. 3 and indicate that a convolution
with a spectrum having a 30 cm/s bandwidth provides a good
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Fig. 6.  a} Observed spectrum, b) o(D) function, and c)
dropsize distribution n(D) all shown in jog scale (decibels). The
approximate slope (in em™!) of n(D} is indicated in several
parts of the function.
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match between experimentai and theoretical results. Inspec-
tion of Fig. 3 also indicates that velocity spectrum smearing
produces a merging of the closely spaced third and fourth Mie
maxima (D = 3.6 and 4.6 mm) and yields a much closer similar-
ity hetween ohserved and predicted spectra. This is due to the
very small value of dV;/dD for large raindrops. Application of
the method to severai spectra indicated that the standard devi-
ation needed to match theoretical and experimentai data varies
from 10 em/s to 40 cm/s and seems to increase with the num-
her of individual spectra used in the evaluation of an average
epectrum, Increasing air motion turbulence would ultimately
result in filling the spectral dip at 1.67 mm completely therehy
preventing air velocity measurement. This would happen if the
random velocity fluctuation reaches a peak-to-peak value of 5
m/s (standard deviation greater than approximately 2 m/s).

After w is estimated using the ahove correlation method
and the air turhulence correction introduced, we can calculate
the spectrum, §{D} = dn/dD, now expressed as a function of
equal diameter intervals. An example of such results is shown
in Fig. 5 where the ohserved spectrum is again shown with a
predicted spectrum based on the Mie hackscattering function
and a linear exponential drop slze distribution with the slope
adjusted for hest fit. §(D) = n{D)o(D) so that n(D) can he
readily computed. An example of the results is shown in Fig. 6
where §(D), o(D), and the calculated n{D) function are shown
using a logarithmic scale for hetter perception. Incidentally, we
found that the smoothness of the calculated n(D) function in
the vicinity of the spectral dip is very sensitive to a correct
choice of hoth AV and the spectral variance added to the pre-
dicted spectrum. Fig.6 shows that there is a large deficiency
of raindrops helow D= 0.5mm. Ahove D= 0.5 mm the n(D)
function exhihits a near exponential decay hut the loca) expo-
nential slope (in cm™!) varies markedly from 20 (D= 0.5to 1.5
mm}, to 12 {D= 1.5 to 2.5 mm), to 21 {D= 2 to 4 mm), and
increases more rapidly afterwards.

CONCLUSION

We intend to apply the method to measurements of air ver-
tical velocity, and possibly air turhulence and dropsize distrihu-
tion in rainshafts prounuced hy convective storms, The method
would also he very useful in providing vertical profiles of drop-
size distrihution and air vertical velocity in precipitation re-
gions observed hy an S-hand radar in an effort to improve our
knowledge of the radar reflectivity-rain intensity relationship.
We also intend to extend our measurements to the spectrum
of the cross polarized component, a method which would hring
an insight of large particle shape distortions. So far we have

Lhermitte: Rain at Vertical Incidence with a 94 GHz Doppler Radar

limited our observations to liquid raindrops and it is unknown
at this point if tbe method is applicahle to identification of
graupel or hailstones and their sizes. However, we will attempt
to obtain Doppler spectra in these conditions.
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Cloud and Precipitation Remote Sensing at 94 GHz

ROGER M. LHERMITTE

Absiract=The paper is concerned with the use of short mlillimetar-
vave Doppler radars for the observotion of clouds end precipitation.
Attenuetion end seatiering tincluding Mie beckscottering by raln-
drops) of these sbort wavelengths radiation by hydrometers s dis-
cussed as wall a9 the sensltivity of such raders for the obsagvation of

clouds,
Resuits of obsarvations Indicets thet the [aternal clrevistion of felr

weather cumull iy afectively obaerved.

I. BACKGROUND

ETEOROLOGICAL radars operate typleaily atcen-

timeter wavelengths primarily to avold problems in
the Interpretation of echo signa! intensity in terms of radar
reflectivity, arising from the significant attenuation of
shorter wavelength radlation propagating through precip-
itation regions. However, when {t became evident thal
clouds were not observed by centimeter-wave radars, the
search for an increased radar sensitlvity was dlrecied 10-
ward the use of shorter wavelengths for which an Increase
of cloud radar reflectlvity due to Rayleigh scattering (see
(3)) is expected. and the use of millimeter-wave radars
was recommended.

Wavelength selection for a radar operated in the earth’s
atmosphere is restricted to speciral regions where absorp-
tion by aimospheric gases is low. The millimeler-wave
absorption spectrum is shown in Fig. 1. Outside of the
waler vapor line at 23 GHz. the spectrum is dominaled by
three strong absorption regions: (a) the 60-GHz complex
of rotational O, lines, (b) another O, line at 118 GHz, and
(c) a strong water vapor line at 183 GHz. The spectrai
windows where local minima of atmospheric absorption
occur are centered on 35, 100, 150, and 210-290 GHz.
The residual absorption in alt the windows is primarily
due 1o the skirts of water vapor lines and increases sys-
tematically with the window frequency. At low humidity
(less than 1 g/m’, for instance), the one-way absorption
in all the windows is below 0.} dB/km, but for sirong
humidity (i.e., 25 g/m’) it increases to 0.7, 2.5, 6, and
!5 dB/km, at 35, 100, 150, and 210 GHz, respectively.

Although there were attempts to observe clouds ata 1.2-
em wavelength in the early days of radar meteorology, the
ficst systematic miilimeter-wave radar observations of
clouds were done in the 35-GHz window (i.e., [10]). The
radar was designed as a cloud monitoring instrument and
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was used for severn! years primariiy as a qualilative in-
dicator of cioud cover (cetlometer). There was no atiempt
to measure cloud radar reflectivity at these times and i is
regrettable that the radars were not properly calibrated.
Measuring cloud echo intensity wouid have produced an
extensive documentation on cioud radar reflecilvity at 35
gHz. especlally for clrrus clouds. which were weil de-
tected by the radar,

More recently, 35-GHz radars were again considersd
for cloud observatlons and some of the available equip-
ments converted into Doppler radars [12), {9], {!). These
radars are equipped with the same magneiron that was de-
veloped eariler, now used in conjunction with a Stalo-
Coho technlque for measurement of the echo phase con-
talning the Doppier tnformation.

The expectation that a shorter wavelength wouid in-
crease cloud radar reflectlvity fuiiier was an Incentlve for
proposing the use of frequencies beyond 35 GHz, The re-
cent development, at 94 GHz, of a receiver iechnology
comparable to that avallable for centimeter-wave radar
design and the availabitity of long-life high-power trans-
mitter tubes (extended interaction oscillator, E!O) pre-
senied the opportunity to design and assemble a cloud ob-
servation radar working at & wavelength shorter than the
previous 35-GHz band limit [6]. it was decided 10 equip
the radar with a modem signal processing system so that
occurate quantitalive measurements ol radar reflectivity.
mean Doppler velocity. and velocity spectrum variance
could be obtained. Primaurily due to the use of the EIO
and a well-designed low-notse local oscillator (phase lock
oscitlator), the radar demonstrated excelient Doppler per-
formance {3). Some of the results of cloud observations
performed with the radar were published previously [3).
[4). This papes summarizes the radar characteristics and
performance as a cloud observing insirument. discusses
signal attenuation by water vapor and hydrometers at 94
GHz. and presents some of the results on cloud and pre-
cipitation observations.

H. RADAR WAVELENGTH ANO CrLoup OBSERVATION
CAPABILITY

Assuming that the radar beam is completely filled by
the distributed target {cloud). the performance of 2 me-
teorologicul radar can be derived rom the following radar
equailion:

10logy = 101log P, = 10 log P,
~ 10 tog (M) ~ 10 log (A,)

+ 10 log (23R) + ¢ (1)
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where n is the radar reflectivity in negative reclprocal cen-
timeters, P, and P,, respectively, are the received power
and the transmitter peak power In watts, A ls the radlal
dimension of the pulse volume. A, is the antenna effective
area, and R is the range of the target, A Is a corrective
1erm that includes transmitter antenna e fficiency ( ~2dB)
and (wo-way signal attenuatlon between radar and target.

It the cloud panticles are so small that even the shortest
radar wavelength Is assoclated with Raylelgh scattering
(cloud panicle diameter smaller than approximately, one-
fourth of the radar wnvelenglh) the mdar reflectlvity fac-
tor, Z = § N(D) D*dD (N in panticles per cubic meter
and D In millimeters), Is given by Z = (nA)/(x*| K |*)
where | K| is a scattering parameter discussed below.
With the more familiar JBZ = 10 log Z units

dBZ = 10 log n + 95.14 + 40 log A —.10 log | K |*
(2)
or
dBZ = 10 log P, + 40 log A — 10 log P,
- 10logh — 10 log A, + 10 log (22R%)
+ 10og [K| + 95.14, (3)

The term containing A shows the drustic inlluence of
the radar wavelength on radur sensitivity ., which is o strong
incentive far the choice of a very shar wavelength for
cloud detection. When examining the ¢ontribution to -

dar sensitlvity from the terms In (3), It should be remem-
bered that echo intenslty measurements are usually per-
fonned using a signul integrator so that the smallest signal
the receiver can deteet Is o function of the number of sam-
ples used in performing the integration. More specifi-
vally, integration of a radar signal P,. which is performed
on receiver signul sumples digitized at the radar repetltion
rate at adjucent range gates, has two effects. Firstly, it
reduces the standard devlation of the fuctuating mean es-
timate to P, /(N,)", where N, is the equivalent number
of independent samples (smaller than the actual number
N of-tamples depending on sample to sample correlstion).

Secondly, it reduces the effective receiver noise level P,

to P,/ N)"' where N is now the actual number of sam-
ples integrated us they are statistically independent from
pulse to pulse. Therefore, for a given signal dwell time,
the radar sensitivity increases not only with the pulse
width {or pulse volume radial dimension. the term con-
taining k in the equation above). bt also with tiie radar
pulse repetition rate. Radar sensitivity for distributed tar-
gets (i.e., clouds) is thus a function of the transmitter av-
erage pawer, nol peak power.

We are now equipped to examine the relative merit
(compared 10 a gypical S-bund radur) for ¢loud observa-
tion of typival radars operating at wavelengths rnging
from S-band (3 GHz) 1o the present technological limii
ol approxiomately 220 GHe. Tuble 1 is based on average
charweteristies of meteoralagical edars acially in use and
show o ahe winelength depembenee ot the tnmsmitter av-
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TABLE
e e T
Transaitter or
Have Average Antenna  fec. NP A Beam  far
length power size figure caln  width fleld Total
=] dB(w) dB(m) {dB) <8 degtee km dn
10.0 0(500) 0{10.0) 0{1) 0 0.7 2,00 0
5.6 ~2(300) -10(3.6) ~1(2) +10 1.0 0.23 -3
3.2 ~3(250) «10(3.00 =2(3) +20 0.7 0.28 +5
0.85  =13(23) «14(2.0) =4(5) +42 0.3 0.47 +11
0.32 ~20(5) =2001,0) -4(5) <80 0.2 0.31 +16
10.14 ~30(0.5) =3(0.2) -7(8) 73 0.3 0.03 +

erage power, antenna size, receiver noise level, 1/N
Rayieigh scottering gain, and the overali merit figure of
the radar for cioud detection. The radir antennu beam-
width and the far fieid factor R = D*/A are also indl-
cated.

Table 1. covering radar wovelengths from 10 to 0.14
cm. shows that, despite {arge varintions of some of the
individual terms, there Is only a relatively smull change
of the overail radar sensitivity for cloud observation, Note
that the above data relates to typical meteorologlcal radar
characteristics that do not necessarily represent state-of-
the-art radar devejopment.

Besides the far field condltion, which. forantennae pro-
ducing the same beamwidth, 1s more favorable at shorter
wavelengths, the most Important considertion for ciose
range detection of weak atmospheric targets is not only
the receiver noise level, but also ground echoes leaking
through the antenna sidelobes. This is especially true for
high-power long-wavelength radars, Assuming the same
sidelobe structure for ail antennae regardless of the wave-
length, the effect of ground echo interference in the mea-
surement of the weak backscattering produced by a smail
cloud at close range can be characterized by the contrast
between reterns from the ground and from clouds. Ground
echoes are caused by a variety of large size targets such
as buildings, trees, terrain, etc. The varation us a func-
tion of radar wavelength of ground clutter radar cross sec-
tion per unit area ¢* is not well known and depends on
the targets, but it seems to increase only very stowly with
a decrease of the wavelength, On the other hand. cloud
echo intensity increases proportionally to 1 /3, or a dru-
matic increase of 60 dB from 10- 10 0.32-cm wavelengih.
Therelore, even with a possible 10-dB increase of 0® with
the sharer wavelengih, the ground ¢lutter-cloud retum
contrast will imprave by at least 50 dB from a tH)- to U.3-
em wavelength, Lt is aur experience that, even surrounded
with buildings. a 94-GHz radar, providing a theoretical
15-dB (no-cluticr) cloud detection impravement over au
S-hand raditr, dues nat show any mensurahle (beas than 20
dB helow receiver noise) ground clutler signal at shon

ranges (200 m) for elevation angles above approximately
5°. Therefore. a miilimeter-wave radar operated in a ver-
ticaily pointing mode (or silghtly off vertical if three-di-
menslonol scanning is required) Is an attractlve solutlon
for the observation of low-zltitude jow-reflectivity ciouds
such as fair weather cumuii. ‘

The 94-GHz rador discussed here provides a Rayleigh
scautering gain of 17 dB over o 35-GHz radar oad has the
following main characteristics: peak power 1.2 kW (10
kW), maximum overnge power 5 W (25 W), antenna size
90 cm (180 cm), receiver double side-band nolse figure
6 dB (5 dB). The numbers quoted within parentheses are
feasible improvements of the radar characteristics that are
not impiemented ot the present time. The radar described
in {1] operates at 35 GHz and has the following charac-
teristivs: average power 25 W, antennu size 180 cm. A
receiver noise power of ~85 dBm is quoted by Hobbs but
with the indicated receiver bandwidth and an up-to-date
mixes, the recelver noise should be down to ~95 dBm
(6-dB DSB noise figure).

Assuming that such a receiver noise improvement is re-
alized in the Hobbs' radar, the 94-GHz radar exhibits a
dB sensitivity gain on cloud detection with a 3-ft dish.
and || dB with a 6-ft dish. With an average power in-
crease 1o 25 W, the sensitivity gain is 17 dB. Small fair
weather cumuli are at the threshold of detection (dBZ ~
~50) and even a reiatively small improvement of the ra-
dar sensitivity may make a signihcant difference in their
deteciability.

The 94-GHz radar has a much smaller size, is operated
at low pawer (a few hundred waits of power supply) and
does not require waveguide pressurization. The 94-GHz
radar also uses a gridded exiended interaction oscillator
(E10%. which exhibits much less intrapulse FM or phase
noise {6) than the magnetron used in the 35-GHz radar.
Thix iy confirmed hy ohservations of Rxed target signal
phase voherence and alsa sests of mean Doppler stability
and speetral variamee on clond echoes {31 that indicate
that the radar phuse naise cantrihition o the measurement
ol Deppler spectrum mowments is neghaihle.
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Fig. 2. Atmospheric antenvation st 94 GHx ax 2 function of specific hu-
midity in grams times cubic meters, &l ground pressure and for two lsme
peratures, 280 and J10°X,

I, Assorerion OF 94-GHz RADIATION BY
ATMOSPHERIC GASES AND HYDROMETEORS

The ciear air residual atmospheric absorptlon in the 94-
GHz window Is due to the skints of the O, and H,0 lines
and depends on altitude (pressure broadening) and spe-
clfic humidlty. There is a smaii variation with tempen-
ture, The absorptlon varies from approximateiy 0.4
dB/km for a jow 0.25 g/m humidity to approximately 2
dB/km for a high 25 g/m?® humidity (see Fig, 2).

Absorption is a iine Integral of the absorption coeffi-
cients evaiuated from the radar to the target. Since, in
clear air, water vapor is the dominant absorption agent,
the maximum zenith absorption (l.e., to the top of the
aumosphere} for a venicaliy polnting beam 1s a function
of humidity conditions and can be derived from the ver-
tically integrated water vapor that Is often characterized
as the precipitable water, The 94-GHz absorption coeffi-
cients based on data by Llebe {8] and Shimabukuro and
Epstein {13] are shown in Fig. 3. The one-way zenith ab-
sorption varies from approximately 0.5 dB for a dry aimo-
sphere (0.6-¢m precipitable water) to more than 3 dB for
a very humid one (5-cm precipitable water}. It increases
by 3 percent for a radar beam 15° off vertical, 15 percent
for 30*, and doubles for 60°, Although the venically
pointing bram mode yields the least absorption, off ver-
tical scanning up to 30" offering a beam scanning ¢apa-
bility can be tolerated even in the case of a humid atmo-
sphere.

Attenuation of 94-GHz radiation by clouds and precip-
itation is caused by: 1) absorption of the radiative energy
being transferred into heating of the particles; 2) scatter-
ing of radiative energy by the hydrometeors. The absorp-
lion cross section @, and the seattering cross section Q,
of a sphere (cloud droplet) much smalier than the radia-
tion wavelength, (Rayleigh absorption) is given by

Q, = =D Im {=K)/\ (3b)
Q. = 23D K /AN : (4)

r

94 GHI DOPPLER RADAR

ZEMTH ATTEMUATION D8 (OME way)
-~

0 I 2 3 4 3 E T
PRECIPITABLE WATER (CM)

Fig. 3, One-way zenith sbsorption as & function of precipitsbls waier, The
solid {ine Ia the mods! propoted by Shimabukuro as & least squares M of
his dats. The circies are the values proposed by Liche on tha basis of his
experiments.

where X = (m¥ — I}/(m* + 2}, and m = n' + in"is
the complex index of refraction of water (or ice). Im
{ ~X) Is the Imaginary part of X. The attenuation ¢ross
sectlon is @, = @, + Q,. Fora cloud of panticles, the
absorption, scattering, and extinctlon coefficlents (in dec-
jbels per kilometer), a,, «,, a, respectiveiy, are ex-
pressed by

a, = 0434 L 0, (5)

(similarly for ¢, e, with the summatlon extendling to all
particles present in a cublc meter of air). In the case of
Rayieigh absorption (droplets much smalier than the radar
wavelength) a, in decibels per kilometer Is glven by: «,
w 8.18M Im (— X}/ where M is the cloud liquid water
in grams per cubic meter.

At 94 GHz, the complex index of refraction of liquid
water must be interpolated between actual measurements
atA = 1 mmand A = 5 mm, using the Debye equations
{11} and is seen to vary with temperature. Table I shows,
at 94 GHz, the real and Imaginary parts of m, the absorp-
tion index Imag (~X }. the absorption coefficients. and
the scattering index | X |

The a, values above are presented graphically in Flg
4 where o, is seen to vary almost lineardly with tempera-
ture, The scattering cross section O, is negligible for Ray-
leigh absorbers. .

In the case of larger size particles for which Rayleigh
scattering is not applicable, the computation of & for a
given cloud or precipitation must be based on a knowl-
edge of panicle size distribution. To overcome this re-
quirement and still provide an insight of the importance
of 94-GHz signal absorpuon by prccupnnuon the cuntri-
bution to o due to 1 g/m of water divided into drops of
the same diameter D is calculaied as a function of that
diameter.

The o, and o, coefficients computed in these conditions |
using Mie tables are shown in Fig. § as a fuaction of D.
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Fig. 5. Absorption a,, scaliaring o,. and aienuation a,, coefliciants at 94
GHz for 3 monadisperse distribution |-gm™* water coment cloud {23°C)
as o funciion of panticle siza. a, {3 also shown for a cloud composed of
spherical ica particlas,
TABLEll
INDEX OF REFRACTION OF LIQUIO WATER ARSOR TION ANO SCATTEMNG TRaMs AT 94 OHz
———
‘ Tesperature n’ n" 1n(-K) e, ddAm/(gm') x|
o' c 2.84 1.48 0.1938 4,80 0.7111
N 15'c I8 3 1,79 0.1614 4.0 0.787
20%C 3.4 2.02 0.1470 3.64 0.828
23°C 3.05 2.05 0.1402 3.47 0.832

for a liquid water content of | g/m’. &, which exhibits leigh region for a panicle size greater than 3 mm. The
a constant valoe of 3.47 dB/km (temperatore 23°C) in  contribution 10 @ «,. which is negligible in the Rayleigh
the Rayleigh region, increases to a maximom of 9dB/km  region, increases 10 a maximum of approximately 8
for 2 particle diameter of approximately 1 mm, and de-  dB/Am for D = | mm, and decreases to approximately
creases to a value smaller than that observed in the Ray- 3.5 dB.km for & = 3.5 mm. )
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In the case of ice particles we have: m = 1,878 + i4.76
10 (0°C) sothat Im( —K) ~ 2 10"*and o, ~ 6.107°
dB/km. Although it may be concluded that, even at 94
GHz, signal auenuation by an ice cloud is negligible, this
is only true for Rayleigh scauering, and perhaps for Mie
scattering if we consider only attenuation causcd by ab-
sorption. At 94 GHz, 60-70 um lce spheres produce a
scattering contributlon to attenuation equal to that due to
absorption. For larger sizes, the scattering contribution
becommes rapidly overwhelming, reaching more than 10
dB/km for particle sizes of D = 1-2 mm. Note that, ex-
cept for solld halistones, the assumption of spherical par-
ticles is not reallstic and should be replaced by the com-
plex structure of sn ice crystal or snowflake for which the
analytical Mle solution {s inapplicable.

IV. CLouD AND PRECIMTATION RADAR REFLECTIVITY
AT 94 GHz

In the Rayleigh reglon, the backscattering cross section

of s sphere Is o » £3D8| X [3/N%, so thst cloud radar re-
flectivhy 7 Is

n = (2| K]/N) S N(D) dD. (6)

glsin recigrocnl centimetera and D and A are In cen-
timeters, | X |* is shown In Table IT and 18 seen to Increase
only slightly with temperature.

Table I shows. at 94 GHz and 23° temperature, the
radar reflectivity of 1 g/m® liquld wster, dlvided In drop-
lets of the same dlameter D, a3 a function of the droplet
diameter D.

For non-Raylelgh scatterers (drops having a dlameter
Isrger than 0.5 mm a1 94 GHz), the computatlon of radar
reflectivity must be performed using the Mle backscatter-
Ing cross section that is shown In Fig. 6. The radar re-
fectivity is glven by an Integral over all particle sizes,
thereby lavolving the drop size distributlon, It was shown
{3} that, assumlag a Marshall-Palmer {1948] drop size
distribution, the maximum tadar reflectlvity encountered
In heavy rain will not exceed 30 dBZ, However, in order
to provide an Insight Into the Influcnce of particle size on
radar refiectivity a1 94 GHz, the contributlon to radar re-
flectivity arising from 1 g/m® of water divided into drop-
lets of a given diameter D is shown In Fig. 7 as a function
of D for both water and ice. A maxlmum reflectivity Is
reached if the same liquid walter is divided into I-mm
drops. Larger sizes are associated with less reflectivity;
however, there are deep oscillatlons of the function in the
precipilation particle size range. Comparing the scattering
functions for ice and water indicates that, for Rayleigh
scattering, there is an increase of reflectivity of approxi-
maicly 6 dB if a panticle changes from ice to water during
melting. However, this effect is reversed for particles of
larger size for which Mie scattering applies. Indeed, at 94
GHz, backscatiering by ice spheres having a diameler
greater than 2 mm is much stronger than that produced by
water spheres of the same size.

The presence of decp Mie scantering oscillations within

LA BN B |
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HO t 2 3 4 S
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Fig. 6. Backscausring crous section of waier and ice spheres at 94 OH1.

TABLE Wt
D nlam? dB2
typ 4.6 107 -57
10 p 4.6 1074 -27
100 p 4.6 107" +03

the mindrop size range may provide an opportunity to re-
moilely idemify raindrop size. This is realized, for in-
stance, if observation of the Doppler spectrum { density
distribution of refectivity dn/dY as a funclion of rdial
speed ¥ ) is made in rain conditions at venical incidence.
To illustrate this method. Fig. 8 shows a theoretical eval-
vation of @ Doppler specirum observed a1 vertical inci-
dence in 2 1'mm/h rainfall assuming a Marshall-Palmer
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Flg. &. Doppler specirum at vertical incidenca for a t-mm/h ralnfall 33-
suming 8 Marshalt-Palmer drop sizs distributlon, calculated at $4- and
9.3-GHz radar frequency.

drop size distribution. The oscillations of the Mie scat-
tering functions are cieariy visible. The Doppler spectrum
observed in the same mainfall but at 9 GHz is also shown
for comparison. Fig. 9 shows the ratio r between the two
(94 and 9 GHz) spectra. This ratio 7 is independent of
the drop size distribwiion and only a function of drop size
and, if air vertical velocity is neglected, a function of the
raindrop vertical velocities or Doppler frequency shifts at
vertical incidence. One vees that in the Rayleigh region,
r is 40 4B, which refiecss the A4 relationship, decreases
to 15 dB for D = | mm, and then oscillates with well
defined maxina at D = 2.2, 3.5, and 4.75 mmn. 7 is also
shown for ice und indicates that the rolloff of the function

1 3 L i [
I S S R S —
D Imm]
Fig. 9. Ratlo between Dopplar specirs at 94- end 9.3-GHz wavelangth as
& function of purticle dismeiar. Thin mtic is sfectively represanied by

the ratio batween rdar eross sections ot the two wavelengths, The resulus
s1¢ 3130 shown for iee apheres,

with increasing particie diameter is {imited to less than 15
dB instead of 40 dB in the water case. This may offer a
means to differentiate between raindrops and halistones.

V. StonNaL PROCESSOR ANO RaDAR PERFORMANCE

The radar Is equipped with an autocovariance processor
(pulse puir processor) and a signal integrator thut were
both described earlier {2). The two terms of the autoco-
variunce function and the signal compiex square (0 lug
correiation term) as weli as the Integration of u jog re-
ceiver signal are evaluated in reai time with a fast dighai
hardware processing unit and recorded on magnetic tupe,
The computation of mean Doppier and spectrai width,
which is performed by 2 microcomputer from the re-
corded duta, was discussed previously {2}, Thls method
allows Hexibility for the computation of spectrai mn-
ments. purticularly usefui for the caiibration of the spec-
trum width for which receiver noise has to be estimated
{7). The processor produces pulse pair data continuously
evaluated at 400-ns range intervais. Most of the duta re-
corded so far were obtained with a 10-kHz PRF ( £8 my/s
unambiguous Doppler velocity range), a2 0.4-ps pulse
width providing a range resoiution of 60 m, and 32 000
samples (3.2-s dwell time) used in the evuluation of the
autocovariance and signal intensity teems. In these con-
ditions. mean Doppler, spectral width, and mean signal
intensit can be extracted from signals 22 dB below the
receiver noise ievei {3).

The radar has been operated with a transmitter peak
power of 1.2 kw (pulse width 0.4 us), and 9 $0-¢m di-
ameter anienna with a one-way efficiency fuctor estintted
to be 2 dB. I[n these conditions, the minimum rador re-
Recrivity that can be detected by the radar at a 1-km range
is given by insenting these values in (1), We have

10log p = P, (dBm) — 18 + 20 lvg R 17

or using the more familiar JBZ with 10 log n = dBZ -
76.2 m 94 GHz. we have

JBZ = P, (dBm) + 578 + 20 lou R, (X}
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The above values only apply to Ruyleigh scattering. For
larger particles, we must define an equivalent Z,, i.e.. the
radar reflectivity factor of Rayleigh-scattering raindrops
required to produce an echo intensity equal to that ob-
served.

In the radar receiver, the signal et the output of a log-
arithmic amplifier is integrated using 32 000 samples so
that its level is determined with epproximately 0.01-dB
precision. The method for extracting the signal power P,
is based on measuring the ratio, &« = (P, + P,)/P, (P,
is the noise power), and then computing P,/P, = 10* -
1. Assuming that the nolse at the output of the receiver ls

-entirely due to the 94-GHz receiver Input noise and estl-

mating this nolse from recelver calibration using solar ra-
diation recelved by the antenna {3} provides a technique
for the measurement of signal power, Using 32 000 sam-
pies In the integration ylelds a theoretical noise reduction
of 22 dB, which is confirmed by our tests. The receiver
noise power is estimated to be ~93 dBm (15-MHz re-
celver bandwidth, 6-dB DSB noise figure) so that the
minlmum detectable signel In these condltlons is about
~ 115 dBm. If we report these data in (8), the minimum
dBZ velue that the rader cen detect at a 2-km range (typ-
lcel boundery leyer cloud top) Is ~ =50 dBZ. Table 11l
indlcates thet = 50 dBZ is the radar reflectivity of a cloud
wlth 10 mg of liquid weter and a particle size of 10 am,
which s tess than the typleal condltlons encountered in a
felr weether cumulus.

Vi. Moot or OreraTioN AND REsuLts or CLoup
OBSERVATION

One of the project objectlves was to observe the verticel
air vetocity w. which. in the cese of very small droplets
having negligible terminal veloclty, Is direcily measured
using a fixed vertically pointing radar beam. Thls mode
of operatlon ylelds e vertical cross section of the observed
clouds where time can be repleced by a space coordinate
if 1t is essumed thet the clouds are at 2 nearly steady state
end translating at 2 fixed speed. This ls ecceptable for
stratiform clouds or precipltatlon conditions. In the case
of an isolated cloud such as e falr weather cumulus, the
method can still yleld very useful data but cen be edvan-
tageously repluced by a two-dimensional cloud scenning
methodology. The radar beam is now scanned slightly off
verticat (i.e., en elevation angle of 90 + 15° that does
not appreciably change the signal attenuation conditions)
and that, combined with the cloud motion, yields en ef-
fective three-dimensional probing of the cloud. The only
problem is the coniamination of vertical velocity by hor-
izontal velocity, which occurs for nonvertical beam an-
gles, However. if the technique is applied to the obser-
vation of u fair weaiher cumulus moving in a well-defined
dircction, 1he scunning can be done in a direction perpen-
dicular to the cloud mation so that any comribution to
radial velogity by the cloud horizontal velocity is mini-
mized,

Such three-dimensional scanning is now planned bu all
the 94-GHy rudar observations of clouds In the pist were
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performed using a fixed vertically pointing radar. This
methodology is appropriate for the observation of cloud
layers such es stratus, stratocumulus, cirrus, and also
stratiform precipitation. Incidentally, the experience ec-
quired using the radar indicates thet data in stratified,
slightly precipiiating, nimbostratus clouds are obtained up
to the cloud top at 8 km. High-eltitude ( 12-14 km) cirrus
are always detected even if barely vigible with the naked
eye.

In the case of Isolated clouds such as falr weather cu.
mull. there is oniy a small probabillty for the cloud to pess
overhead wlith the radar Intersecting the cloud center so
that a representatlve vertical cross section of both radar
reflectlvity and vertical velocity could be obtalned. Dur.
Ing a two-month cloud observation campaign 1n the 1986-
1987 winter In Florida, we were fortunate to find that, at
centain occaslons, the mdar happened to be undemeath a
line of cumull that were systematically moving with the
environmental wind and that some of these clouds were
passing directly overhead with the radar beam golng
through the cloud center. These were conditions favorable
for acquisition of vertlcal veloclty and radar reflectivity
dace In a cloud reglon representative of the cloud ¢lreu-
letlon. To conflrm this favorable aspect of the observa-
tlons the visual Imege of the clouds passing directly over-
heed was recorded by e video camenn,

An example of the results Is shown in Fig. 10(a) end
(). The dete presented are radar reflectlvity end vertical
veloclkty In a venticel cross sectlon defined by the trans-
latlon of the cloud through the radar beam. These deta
were presented before (4), but they have been reaneivzed
to show mors detell in both the reflectivity and the radlal
velocity fleids. The mdar reflectivity fleld Is shown in Flg.
10¢a). The meximum radar reflecilvity Is ~31 dBZ end
the minimum detectable refectivity is =50 dBZ. There is
¢ sharpty defined cloud top due to a temperature inversion
clearly Indiceted by the radiosonde data collected thet day
[4]. The cloud base Is not es well defined and exhibits a
noticeable variebitity. The venical veloclty Is shown in
Fig. 10(b) and reveals the presence of a strong updraft
region (updraft maxlmum velocity 3 m/s) In the cloud
center and two significant downdrafis below and towerd
the cloud’s leeding edge. Comparing the velociiy and the
radar refiectivity fields indicaies that the bulk of the up-
draft is just below (and slightly agging in time) a region
of high radar reflectivity . although the downdrafts are al-
ways in a region of very low radar reflectivity. The pres-
ence of the updraft is associated with ocal rising of the
cloud top (1t} strongly capped by ihe temperature inver-
sion lid). and the downdrafts are associaled with a local
lowering of the ¢loud boitom that can considerably diston
the cloud base.

Fig. 11 shows another type of data collected by the mil:
limeter-wave radar, These observaions were made
through the meliing region of a strmiform ¢loud previ-
ously named “bright hund®® bevause of a systematic max-
imum of echo intensity observed just below the 0° iso-
therm. The previous brizht hand observations with cen-
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limeler-wuve radars were characterized by a well defined 94 GHz, of vertical profiles of both radar reflectivity and
refiectivity maximum and laler, when Doppler radars be-  meun Doppler velocity are presented in Fig. 11, Although
came available, by a sudden increase of the particle ver-  these observanons were acquired at different limes and
tical velocity due to melling {5]. locauons, they exhibit the same general characteristics.

Several cases of such siraliform cloud observations, ut - Firaly, there is the same sudden change of the particle



vertical velocity—attributed to the onset of particle melt-
ing wheo they full through the mehing zone—which was
previous ohserved by centimeter-wave radars. There is
also. on the top of the melting zone. the same 6-7 dB
increuse of radar reflectivity that was observed by centi-
meter-wave radars and is attributed to the change of index
of refraction from ice to water. However, the 94-GHz ob-
servations show that, although the particles” acceleration
in the melting zone is comparable 1o that observed with
centimeter-wave nadars, it is no fonger associated with a
decrease of the reflectivity observed when descending
through the meiting zone, The decrease of radar reflectiv-
Ity below the maximum ciearly observed with centimeter-
wave radars was primariiy etributed to the decrease of
particle concentration—-and thus radar reflectivity—due to
the systematic acceleration of the particles through the
melting zone end. to a lesser degree, to the shrinking of
particie size due to melting. Since that reflectivity de-
crease is not observed by the 94-GHz radar aithough the
purticie acceleration through the melting zone Is still ob-
served. we must conciude that, when particles shrink dur-
ing thelr melting—and thus nccelerate—their radar cross
section (and therefore the radar reflectivity) increases, The
answer to this appurent anomaly may be found in Fig. 6,
which shows that. due to the pecullaritles of Mie scatter-
ing. the radar cross section of a 1.5-mm particie will in-
crease by more than 10 dB if it shrinks t0 a 1-mm rain.
drop. The minimum of radar reflectivity above the melting
band observed with the mlillimeter-wave radar. which Is
somelimes associaled with an increase of the panicles’
ventical velocity, may also be attributed to the same Mie
scaitering behavior, The dula presemied in Fig. 11 were
all acguired in very light precipitation conditions (1ruce
to lessihan | mm/h) with o mean Doppler velocity below
the melting region reaching approximaiely 4 m/s, which
is the terminal velocity of a 1-mm raindrop.

VIl. Concrusion

The 94-GHz Doppler described here is aboui the shon-
est wavelength rudar that can be assembied for meteoro-
logical use, Radar components are available off-ihe-shelf,
The radar is very small. can be easily transponted, and has
demonsirated excellent Doppler performance. Its capubil-
ities for cloud detection and its portability make it a good
cloud physics tool, useful for the siudy of boundary layer
cumuli and clouds in the initial stages of their develop-
ment,

Because of the deep Mie backscutering oscillmiions oc-
curring in the reindrop particle size range, the 94-GHz
radur is ulso an atiractive choice tor Jdrop size disiribulion
measurements bused on 2 multiwavelengih methodology,
with the 94-GHz radur observinions done joinily with an
S-band or an X-bund radar.
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A 94-GHz Doppler Radar for Cloud Observations
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Raosenstiel Schooi of Marine and Atmospheric Science, University of Miami, Miami, FL 33149
(Manuscript recelved 21 August 1985, in final form 24 Junc 1986)

ABSTRACT

A Doppler radar operating at 3.2 mm wavelength

was designed and assembled primarily for observation of

clouds and precipitation. Phase detection of the radar signals which is required for Doppler operation is imple-
mented through the use of a coherenl oscillator phase locked on the transmitter pulse and used as a reference
in the phase detector, The radar and associated signa! processing techniques such o3 signal Integrator and signal
sulocovarim:ce estimator are discussed along with the Doppler performance of the radar, Also presented are
the results of observation of ice and water ¢louds and also precipitation, which show the excellent Doppler
capabilities of the radar in terms of accuracy of the mean Doppler and Doppler spectrum width.

1. Introduction

Observation of motion and growth of small hydro-
meteors, such as cloud droplets, is a powerful method
for the study of the physics and dynamics of clouds in
carly stages of their development. A Doppler radar can
be used for this purpose as it can monitor particle
growth by measuring radar reflectivity, as well as si-
multaneously cbserving updraft and entrainment aris-
ing from latent heat relcased by condensation and/or
freezing processes.

Centimeter wavelength .ndars may have the sensi-
tivity required to detect small cloud droplets if these
radars are equipped with a high power transmitter and
a large aperture antenna. Hovever, this approach in-
volves bulky and heavy equip1 1ent while short range
performance of such radars is usually limited by ground
clutter. Since the backscattering from small targets such
as cloud particles increases proportionally to A™4, a rel-
atively low power radar operating at a shorter wave-
length may constitute a better alternative. Signal ab-
sorption due to atmospheric gases, clouds and precip-
itation may be prohibitive at certain wavelengths.
Figure 1, derived from Liebe’s (1985) data, shows at-
mospheric attenuation for centimeter and millimeter
wavelengths. At low humidity, spectral windows suit-
able for radar operation are clearly identified. The fre-
quency bands are: K,-band (35 GHz, A = 0.85 mm),
W-band (94 GHz, A = 3.2 mm), F-band (140 GHz, )\
= 2.14 mm) and G-band (220 GHz, A = 1.36 mm).
Note that in high humidity conditions, these *“‘win-
dows” are almost filled.

The shortest wavelength used in previous meteo-
rological radars was A = 0.85 cm (K,-band), W-band
radar components are now available at an affordable
cost and, since the A™* improvement at 94 GHz is 40
dB with respect to X-band and 17 dB with respect to
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K,-band, a W-band Doppler radar can be considered
for cloud observations, The W-band radar has the ad-
vantage of Jow power, lightness, smill overall size and
mobility. Thus, it can be casily transported in a small
vehicle or installed aboard an airplane or an crbiting
satellite. When compared to that of a longer wavelength
radar, the W-band radar performance at short range is
less likely to be degraded by ground clutter, thereby
allowing observation of targets in close proximity of
the radar (less than 100 meters).

A 94-GHz meteorological Doppler radar has been
proposed (Lhermitte, 198]; Lhermitte and Frush,
1985). The radar has now been constructed and op-
crated for cloud and storm observations; this paper
presents the radar design, an evaluation of the radar
performance, and some preliminary results,

2. Pulse Doppler Radar Deslgn
a. Pulse Doppler technigues

Pulse Doppler radars measure the pulse-to-pulse
echo phase change due to target motion and convert
it into a Doppler frequency shift. Echo phase mea-
surements can be performed using cither one of the
following techniques:

1) The transmitter pulse is produced by high power
coherent amplification of a pulse sample of a frequency
stable signal (STALO). The STALO signal is also used
as a phase reference for incoming echoes;

2) The transmitter is a pulsed high power oscillator
producing an RF pulse with a random phase. Either a
frequency stable reference is used to measure the phase
of both the transmitter pulse and the echoes associated
with it, or the transmitter pulse synchronizes a coberent
oscillator (COHO) acting as a phase reference for the
incoming echoes.
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Phase coherent power amplification at 94 GHz can
be implemented with a high power (1 kW peak, 5 watts
average), low phase noise, pulse coherent amplifier re-
ferred to as an Extended Interaction Amplifier (E1A).
The EIA appears to be an optimum device for a mil-
limeter-wave Doppler radar because of its low phase
noise; however, its cost is high. A much less expensive
power oscillator tube, the Extended Interaction Oscil-
lator (E1O) delivers the same power as the EIA and,
used as a pulsed oscillator assisted by phase locking
circuits, represents a more economical alternative. The
E10O solution was selected for our Doppler radar design
based on a phase-locking COHO technique,

A block diagram of the millimeter-wave Doppler
radar is shown in Fig. 2; Fig. 3 shows a photograph of
the equipment, The radar operates at a frequency of
93.95 GHz and is equipped with two (for transmission
and reception) Cassegrain antennae (3-foot diameter
dishes, 0.27° 3 dB beamwidth). The izolation between
the two antennae exceeds 80 dB. The Cassegrain fecd
configuration allows the transmitier or receiver to be
attached directly to the back of its respective antenna
s0 that waveguide losses (3 dB ') are minimized.
The entire radar is set on a rigid frame that can be
tilted and rotated in azimuth; thereby offering antenna
scanning capabilities.

b. Transmitter

Doppler radars with magnetron transmitters have
been implemented at K,-band (Pasqualucci et al., 1983,

Hobbs et al., 1985). A magnetron delivering 10 kW at
94 GHz is available off-the-shelf, but its choice was
rejected because of short life expectancy and unknown
intrapulse phase noise. The EIO has a demonstrated
longer life and is believed to have lower phase noise,
so that even if it delivers less power (1 kw pecak), it was
considered a better solution. Also, the E10O can be gated
by applying a low power pulse to an input grid which
controls the hig. power outpot pulse, The de high volt-
age main power source is constantly applied to the tube,
and there is no need to switch on a large amount of
power to produce the transmitter pulse, a basic re-
quirement for pulsed magnetron operation. Therefore,
frequency stability and full power are rapidly estab-
lished at the start of the transmitted pulse and intrapulse
frequency modulation is 1educed.

Considerable effort was devoted to the modulator
design. This and the ElO performance resulted in a
transmitter pulse with a 3 ns rise time and a 5 ns fall
time and intrapulse frequency nrodulation and phase
noise small enough to ensure satisfactory Doppler op-
eration. Figure 4 shows an example of the transmitter
pulze at the output of the mixer used in the phase-lock
operation. Note the very short rise and fall times, The
pulse width can be set between 0.1 and 2 gs and the
pulse repetition rate can be adjusted between 2.5 and
20 kHz. Although not considered in this early design,
a transmitter pulse as narrow as 20 ns (3-meter range
resolution) can be produced. Such an improvement of
range resolution would require an increase of the IF
frequency from its present value of approximately 60
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FIG. 2. Radar block diagram,

MHz to perhaps 160 MHz or more to accommodate
the need for a larger bandwidth (50 MHz).

¢. Receiver

Phase-coherent translation of rf echoes to the 55
MHz IF frequency is performed by a low-noise mixer-
preamplifier and a 94-GHz frequency stable local os-
cillator (STALQ). The STALQ is a Gunn diode phase
locked oscillator (PLO), referenced to a 100-MHz
crystal oscillator. The PLO signal has the frequency
stability and low phase noise of the crystal oscillator
reference. The mixer-preamplifier noise figure is 6.5
dB double-sideband, and the equivalent receiver noise
power is P, = —93 dBm (30 MHz double sideband
as a preamplifier-filter front-end is not available at
94 GHz).

A separate mixer-preamplifier provides a sample of
the transmitter pulse downconverted to IF, needed for
COHO synchronization. The 94 GHz «f signal input
to the mixer is derived from a 20 dB coupler inserted
between the EIO output and the transmitter antenna;
an additional 80 dB attenuation in an attenuator-
waveguide assembly sets the RF pulse at the input of
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F10. 3, Photograph of the Doppier radar,

the mixer to a —40 dBm power level. The IF phase
reference pulse (3 GHz bandwidth) at the mixer output
shown in Fig. 4 synchronizes the COHO oscillator
when it starts to oscillate. The COHO continues to
oscillate, retaining the phase of the reference pulse dur-
ing the interpulse time, until it is disabled a few mi-
croseconds before the next transmitter pulse.

A conventional dual-mixer system acts as a phase
detector producing the familiar coherent video com-
posed of two in-phase, I, and quadrature, Q, signals.
Figure 5 presents an example of the I or Q signal as-
sociated with the transmitter pulse as a test of radar
phase coherence, Note that the COHO frequency is
intentionally shified (approximately 2 MHz) with re-
spect to the |F frequency and that phase coherence is
still obtained. The low phase noise performance of the
radar was further tested by observing the coherent video
for fixed targets shown in Fig. 6.

3. Slgnal processing, radar sensltivity and callbration
a. Signal processing

The I and Q coherent video signals and the signal
at the output of a logarithmic amplifier are sampled
and digitized at range gate positions by three 8-bit an-

FiG. 4. IF signal {35 MHz) at the output of the mixer-preamplifier
used for phase lock. Mixer inputs are 94 GHz E1O transmitter pulse
and PLO CW signal. Pulse width is 0.1 us.
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Fig. 5. 1 or Q coherent video signal at the output of the phase
demodulator occurring during the transmitter pulse. PRF: 10 KHz,
2.second exposure time, pulse width 1.5 us, COHO/IF fiequency
offset 2.0 MHz,

alog-to-digital converters. The converters are of the
flash type with a conversion time less than 100 ns.
Video samples can be recorded at 100 ns time intervals
if a fast puffer memory is used, and Doppler spectra
calculated off-line. This method is complex and leads
1o a relatively slow data throughput rate, considerably
smaller than that achieved using a signal processing
autocovariance technique originally proposed by
Woodman and Hagfors {196%) and named “pulse-pair”
(PP) later. In the first phase of this project, directed
primarily toward exploring the millimeter wave Dopp-
ler radar capabilities for meteorological research, we
have selected the PP method to provide continuous
processing of mean Doppler at all available mnge gates,
Our PP processor requires 8 minimum of 300 ns to
perform the complex multiplication and integration
needed for calculation of the autocovariance in real-
time, therefore setting the limit to the minimum avail-
able time interval between range gates, The processor
can caiculate signal autocovariance at all the range gates
available in the pulse repetition period up to & maxi.
mum of 1024,

The PP method has often been discussed {i.e., Dov-
jak and Zrnié, 1983), and the following is a brief sum-
mary of the theory and operation of the PP processor
designed for this project. The complex autocorre ation
function of the backscattered signal is:

(1) = pdr)e 35 (1)

where 7 is the time lag and p{r) is the autocorrelation
function amplitude only dependent on signal band-
width. The f; is rigorously equal 10 the mean frequency
(first spectral moment) for symmetric spectra but only
very slightly dependent of spectrum nonsymmetry
(Sirmans, 1975).

We can express p{7) by:
pdr)=e 2" (2)
where o is the spectral variance. Equation (2) applies
rigcrously to a Gaussian shape spectrum; however, it
is a very close approximation for most spectrum shapes
(Lhermitte and Serafin, 1984),

In our processor, the real and imaginary terms rep-
resenting the complex signal autocovariance for a time
lag equal to the interpulse time and the (I + Q%) term
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representing the zero-lag reference are calculated in real
time at each range gate and recorded on: magnetic tape
(16-bit words). An off-line computer performs the cal-
culation of /; and o following Eqs. (1) and (2).

Some of the observations presented here were made
in very low signal-to-noise conditions. White noise does
not bias the estimate of /; {it only increases its variance).
However, the noise contribution, Py, 10 the {1* + Q*)
term representing the zero lag autocovariance ampli-
tude 1_ference must be removed in the spectral width
computations, as this term must relate to signal au-
tocorrelation function amplitude only. The long signal
integration time used in our observations allows precise
determination of P, in echo free regions, which can
thus be subtracted from (1> + Q) for spectral width
computation. We have used this procedure for the
spectrum-width data presented here, However, this
method only removes white noise contribution from
the receiver. All white noise contributions including
the presence of noise in backscatter or radar phase noise
can be canceled by calculating p, and p; for two pulse-
repetition periods 7, and 75, The signal spectral vari-
ance is then expressed by (Lhermitte and Serafin, 1984)

o’ = In(p\/p2)/ (2% - 72%) &)

This improved noise correction method will be im-
plemented later when the radar is equipped with dual
pulse repetition rate capabilitics.

b. Atmospheric and hydrometeor absorption

The absorption spectrum for atmospheric gases is
shown in Fig. 1. The 3-mm wavelength is inside & win-
dow that contains the skirts of the 60 GHz and 118
GHz O; lines, and also the skirt of the intcnse 184
GHz H,0 line which makes absorption in this window
strongly dependent on atmospheric water vapor, Figure

F1G, 6, Coherent video signal (1 or Q) on fixed 1argets. a. targets al
750 melers and 1 km; b, targets at ~2 km on an expanded scale.
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7 shows the absorption coefficient at 94 GHz derived
from Liebe’s (1985) data, as a function of specific hu-
midity. One sees that with 25 g m™~* humidity, the ab-
sorption coefficient is about 2 dB km™' (one-way). For
a vertically pointing radar beam, zenith absorption is
mueh less significant because of the systematic decrease
of both water vapor amount and pressure broadening.
with altitude. Shimabukuro and Epstein (1970) have
collected a large number of observations of clear air
attenuation at 94 GHz using solar radiation as a source;
an empirical least squares fit of their measurements of
zenith absorption versus precipitable water is shown
in Fig. 8. The same data computed by Liebe (1985)
from laboratory experiments are also presented for
comparison,

For small spheres nf diameter D, the absorption eross
section @, = (x*D°/)) Im(—K) (Rayleigh approxima-
tion), where K = (m* — 1)/(m* + 2) and m is the com-
plex index of refraction. At 94 GHz, m = 3.5 + 2.05i
for water (25°C)and m = 1.78 + 4.76 X 1074 for ice
(Ray, 1972), so Im{—K) = 0,1402 for water and 2.5
1074 for ice. The (2, is proportional to particle mass so
the absorption coefficient is proportional to cloud or
fog water content. The calculated one-way absorption
per g m™ of liquid water varies almost linearly with
temperature from 3.47 dB km™' at 23°C to 4.8 dB
km~" at 0°C.

Precipitation partieles whose diametcr exceeds ap-
proximately 0.2 mm are not Rayleigh absorbers at 94
GHz, and Q, must be caleulated using the Mie equa-
tions, Furthermore, the scattering cross section Q, ex-
ceeds Q, for water partieles with a diameter greater
than 1 mm, At 94 GHz, the attenuation coefficient
(including scattering) 8 (in dB km™!), calculated for
rainfall and assuming a Marshall-Palmer {Marshall

dB/Km (ONE WAY)

o 1 | 1 |

20 30 40 50

qgrm

FiG, 7. Almospheric allenualion a1 94 GHz as a function of speafic
humidily ing m™?, at ground pressure and for 1wo lemperalures, 280
and 310 K.
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least squares fil of his data. The heavicr line indicates the range of
the Shimabukuro data. The circies are the values proposed by Liebe
on the basis of his experiments. Nole the very good agreemeni between
1wo completely independent sets of data.

and Palmer, 1948) drop size distribution MD)
= Ny exp(—AD)} N, = 8+10% and A = R**, R rainfall
in mm h™, is approximately 8 = 0.9R**; this equation
agrees reasonably well with experimental measure-
ments.

¢. Rayleigh-Mie backscattering

Water or ice spheres with a diameter smaller than
approximately A/4 are Rayleigh scatterers and their ra-
dar eross section, S5, is

S, =w|KPRDAA, (4)

At 94 GHz, |K]* = 0.813 for water (temperature
20°C) and 0.173 for ice. Since |K|* does not vary sig-
nificantly for longer wavelengths, S, for Rayleigh scat-
terers at W-band is 17 dB. This is 40 dB higher than
that at K; and X-band, respectively. The S, values cal-
culated at 94 GHz using the Mie equations are shown
in Fig. 9 as a function of particle diameter, D, for water
(0° and 20°C) and ice. Rayleigh scattering, which is
acceptable for D > 8 mm particles, is also indicated in
Fig. 9. Above D ~ 1.8 mm, the Mie backscattering
values oscillate and are consistently 15 to 25 dB below
Rayleigh backscattering. The Mie computations for K,-
band and X-band are also shown in Fig. 9 for com-
parison.

For Rayleigh scatterers, S, is 6.7 dB less for ice than
it is for water. However, at 94 GHz, precipitation par-
ticles with D > 1 mm are more efficient scatterers if
they are made of ice rather than water (see Fig ™. This
fact was recognized long ago for centimetr  .ars de-
tecting large hailstones (Atlas et al., 1960). However,
at 3-mm wavelength the increased backscatter for ice
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FI1G. 9. Backscattering cross section of water and ice spheres versus
their diameter at 94 GHz. The results for 35 GHz and 9.3 GHz are
also indicated for reference,

occurs for millimeter size particles commonly found
in clouds. As a companison, the increased backscatter
for ice at K,-band occurs for particle sizes D> 7 to 8
mm, definitely greater than the size of ice particles in
clouds except for large graupel and hailstones.

Radar reflectivity is expressed by » = [MD)
X S{D)D, where N(D) is the drop size distribution.
The reflectivity factor is Z = [ MD)D®dD and implies
Rayleigh backscattering. At 94 GHz and assuming
Rayleigh scatten ng the relationship between Zin mm®
m~>and pincm™' is

Z=421X10, {3)

Precipitation particles at 94 GHz are Mie scatterers
and an equivalent radar reflectivity factor, Z,, denved

1
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from Eq. {5) using the actual » calculated using Mie
backscattering cross sections, must be expressed,

The Z, computations at 94 GHz, based on a Mar-
shall-Palmer dropsize distnbution, are presented as a
function of rainfall rate, R, in Fig. 10 in mm h™". For
Rayleigh scatterers Z is also shown and one sees that
Z, is always smaller than Z, with Z/Z, increasing to
25dB for R = 100 mm h™". Since the ratio S/ M, where
M is the particle mass, decreases with increasing D, a
narrow dropsize distribution concentrated around the
virtual maximum raindrop size (5-6 mm), produces
even slightly less Z, values for the same precipitation
intensity. The 3-mm wavelength radar reflectivity of
rainfall cannot be greater than approximately 1.5
X 1078 ¢cm™, or an equivalent Z, of 30 dBZ, s com-
pared with 55 dBZ values or more for centimeter
wavelength radars, Large ice particles (i.e. hailstones)
can increase Z, to 1more than 30 dBZ, still less than
the radar reflectivity observed using centimeter-wave
radars. The fact chat, at 94 GHz, large raindrops do
not dominate backscatter renders the relationship be-
tween radar reflectivity and rainfall rate much more
sensitive to small particle deficiency {compared with a
M-P distnbution) often observed in drop size distr-
bution measurements. This may invalidate the use of
& M-P drop size distribution for the interpretation of
racs” oicctivity data at a 3-mm wavelength.

The expression for mean Doppler velocity, V, at
vertical incidence is

V= fN(D)S,(D) WD)dD / f ND)S(D)YD (6)

where V(D) is the particle vertical velocity. Assuming
that precipitation particles fall at their terminal velocity
and using 8 M-P dropsize distribution and the Mie
scattering function allows calculation of the V-R re-

dBZ

R {mmtr')

Fic. 10. Radar reflectivity factor, Z, as a function of rainfall rate
for a long-wavelength radar (Rayleigh scattering) and a 94-GHz radar.
Marshali: Palmer dropsize and the Gunn-Kinzer vertical velocity/
diameter relationship are used.
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lationship at 94 GHz shown in Fig. 11 for rainfall at
sea level, together with the V-R relationship proposed
by Joss and Waldvogel (1977) for microwave radar. At
94 GHz V for very heavy rainfall (100 mm h~')is S m
5~ instzad of 9-10 m s~ for the J-W relationship, ow

ing to the relatively stronger contribution to backsca-
tering (compared to microwave) by smaller particles.

d. Radar equation and radar parameters

With the acceptable assumption that meteorological
targets fill the radar beam completely, radar reflectivity
can be expressed by the following simplified radar
equation, presented in a logarithm form for conve.
nience.

10 logy = 10 logP,— 10 logF; + 10 logdxR?

~101logh—101ogd, (7)

where 7 is the radar reflectivity of the meteorological
scatterers, P, the echo power, P, the transmitter peak
power, i = t¢/2 the scattering volume radial dimension,
A, the effective area of the receiving antenna, and R
the target distance,

The transmitter antenna efficiency including the loss
of signal in the antenna sidelobes must be included in
A, as well as the loss of sensitivity arising from the only
partial merging at close range of essentially parallel an-
tenna beams, The antenna radiation paitern is not ac-
curately known, but it is unlikely that the antenna ef-
ficiency and beam merging correction exceeds 3.5 dB.

With this correction included, and using P, = | kW
peak, a 3-foot antenna diameter, and /# = 60 m (400
ns pulse), the radar reflectivity is

10 logn = P,(dBm)~23.5+20logR  (8)

where n isin cm™!, P, is the received signal intensity
in dBm, and R the target distance in km.
Or,in dBZ:

dBZ = P,(dBm)+ 53+ 20 logR.

9

"
~ o, (94 GHL)
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FiG. 11. Mean Doppler velocity at vertical incidence as a function
of rainfall 1nlensity for cenlimeter wave radar (Rayleigh scattering
accepted), and for 94-GHz radar data. M-P dropsize distribution
and Gunn-Kinzer vertical velocity/size relationship are used. The
spectrum width, ¢,, for the 94 GHz data is also presented.
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Ata 3 km range, a cloud reflectivity of approximately
—30 dBZ will produce a signal equal to noise (—93
dBmy, this is the radar reflectivity at 94 GHz ofa | g
m™? liquid water cloud composed of 10 u particles,

e. Signgl-to-noise improvement and radar receiver cal-
ibration

This section discusses the effective signal-to-noise
gain due to signal integration, and signal intensity cal-
ibration methods. The results presented here were ob-
tained using a 3.2-sec signal dweli time and a 10 kHz
PRF, providing 32 000 samples for the computation
of signal autocovariance and signal intensity for cach
range gate. This unusually large sample size results in
very small variance of the estimates and enables mea-
surement of signal intensities which are much less than
the receiver noise,

Mean intensity which yields radar reflectivity is the
mean square of the backscatter amplitude. However,
mean signal intensity is usually derived from integrat-
ing the signal at the output of a radar receiver and, if
the radar receiver input/output transfer function is not
exactly quadratic, the receiver calibration performed
using a nonfluctuating signal must be corrected, For a
logarithmic amplifier, this correction is +2.5 dB for
large signals and 0.5 to 1 dB for weak signals for which
the logarithmic amplifier transfer function becomes al-
most linear (Lhermitte and Kessler, 1966). In our radar
processor, an arbitrary correction of +0.5 dB, below
—80 dBm and +2.5 dB above —80 dBm, is applied to
the logarithmic signal integrator output. The I and Q
signals below saturation are produced by an essentially
linear receiver-phase detector transfer function and the
(P + Q%) integration data need not be corrected.

A calibrated signal source at 94 GHz was not avail-
able for calibration of the radar receiver and we had
to consider an alternate radar receiver/integrator cal-
ibration technique. Let P, be the 94-GHz noise power
and P, the received signal at the input of the millimeter
wave receiver. Assuming independent (Gaussian) pro-
cesses the signal plus noise power is Py, = P; + P,.
The changc from P, to P,,, associated with the oc-
currence of a signal, can be expressed by the ratio
a = P, /P,. The signal-to-noise ratio is thus P,/P,
=a—1,om

(dBm),gna = (dBM)yie + 10 log(a—1).  (10)

The relationship between « and P,/P, is shown
graphically in Fig. 12. If the integrator output, P, as-
sociated with an echo exceeds the noise rms fluctuation,
the signal is detected. With our dataset (32 000 samples
at each range gate, see below) the detection threshold
was found to be —20 to —25 dB below the noise. This
result agrees well with the 1/(V,)"/? theoretical signal-
to-noise improvement expected from N, statistically
independent samples.

Only the signal-to-noise ratio, P,/P,, is measured by
the integrator and the noise power P, must be assessed
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Fio. 12, Signal-to-noise ratio /N as a function of the

(S + N)/N ratio observed by the radar.

for the received signal intensity to be measured.
Knowing the receiver noise figure and bandwidth, P,
can be calculated, A laboratory measurement of the
mixer-preamplifier noise figure can be performed, but
it requires extensive equipment and a more convenient
way is to measure the receiver performance using solar
radiation as a reference source. The quiet sun radiation
temperature is 8000°K at 94.GHz. The sun can be
considered as a blackbody emitting a signal power (ra-
diation flux) 14.2 dB above a 300°K reference, The
radar antenna 3 dB beamwidth is approximately 0.27°,
and the solar disc diameter is (0.53°). If the radar beam
axis {s centered on the solar disc and assuming a gaus-
sian shape radar beam and a uniform sun brightness,
yields less than 2% (0.1 dB) signal loss with respect to
a radiation source filling the beam completely.

Using an integrator with approximately 0.5-sec in-
tegration time (a few degrees Kelvin precision with 30
MHz receiver bandwidth), it was found that when the
antenna was pointed toward the solar disc, the solar
radiation power level finally reaching the mixer was
(fortuitously) equal to the mixer noise within £0.2 dB,
Neglecting the lower temperature atmospheric radia-
tion, we calculated the solar signal power at the input
of the radar receiver by considering only solar signat
attenuation in the sun-radar receiver path. We esti-
mated: 1.5 dB atmospheric attenuation from temper-
ature and humidity soundings, 2 dB = 1 dB loss for
antenna efficiency including sidelobe effects, 1 dB loss
in waveguides, and 3 dB for natural radiation received
by a polarized receiver, or a total of 7.5 dB. This yields
a 6.6 = 1.5 dB noise figure which agrees with the 6.5
dB quoted by the manufacturer of the mixer. In ad-
dition to its simplicity, this method allows easy periodic
checks of the mixer performance.

A 6.5 dB noise figure and a 30 MHz double sideband
bandwidth is equivalent to a —93 dBm receiver noise
power, P,. Knowing P,, P; can be derived from the
P,/P, measurements and an absolute calibration of the
radar receiver from anterna input to integrator output

ROGER LHERMITTE
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can be established. The accuracy in measurement of
receiver noise power and the knowledge of the receiver
transfer function are the main factors governing the
accuracy in measuting mean signal intensity. For P,
greater than P,, we believe that the uncertainty in our
P, measurement does not exceed £2 dB and can de-
grade to +3 dB for §/N = -20 dB.

| Precision of mean velocity and spectral width esti-
mates

The ability of the radar to provide reliable measure-
ment of mean Doppler and spectrum width for a signal

1 P AP | e A W70 Yy |
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FIG. 13. Power term, R, = {I* + Q%), and aulocovariance real,
Ajz, and imaginary B, terms for weak sighals with signal-lo-noise
indicated for R,;. 32 000 samples contribute lo the estimates evaluated
at each range gale. The mean Doppler esimales are also shown.
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well below the receiver noise, is illustrated in Fig. 13
which shows weak echoes at an altitude of approxi-
mately 7 km. The real and imaginary antocovariance
terms are shown together with the (I + Q%) power
term. Fig. 13 shows the well-defined riean Doppler
velocity (0.5 to 0.7 m s™! downward) ot tained for two
echoes (—~96 dBm and —113 dBm). T = fluctuation
level of the autocovariance real and imaginary terms
indicates that the mean Doppler uncertainty is about
*1.5and £16 cms™! for the =96 dBmand —113 dBm
echo, respectively. The theoretical expression for the
variance, o,,%, of a PP mean Doppler estimate for large
S/N is [Zrnig, 1979):

2.0 _
g(r)IIZT

where o, is the Doppler spectrum standard deviation,
A the radar wavelength, and T the signal dwell-time.
WithA =3 mm, T=32s,and o, = | ms™!, o,
=09cms™".

This theoretical precision of the mean Doppler es-
timate was compared with the time stability of actual
measurements of mean Doppler obtained in stratified
cloud conditions for which steadiness of the velocity
profiles is expected. Two examples of data obtained in
such stratified conditions are shown in Fig. 14. Persis-
tent fine structures in the two profiles are observed.
With an echo translation speed of 5 m s~ and a radar
beam cross section of 5 to 50 meters (1 to 10 km range),
the profiles should be nearly statistically independent.
Above the 0°C level (4 km altitude) where particles
are expected to be ice crystals, 60% of the profile-to-
profile peak velocity differences are less than 3cm 57!,
and 85% are less than 6 cm s, Betwezn the 4 km
altitude and ground level, in a region where liquid
droplets are expected, 60% of the same velocity differ-
ences are less than 2 cm s~ and 90% less than 5 cm
s~'. There are signs of convection above 6 km and
some of the velocity variability may be due to actual
change of the velocity in 5 seconds, Further statistical
analysis of profile to profile velocity differences indi-
cates that the standard deviation of the 5-second ve-
locity difference is typically less than 1.3 cm s7' in S/
N > 10 dB regions. This is slightly greater than that
predicted by Eq. (11) and may be explained by actual
time variability of the mean vertical velocity.

(1n

O

4. Observations

In this section we present selected observations to
illustrate the capabilities of the 3 mm wavelength
Doppler radar. The radar was originally assembled and
tested in Miami. Observations of thunderstorms in the
Miami area were made just after testing of the radar.
The thunderstorms were at a 20 to 30 km range. With
the high humidity conditions {6 cm of precipitable wa-
ter and 28 g m~> specific humidity at ground level),
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FIG. 14, Vertical profiles of mean Doppler observed in a siralified
cloud which may contain very lighl precipitation. The 1wo profiles
are oblained from processing of two independent sets of data taken
5 seconds apart. Note 1he sudden acccleralion of lhe mean Doppler
velocily at 1he 3.9 km altilude associaled wiih particle melting.

the one-way zenith absorption was almust 3 dB and
the one-way signal attenuation at the ground was 2.5
dB km™!, The two-way absorption between a thun-
derstorm at 20 km and the radar was 12 dB for a 30°
elevation angle, increasing to 50 dB for a 7° elevation
angle. In such high humidity conditions, the minimum
elevation angle for which echoes were detected was 20°
to 30° so only the top of thunderstorms couki be ob-
served. For example, a storm at 20 km observed with
a 34° elevation angle (altitude in the storm 11.2 km),
produced a =71 dBm echo. With an estimated two-
way clear air absorption of 11 dB, and an additional
estimated attenuation of 10 dB (2 dB km™! two-way,
5km depth) in an intervening cell revealed by the pres-
ence of an echo, the backscattered signal intensity in
the storm core was estimated to be —50 dBm. This is
equivalent to a 26 dBZ radar reflectivity which is rea-
sonable for targets at a height of 11 km in a Florida
thunderstorm, and also considering the virtoal 20 to
28 dBZ maximum which ¢an be observed at 94 GHz,
Scanning horizontally and vertically in search of the
strongest echo in the storms, indicated that the maxi-
mum echo intensity at 2 mean range of 20 km was
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about ~70 to —75 dBn and was observed at 30 to 40°
clevation angles.

Observations using a vertically pointing beam were
made later at Miami and also at Boulder, Colorado (in
association with the National Center for Atmospheric
Research). Cirrus layers were always detected with the
millimeter-wave radar, even if they were not observed
visually. This must be due to the fact that most ice
particles are large and likely to be efficient Mie scat-
terers at the short 3-mm wavelength (see Fig. 9). Ice
particles in cirrus are prisms with a typical length of
0.5 mm and a ratio of length to breadth varying from
one to five (see the classical study by Weickman, 1947,
for instance) and clusters of crystals reaching a size of
2 mm can b found. Note that a cirrus cloud containing
one spherical ice particle of 2 mm size (Mie backscat-
tering cross section 2 mm?) perm*hasa 2 X 10" cm™
reflectivity equivalent to approximately 0 dBZ at A
= 3 mm. In comparison, a fair weather cumulus having
the same water content and with droplet size distri-
bution extending to 10 to 15 u has a reflectivity equiv-
alent to —40 to —35 dBZ,

Observations of vertical velocity in cirrus clouds at
altitudes of 7-10 km indicated that particles are typi-
cally moving downward with a velacity on the order
of 0.5 to | m s}, sometimes reaching 2 m s™', Occa-
sionally, upward motion of approximately 1 m s™! was
observed but only at the cirrus top with downward
motion observed below. Since cirrus clouds are so well
observed at A = 3 mm, a Doppler radar operating at
this wavelength may be an excellent tool for observa-
tions of cirrus kinematics and could provide insight
into high altitude turbulence.

Radar observations using the same vertically point-
ing radar beam mode were also made at the Miami
site on a cloud apparently related to the outflow of a
dissipating thunderstorm. The thunderstorm was lo-
cated approximately 30 km West of the radar site and
the first echo seen by the radar came from a high al-
titude (12 to 14 km) cirrus cloud which was probably
an extension of the storm anvil. Later, the echo de-
veloped downward and finally reached the ground. The
downward development of the cloud seemed to be re-
lated to the sinking motion of ice crystals which ap-
peared first in the cirrus layer 10 to 12 km over the
radar. There was never any significant precipitation on
the ground, although a few sparse small drops (diameter
less than 1| mm) were observed a few minutes before
the observations were terminated.

Stratified precipitation is usually characterized by
the presence of a well defined “bright band” (Austin
and Bemis, 1950), or more properly “melting band”
(MB), which appears as a maximum of radar reflectivity
50 to 150 m below the 0°C level. This enhancement
of radar reflectivity is attributed partly to the increase
of the |K'[* term in the expression of S, associated with
the change from ice to water. The passage of precipi-
tation particles through the 0°C altitude level is also
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characterized by a sudden increase of their terminal
velocity as they evolve from a high drag, low density
ice crystal-snowflake structure to a high density droplet
or raindrop (i.e., Lhermitte and Atlas, 1963).

Although many MB observations with centimeter-
wave radars have been done in the past, we were de-
lighted to find that a MB could be clearly identified
using a 3-mm wavelength radar for which particles
larger than (.8 mtn are not Rayleigh scatterers, Samples
of mean Doppler velocity vertical profiles observed with
our millimeter-wave radar in the cloud mentioned
above are presented in Fig. 14 and also in Fig. 15 where
vertical profiles of mean signal intensity range, nor-
malized to | km, and spectral variance are also shown,
The most striking feature in the velocity profiles is in-
deed the drastic change of mean Doppler from ap-
proximately 1.2 m s~ to approximately 4,5 ms™!, when
particles go through the melting level. These observa-
tions were made at a time when the parent storm had
almost completely dissipated and the vertical velocity
profiles were fairly steady. This is confirmed by in-
spection of Fig. 14 which exhibits remarkable similarity
for two velocity profiles taken five seconds apart.

At the altitude where particle melting is suspected
from the increase of mean Doppler, there is a sudden
6 to 8 dB reflectivity increase, Further inspection of
many profiles acquired successively at five-second time
interval, indicates that this very localized reflectivity
increase attributed to melting was between 6 and 9.5
dB with a remarkably repeatable slope of 0.6 dB/10
m. The presence of such a reflectivity enhancement
attributed to melting indicates that the particles are
Rayleigh scatterers, i.e. they are smaller than 1.5 mm
(see Fig, 9). Detail study of the reflectivity and velocity
vertical profiles indicates the sharp reflectivity change
occurs at 30 to 50 m above the altitude at which par-
ticles start to accelerate, and is completed at an altitude
where a 2.8-2.9 m 5! mean Doppler (middle of the
accelerating curve) is observed. There is no significant
decrease of reflectivity just below the MB as seen in
classical observations of MB by centimetric wavelength
radars (i.e., Lhermitte and Atlas, 1963).

Previous observations of the MB in precipitation
conditions showed a systematic downward increase of
radar reflectivity starting a kilometer or so above the
0°C level MB. This is not observed here, Rather, a
continuous downward reflectivity decrease of both sig-
nal intensity and vertical velocity is observed starting
a few hundred meters above the MB. This may indicate
that the cloud particles we observe just above the MB
are single crystals (or more likely prisms) having a small
collision efficiency with the surrounding supercooled
droplets because of their smooth and simple shape and
their small terminal velocity, On the contrary, the large
snowflakes observed using a microwave radar in pre-
cipitation conditions have a complex structure and a
substantial terminal velocity. The snowflakes reside in
a high liquid water environment and they are likely to
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grow rapidly through capture (riming) of the sur-
rounding cloud droplets, which results in an increase
of both radar reflectivity and mean Doppler velocity
in the layer just above the MB.

Qur millimeter-wave radar observations indicate that
at higher altitudes above the MB, the velocity and re-
flectivity profiles remained fairly steady over a long
period of time (one hour). However, below the MB,
there are significant time variations of the velocity and
reflectivity profiles over 5§ to 10 minute periods. This
is illustrated by the profiles presented in Fig. 15 which
are observed 10 minutes apart. In the profiles labeted
1, the mean Doppler velocity, the radar reflectivity,
and the spectrum width below the MB do not exhibit
much vanation with altitude. The spectral width has
an average value of (1.2 m s™!) which is comparable
with the value predicted for a few millimeter per hour
M-P rainfall not observed at the ground, This relatively
high spectrum width may be due to the presence of a

large concentration of cloud droplets coexisting with
another much smaller poputation of 0.5 mm to | mm
diameter raindrops falling at 4 to 6 m s,

The vertical profiles labeled 2 which are observed
10 min after profiles | are Quite similar to profiles 1
above the MB. However, below the MB, velocity profile
2 exhibits greater velocity (5-6.5 m s™') than that ob-
served in profile 1, and also much greater velocity and
reflectivity variations with height. Just below the MB
layer, the range normalized signal intensity in profile
2 is only slightly higher than that observed in profile |
at the same altitude (—86.5 dBmto —77.5 dBm instead
of —87.0 dBm to —80.5 dBm). However, below the 1.3
km altitude, there is a significant decrease of radar re-
flectivity. Also, the increase of mean velocity across
the MB is appreciably greater (1.3-5 m s™! instead of
1.1-4.2 m s™"). The greatest difference with respect to
profile 1 is the Doppler velocity maximum at an alti-
tude of approximately 1.2 km.
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In the absence of significant air vertical velocity, a
mean velocity increase must relate to a corresponding
increase in particle size and, for Rayleigh scatterers, a
radar reflectivity increase. However, inspection of ve-
locity profile 2 indicates that the velocity maximum at
1.2 km is not associated with a corresponding increase
of signal intensity. The only rational explanation for
this behavior is that scatterers producing the reflectivity
maximum are indeed larger, but these particles have
a Mie backscattering cross section decreasing with an
increase of their size. The altitude at which a weaker
signal intensity is observed coincides with a mean
Doppler of 5-6 m s™!. This is in agreement with Fig.
9 which shows a decrease of the backscattering cross
section S, when particle size increases from 1.3 mm
(terminal velocity 5§ m s™!) to 1.8 mm (terminal velocity
6 m s71), There is also a local spectral variance maxi-
mum at an altitude of about 1.1 km which may be due
to the flattening of the Doppler spectrum associated
with a depression in the velocity spectrum center cre-
ated by the decrease of backscattering cross section for
particle sizes between 1 and 2 mm. These preliminary
observations of a MB observed with a millimeter wave
Doppler illustrate the capability of the radar and also
the need for further studies.

Observations were also made inside precipitating
thunderstorms at Boulder, Colorado, A thin nylon
cover could effectively protect the radar against rain
without producing appreciable attenuation of the 94-
GHz signal. During the observations only light rainfall
occurred, although sparse 4 to 5§ mm raindrops could
be occasionally observed. Figure 16 shows an example
of updraft structures observed on a thunderstorm
overhang. The vertical profiles were obtained every 5
seconds and exhibit notable variations of both mean
Doppler and signal intensity in the time interval shown.
Figure 17 shows the time-height presentation of the
updraft event which lasted 2 10 3 minutes (see captions
for a discussion of the data).

5. Conclusion

A 3.2-.mm wavelength (W-band) is about the shortest
wavelength that can be used for a meteorological
Doppler radar, Radar components are available off-
the-shelf and the sensitivity of the radar for small size
hydrometeors is comparable to that of a K,-band radar.
However, the W-band radar has the advantage of re-
duced size, weight and power requirements. The use
of a gridded Klystron oscillator instead of a magnetron
also provides a more efficient Doppler system, as the
phase noise is considerably reduced, The use of a signal
integrator and a high pulse-repetition rate (10 kHz)
provides an effective processing gain of approximately
20 dB compared with single pulse data, so that our
radar should detect a —50 dBZ cloud reflectivity at
three kilometer range and —40 dBZ at 10 km. Radar
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FIG. 16. Time-height presentation of mean Doppler velocity ina
thunderstorm outflow. The numbers indicate downward motion in
m ™', The letters indicate upward motion withA = 1ms™, B =2
m s~ etc. The echoes below the cloud layer are clear air targets
showing a primarily upward motion. Note the aliased velocity above
8 m 57" in the bottom right of the figure, G=8m s, F=9my),
etc.

sensitivity estimates derived from observations of
thunderstorm tops at a range of 15-20 km in high hu-
midity conditions indicate that the radar performance
agrees with the radar equation in this paper and the
radar characteristics. Also, all cirrus layers are detected
and nearly all clouds are above the freezing level. We
have a very limited expenence in observing fair weather
curnulus clouds, which seem to be detected only if their
base shows some sign of darkness indicative of their
vertical development, This is, however, a very subjec-
tive estimate and we are planning more systeratic ex-
periments in conjunction with K,-band and X-band
radars and also aircrafts for particle sampling.

Mie backscattering oscillations and their effects on
mean Doppler and reflectivity are important at such a
short wavelength because the transition from Rayleigh
to Mie scatterers occurs for relatively small (D ~ 0.8
mm) particles. At 94 GHz, the equivalent radar reflec-
tivity factor, Z,, cannot exceed 30 dBZ, even for the
highest rainfall rates, At 3-mm wavelength, backscat-
tering maxima occur for 1.1, 2.2 and 3.3 mm diameter
raindrops, and backscattering minima for 1.8 and 3.9
mm diameter. The 3-mm wavelength is therefore an
attractive choice for multiwavelength-derived drop size
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G, 17. Selected vertical profiles of mean Doppler through
downdraft and updraft regions, observed every § seconds.

distribution measurements if the W-band observations
are done jointly with K, and X-band Doppler radars,
The dropsize distribution can be measured using the
complete spectral information available at the three
wavelengths with vertically pointing observations, Such
a multiwavelength experiment can produce much
needed information on raindrop size distribution even
in thunderstorms.
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