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1. Background
The general purpose of this research is to study the physics and dynamics of

stratiform rain. Our contribution to the project was to acquire vertical profiles of
Doppler velocity and signal intensity with a 94 GHz (3 mm wavelength) Doppler
radar operated in a vertically pointing mode and to analyze the 94 GHz radar
observations together with joint Ka radar observations and rain measurement at
the ground using a raingage and a disdrometer. Using a 94 GHz Doppler radar
for such a project yields a very high sensitivity on weak targets, a high spatial
resolution due to the availability of a narrow beam and a short pulse width.
Also, the raindrops' backscatering cross section vs size relationsnip at 94 GHz
exhibits deep oscillations within the raindrop size range which provides a means
to identify sizes in a Doppler spectrum observed at vertical incidence.

Our effort was divided into the following parts:

" Preparation of the 94 GHz radar

" Pilot experiment in May-June 1987

" Second field experiment in November-December 1987

" Data analysis and report preparation

2. 94 GHz Doppler radar
The radar and its performance during various projects was presented else-

where [Lhermitte, 1987, 1988a]. A photograph of the radar is shown in Fig. 1
and the main characteristics of the radar when used in the GL project are the
following:

" Peak power: 1.2 kW

" Receiver noise figure: 6.5 db DSB

" Minimum detectable signal: -99 dBm (-115 dBm with 3 s integration)

" Pulse width: 400 ns for the May experiment, 200 ns for the November
exleriment. Accesio, For

Pulse repetition rate: 10 kHZ NTIS CRA&I
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* Two (transmit and receive) 3-foot antennae.

The radar reflectivity of precipitation or clouds, Y7, can be expressed, knowing
the intensity, P, of the backscattering signal they produce, by the expression:

10 log q = llog P, - l0log Pt + lOlog 47rR 2 - lOlog h - lOlog A, (1)

where R is the target distance, Pt is the transmitter peak power, h is the pulse
volume radial dimension, and Ae the antenna effective area.

With the radar characteristics above and including a 0.6 (two-way) antenna
efficiency coefficient, tY is given by:

10 log ,J = P7(dBm) - 23.5 + 20log R (2)

where i is in cm - 1 and R is in kilometers. In the case of a Rayleigh target (hy-

drometeors having a size much smaller than the radar wavelength and practicaily
applicable only to cloud droplets), we have:

dBZ = P(dBmn) + 56 + 20 logR (3)

where dBZ = lOlogZ is the reflectivity factor expressed in units familiar to radar

meteorologists.
The radar is equipped with a processor delivering profiles of mean Doppler

and mean signal intensity estimates simultaneously at 200 range gates spaced
by 400 ns (60 in). For the November 1987 experiments, a new recording unit,
capable of storing 4096 2-byte samples of the received signal (I and Q) at a
selectable range gate, was also included in the radar equipment so that complete
Doppler spectra could be calculated at any of the range gate positions. The data
are acquired successively at 16 range gates as the range is stepped by 200 xis (30
m) intervals, thereby allowing observation of 480 m sections of Doppler spectra
vertical profiles.

3. Millimeter wave scattering and absorption
At 94 GHz, scattering and absorption of millimeter wave radiation by rain-

drops is determined using Mie scattering functions rather than the more familiar
(and simpler) Rayleigh scattering applicable to centimeter wave radiation.



This is illustrated by Fig. 2 which shows the backscattering cross section
of water spheres, at both 35 GHz and 94 GHz, as a function of their diameter,
D. The Mie function at 94 GHz exhibits a maximum at approximately 1.1 mm
diameter and a well defined minimum at 1.57 mm. Fig.3 illustrates the difference
between backscattering cross sections for ice and water at the 94 GHz frequency.
Note that, while liquid water drops are stronger scatterers than ice spheres within
the Rayleigh assumption, this does not hold for particles not small with respect
to the radar wavelength, since, in that case, ice spheres are better scatterers than
water drops of the same size.

Signal attenuation is also much more significant at millimeter waves, with
both clouds and precipitation being strong absorbers. Within the Rayleigh sc:it-
tering assumption (applicable to cloud droplets even at 94 GHz), signal absorp-
tion is proportional to liquid water and is controlled by the imaginary term of
the water index of refraction which varies with droplet's temperature. This is
illustrated by Fig. 4 which shows the 94 GHz absorption coefficient of cloud or
fog (per g m - ) as a function of water temperature [Lhermitte, 1986].

At 94 GHz, the Rayleigh assumption is not applicable to precipitation parti-
cles and signal attenuation by precipitation must be evaluated using the Mie func-
tions. Theoretical attenuation coefficients computed using this method [Lher-
mitte, 1990] are shown in Fig. 5 together with an absorption coefficient vs rain
intensity relationship proposed by Wallace [1988], as a least squares fit to his
experimental data. Also shown in Fig.5 is a measurement (circled cross) based
on experimental data acquired and interpreted as part of the research performed
within the GL ,ontract. These experimental data indicate that the attenuation
calculated from extinction Mie cross sections is greater than that actually shown
by measurements. This may be due to the contribution of forward scattering to
the radiation propagating forward in the scattering medium. Investigations of
the magnitude of this effect was beyond the scope of the present effort. However
such investigations are possible using precipitation models and the Mic fan -

tions. They are recommended to provide the theoretical background needed to
fully understand signal attenuation at. millimeter waves.

4. Pilot experiment
Two field experiments (May-June and November-December 1987) were per-

formed at the GL site in Sudbury, Ma.ss. The first experiment was devoted to
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building the radar shelter, testing the radar, and acquiring observations priniar-
ily for the purpose of evaluating the radar performance and the signal and data
processing methods. Some observations in May were conducted with the radar
moved outside and covered with a waterproof protective canvas.

The shelter was designed for housing of the radar and associated equipments
in all weather conditions and was planned to be installed at a selected location
near the main GL Sudbury facility in November. It was made of lumber and
plywood and covered with corrugated fiberglass panels. The roof material was
tested for 94 LiHz radiatior attenuation and it was found that, if dry, this material
produces a 2-3 dB two-wz. '4enuation which was judged acceptable. The actual
use of the shelter in November showed that this building provided an adequate,
waterproof, shelter in snow or rain conditions. However, in these conditions, the
roof would hold water or snowflakes which would drastically increase the signal
attenuation produced by that roof.

Suitable stratiform rain conditions occurred on May 15. A well defined melt-
ing level indicated by a sudden and drastic increase of mean Doppler due to
melting of snowflakes as they fall through the OC isotherm was observed. The
presence of a well- defined melting level suggests the absence of significant air
vertical velocity, but we found that, in the rain below the melting level, some
convection (50 cm s- 1 up-downdrafts indicated by time variability of the mean
Doppler velocity discussed below'v may have existed at certain times.

The data recording started at 00:36 EDT. The radar data indicated a cloud
top at approximately 8 km but there was no precipitation observed at the ground.
At 09:45 very sparse drops fell but the rain was very light and not measurable.
The precipitation then increased steadily to reach drizzle to light rain (approxi-
mately 1 mm /hr - 1) conditions later. The observations lasted slightly over one
hour during which more than 900 vertical profiles of mean Doppler and signal
intensity were obtained.

A typical example of the profiles of mean Doppler and signal intensity is
shown in Fig. 6. The layer separating dry snowflakes above and raindrops below
is clearly shown in the mean) Doppler (and to a lesser degree signal intensity) ver-
tical profiles. Four successive profiles of both signal intensity and mneanl Doppler,
taken at approximately 5s time intervals, are shown in Fig. 7. The signal inten-
sity shown in Figs. 6 and 7 (and Fig. 8 below) is corrected for R2 and signal
attenuation estimated from the Wallace [1988] data and the rain intensity at
the ground. Also, the velocity profiles are corrected for air density, p, using the
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relationship V(D) = V(D) (p/po)x [Foote and DuToit,1969], where V0(D) is the
drops' terminal velocity at the ground and x = 0.45 (see equation(4) below).

Fig.7 reveals a remarkable steadiness of the vertical profiles (especially signal

intensity).

The most striking feature in the data presented in Figs. 6 and 7 is indeed

the drastic variation with height of the mean Doppler velocity produced by the

melting of snowflakes when passing through the melting layer. There is a large

increase (1.5 m/s to 4.5 m/s) of the mean Doppler in a 200 m (approximately

2.9 km to 2.7 kin) vertical interval. This reflects the acceleration of precipitation

particle fall speed as they evolve from an ice-crystal-snowflake nature to a rain-

drop shape. This is similar to what was observed much earlier with centimeter

wave meteorological radars.
However. centimeter wave radars observations revealed a well- defined max-

imum of radar reflectivity (from which the name. 'bright band', was derived)

occurring just below& the 0°C level [Lhermitte and Atlas, 1963]. This was ex-

plained earlier by a combination of: i.) above the maximum, an increase of radar

reflectivity due to the change of index of refraction from ice to water (7-8 dB at

centimeter wavelengths); ii) below the maximum, a decrease of the concentra-

tion of precipitation particles due to their acceleration during melting and the

reduced particle size after melting. Analysis of 'bright band' data were based on

the fact that, a centimeter wavelengths the precipitation particles' radar cross

section is evaluated using the Rayleigh assumption, e. g. the radar cross sec-
tion always increases monotonically with particle size. Also, it was assumed that

each particle retains its identity with no mutual interactions, break-up or giowth
when it evolves from an ice crystal-snowflake shape to its final raindrop shape.

However, aggregation and break-up may occur and can appreciably modify the

radar reflectivity and mean vertical velocity profiles [Lhermitte and Atlas, 1963].
The profiles in Figs. 6 and 7 exhibit the same increase of mean Doppler

veloity associated with acceleration of particles due to melting, which was o3!-,

served with the centimeter wave radars. There is also a local increase of radar

reflectivity at the top of the melting layer attributed to the change of index of

refraction from ice to liquid water. However, the decrease of signal intensity

below the bright band, which was always observed in stratiform rain conditions

with centimeter wave radars, does not occur. This can be seen in more detail in

Fig. 8 which shows a vertically expanded presentation of the profiles shown in

Fig.6.
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The onset of radar reflectivity increase occurs slightly above (less than 30m)
the height at which particles start to accelerate which is consistent with cen-
timeter wave observations. However, as mentioned above, the radar reflectivity
at 94 GHz does not decrease in the more actively melting region below as was
observed with centimeter wave radars. Also, the reflectivity structure above the
melting zone appears as a notch in the reflectivity profile. Indeed, moving down
from 3800 meters, while the particles' mean Doppler keeps increasing, certainly
due to particle growth by accretion, the reflectivity decreases to a minimum.
The reflectivity minimum thus occurs in a region of steady growth, indicated by
the downward velocity increase in the mean Doppler profile, in which, within
the Rayleigh assumption, radar reflectivity should continuously increase as it is
systematically observed at centimeter waves. The discrepancy may be explained
considering the structure of the Mie function at 94 GHz shown in Fig. 3, which
exhibits a well defined backscattering cross section ininimun for ice spheres of
1.6 mm diameter. Considering the Mie functions in Fig. 3. this may imply that
the particles grow roughly from a 1 mum to a 2 mm equivalent size in the region
just above the melting level.

There was no available meiasurenment of rain intensity at the radar site but,
according to a relationship between mean Doppler and rain intensity proposed by
Lhermitte [1990], the precipitation intensity was estimated to be a few mm hr - 1

(mean Doppler: 4 ?o s - 1 ). The robal-ility of raindrops sizes greater than 1 to
2 mm in such weak precipitation is very small. Indeed, the 'dark band' above
the melting level is always observed at 94 GHz in weak precipitation intensity
and disappears only in mo(lerate to heavy rain conditions. Fig. 9 shows the
ime variation of vertical profiles in the form of reflectivity contours presented

in altitude-time coordinates for a time interval of approximately 3 minutes. Fig.
10 shows the mean Doppler contours during the same period of time. One sees
that the reflectivity niiiiiniuxi is deepest between 10:28:00 and 10:29:30. The
minimum fills as the pur,'ipit -ti on intenities as inaicated by the increase of the
mean Doppler to 4.5 it ,- at 10:29:00.

5. Second experiment
It was recognized that the Doppler data interpretation would be drastically

improved by observing tHie comlplete Doppler spectrum. Therefore. in addition
to the pulse pair processor pioviding signal intensity and mean Doppler profiles
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at range gates spaced by 400 ns. a new unit was added for the recording of the

I and Q Doppler signals at a one range gate position. As mentioned in section

2, the gate could be systematically moved in 16 ste)s of 200 us (30 in), so that

,cntinuous profiles could be obtained at selected 480 i1 altitude intervaLi in the

precipitation. The unit was capable of recording 4096 S-bit complex (I and QI
samples. The FFT proccssing needed for spectrum calculation was planned to

be done off-line by a microcomputer also including programs for the analysis anid

interpretation of the data.
The 94 GHz radar was operated inside the shelter from November 26 t,

December 16. During the three weeks of radar operation, various clouds and

precipitation were observed, but stratiform rain observations were obtained (1 to

20 mm hr- I rain) only on November 30 and December 11, 1987. For both days.
observations at vertical incidence were conducted jointly with the GL TPQ-11

35 GHz radar and the 94 GHz Doppler radar. In addition, rain intensity and

dropsize distribution measurements were continuously made by a raingage and a
disdrometer installed in close proximity to the 94 GHz and 35 GHz radars.

As an example of the 30 November observations, ten successive signal inten-
sity and mean Doppler vertical profiles, acquired with the 94 GHz Doppler radar

5 s apart, are shown in Fig. 11. Signal intensity is 1/R '2 corrected but is not
corrected for absorption.

The signal intensity profiles exhibit a remarkable time stability and a con-
stant 7.8dB/km slope which is attributed to signal attenuation (two-way) when

propagating in the rain region. The slope does not vary aippreciably through

the vertical profile below the melting, which indicates no significant evolution of

the dropsize distribution from the melting level to the ground. This, together
witl the time stability of the profiles, indicates steady and homngeneous rain

conditions between the melting level and the earth's surface.

Such data acquired in steady stratiforin rain conditions provide an opportu-
nity for accurate ineasnremenz of signal attennuation at millimeter ,V,1 ,1 it,

relation to rain intensity. The most reliable rain attenuation measuiicment w;,

made in an 8 mm hr - i rain and yielded a 3.8 dB kim- I value which is shown V,

the circled cross in Fig.5. One sees that this data point agrees well with other

experimental measurements made by Wallace [19SS] also shown by the (lashed

line in Fig. 5.

Fig.1 1 shows that the signal intensity variation fromi profile to profile at co-

stant altitude is very small (approximately less than 2 d13). Using a rlatin.sii p.
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determined carlier for 94 GHz radars 11,lirniitte. 19901. between mtvan Doppler
from raindrops fallingp at their teiiainial velocity and ra1in lint ensit y, thle miaxi-
mum mean Doppler variation allow, et by 111t ob)scrvcel signail intenlsity Variat ion

is: 15 cri s. This does not agree with the observed meanl Doppler variability
a~t constant altitulde (almost I in s- peak- t -peak) which ust be therefore at-

tributed to up-downdrafts reaching applroximately ±50 (fit -' This shows that
even generally stratiform conditions such as observed1 here mnay be associated
with a certain amiount of convection lin the rain belowv the Iicitinig level.

The systeiiiakti- inicrease of vertical \e~' vwith intc easet' alItituide is due. to
the change of air density and canl be iised to determnine the- cxponent in the
relationship proposed byv [roote an Di.Toit, 1969]:

V( 0)) ~- I V (4)

The variat ion vWithi aft ittIde o t.t, it rape ilitean veloctt\ P * tn dat a showni in
Fig. 11 yields xc _ 0.411.

Comparisons were mal btweenci a, s ignal itenisit vy pofles observed ait 94
GH7 and 35 GHx. An ea icof Ow I a t; s1la it !I,-,t trec sucrcessive ft 2

noralied n~fl~~ .htr\. : it; :i. , l.Itit Fig,12 (94

G Hz), andl inl Fig. 13 (3t5 (11A i. Thet p~: tdIles are not drastically different except
at the top and above th 1;a1yr__la> where, the local increase of reflecttivitv
associated with nwltligt i*>. . t ap p-ox2itt '.y '0 dB ic 91 cI; l nd

12 dB at 35 GlHz. attteniitat hit krccectd, i. and the fact that the 35GHz dlat a do
not exhibit the weak reflect ivit\* iiiinnntiiii above thle il-ith ing Zone seen in the 94
GH, ptrofiles,

The slopes of tLe vcifI*; it atili~tit ;It 1 ,)th 35 GHZ aitd 94 C Hz ate murprisiitgl\

similar. Sic lt attiwitritt -t flhjezt ;tt 3,5 (-Hz iii't be around 1.7dIB kIIIt
(on wa) L~erirt. ~ t''l-tv. Stin .~ inifall. the 7 dB km~'

two-wav) slop t ;1137 ('11", 1w itl 1, It dune to mtIte inis"alitgtnient of tin'-

two ( trallsIlit ai vt;t l'- tnviit;t AligingI. two traiisiiilittiiig antd

frcivl il ,'Htt i.it '' P t :ln il, ,> taifull eo)>;I .'

Coliparilig9 ("I 1 1i I'.; . \p0i;t~i 1 t'lI, " iiii1%. tooito it it

('rfiil tool for the, 110 tittor;ig of ri 1 ta Ppart icle' si/c' ;int Ilipe. onl thle I a-

sis of 'whichl their ](,I) tu it ti. t falli11t111 ttgI th liwIt ing level. f oil anl WC

crys tal-snlowflakec complex get uieti'v tot thle itiniate ;itd ,iliple' raindrop shape



can be investigated.
A sizeable effort was applied to calculation and interpretation of Doppler

spectra from I and Q signals recorded in the manner presented above. The
spectra were computed from FFT programs iml)lelented oil a microconluter.
For each spectrum, a 4096 complex sample Fourier transform was performed.
This was followed by spectrum smoothing done by a running filter with 8 cm s-
bandwidth, providing a smooth spectrum (approximately 20 degrees of freedoiii
for each spectral density estimate), but still preserving ain adequate frequency
resolution in the 16 i s-1 unambiguous Doppler velocity interval allowed by th,.

pulse repetition rate.
An example of such spectra observed at vertical incidence on 30 November

in a 8 mm hr - I rain is shown iv Fig. 14. The spectrum reveals a clearly defined
spectrum diI) associated with the minimum of backscattering cross section S(eI
in the Mie scattering functions in Figs. 2 and 3. Figs.15 and 16 show verti al
profiles of Doppler spectra in a 450m altitude interval, displayed in the form of
spectral density contours in velocity vs altitude coordinates. Although there are
noticeable changes in spectrum structure and bandwidth, the spectral minimum
(and its position on the velocity axis) remains remarkably well defined and stable.
which indicates only a small contribution from up and downdrafts, Note that
in the bottom of Fig.15 another minimum at 8.2 m s- I and another mininmm
at approximately 9 m s- I occur. This is due to an increase of the rain intensity
there, with the dropsize distribution now extending to 3 to 4 mm sizes (see the
'theoretical' spectrum in Fig.17 below).

Doppler spectra observed at vertical incidence (such as shown in Fig. 14) can
be simulated by assuming a M-P [Marshall and Palmer, 19481 dropsize distribu-
tion, N = N0 crp(-A D) and a terminal velocity vs diameter, V(D), relationship
for raindrops derived from the G-K [Gunn and IKinzer, 1949] experimental data.
The expression [Lhermitte, 1988b, 1990]:

V(D) = Io[1 - exp(-6.8 D2 - 4.88 D)] (5)

is an excellent fit to the G-I( data. In this equation, V, = 92 3 (po/p) 0
.
45 With p.

and PZ being the air density at the ground and at the altitude z at which I'(D) is
expressed, respectively. Since falling raindrops exhibit some random variability
of their fall velocity due to complex interactions between the drops and their
enviromnent and also the possible occurrence of air turbulence, any i,:a.n drop



terminal velocity expressed by the above V(D) expression mnust be associated

with a probability function simulating the drop vertical velocity instability. This

effect on the spectra can be reprodluced by submitting the predicted spectrum

derived from the mean VT(D) relationship) to a running filter. This is equiva-

lent to convolvinig that spectrumn with a (Gaussian shape for instance) spectrum

simulating the random velocity effect.

Fig. 17 shows a comparison between an obsecved spectrum and a theoretical

spectrum based on a NI-P dropsize distribution with A adjusted for best fit of

the two maxin-ia. Also shown is a correlation betwveen observed and calculated

spectra as a function of a velocity lag introduced to simuliate the influence of

mean air vertical velocity. Only the spectral components between 3 and 7.5

m8_ are used to calcuilate the correlation. One sees that the correlation is

maximum near a zero velocity 12,_- whlich indicates a very small volitribution from

air velocity (smaller thjan 5 cm < . H nvr the theoretical soectrum exhibits

a deeper minimumii. This is attributed to the effect of the random components in

the raindrop's fall speed mntioned above, which smnears the observed spectrum.

As mentioned above, convol-ving the theoretical spectrum with a spectral

ffnctionl Simullating the rnoficnI Veloci ty (conponient colr'(t s the problem. This

is included in Fig.18 which now shiow.s an excellent, fit exctrpt for the discr-epancy

in the high velocity (large ra indrlop's dliamieter) part of the spectrum wvhich is at-

tributedi to a departunre fi urn t]-,,p ~t a slope imi p jed ini the NI-P drn iiZe

distribution. More refined sp(-ctiral niodels such as the Gainia, function or log-

normal spectra [Willis, 19SS; Feigold and Levini, 19SG] iray be used to provide

a spectral fit closer thani timi allow~ed by the NI-P 51 )ectr'lmi.

Fig. 19 shows aniother exampnIle of a comparison bet\Veen ti~coretical and ob-

served spectra. .Arandoni veclocity correction has been appliod anld the minimumii

depth in the two firtmoxms ils ill good agr-eement. Howevei the miaximumii corre-

lat ion is no0w olbtall fol 401( (./', S- velocity lag, revealing thle occurrence of an

updrah1ft of this mal~giindo eNote that mlea'suring tlie po~sitionfl of the mmimu

on the velocity i1XIS 11; anl aicy maite (St ili ote of air veb )ci t V mlin appjear; to be a

b~etter substiitc for Hew nlc,- I i 'Crri lowclr 1 '111( pnomsed ILv Battanl

[1963].
The observed variability of spectral denisity estimiates, wvthizm a Doppler sjpec-

trin observed at. vertical lin(Icii(c ini rain is griiat er I han thme statistical vari-

ality expected frouml tII( degree of simioothlng applied to thme damtan. It is flis

interesting to note that a siihst antial volmnie of rain ( mlore that 3000 in3) Ob)-
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served by the Doppler radar during a relatively short dwell time (a few seconds),
still yields a Doppler spectrum with significant small scale 'natural' variability
when expressed in 0.1-0.2 nim diameter intervals.

Dropsize spectrum measurements can be derived from 94 GHz Doppler radar
observations of rain at vertical incidence [Lhermitte, 1988b; Lhermitte,1989].
Considering the above discussion, the following approach is recommended:

1. Define a M-P dropsize distribution with A adjusted for best fit of the two
maximum amplitudes.

2. Perform a velocity lagged correlation to calculate the velocity shift at-
tributed to air velocity (detecting the spectrum minimum velocity position
may be sufficient).

3. Convolve the calculated spectrum with a gaussian spectrum simulating the
random velocity component, adjusting the bandwidth for best correlation
between the calculated spectrum resulting from that operation and the
observed spectrum shifted by the velocity lag determined in 2.

4. Convolve the Mie backscattering cross section vs raindrops' velocity, (a(V),
function with a Gaussian spectrum having the bandwidth determined in 3.

5. Divide the observed spectrum shifted according to the velocity lag deter-
mined in 2 by the a(V) function determined in 4 to obtain the dropsize
distribution expressed as a function V.

6. Calculate the dropsize distribution N(D) = N(V)dD/dV using the (equa-
tion (5)) terminal velocity-size relationship.

The procedure above can be followed automatically by a computer program
which, in addition to the dropsize distribution spectrum provides an estiniatv
of vertical air motion and possibly some indication of air turbulence if it is a
significant contribution to the random velocity comi)onent. An example of the
results is shown in Fig. 20 where the radar derived N(D) distribution is compared
to that obtained with a disdromneter.
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6. Evolution of spectra through the melting level
Doppler spectra were observed in the melting layer by attempting to scan the

range gate at which I and Q signals were recorded. An example of the results is
shown in Fig. 21. The altitude of the melting level had to be estimated at the
time of the observations by interpreting the signal seen on an oscilloscope so that
there was some uncertainty in locating its exact altitude. This is the reason why
most of the vertical profile in Figs. 21 appears to be in the snow region above
the melting level. The melting starts at 180 in above the lowest altitude (420m)
covered by the range gate scanning and thus does not cover the total melting
level depth (250m ), but is sufficient to determine the Doppler spectrum evolution
through it. The data show a steady evolution of the spectra with greater vertical
velocity variation for the larger size edge of the spectra.

7. Conclusion
This report presents new data acquired in stratifora rain using a millimeter

wave Doppler radar. Most of the effort was applied to conducting the field ex-
periments which have generated a decent amount of data considering the limited
opportunity for stratiform precipitation observations allowed by weather condi-
tions. The raingage, the disdronieter and the TPQ-11 radar were very valuable
additions to the the project.

The 3-mm wavelength radar offers the unique opportunity to 'label' parti-
cle size from the well-defined backscattering vs diameter oscillations occurring
well within the raindrops' size spectrum range. Indeed, in stratiforni rain con-
ditions the occurrence of very small air vertical velocity contributions can he
observed, and when the contribution from vertical air velocity is determined, re-
liable dropsize distribution estimates can be made. In inore convective weather.
measurements of up-downdrafts may be derived from the data.

More extensive observations of stratiform rain conditions in various meteoro-
logical situations, based on vertically pointing 94 GHz Doppler radar observations
assisted by IK-baiid and S-band radars and ground-batsed dropsize distribution

and rain intensity m(.asliurcinllts ayc IjCdvd. This would i1ltimately provide a
better understanding of stratif rin 1 rlcipititii !proctsscs. such as the influciice
of snowflakes melting on the dynamics and physics of the rain below.
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Fig.3 Backscattering cross section of water and ice spheres at 94 GHz.
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Fig.8 Same as Fig. 6 but data are plotted on a expanded scale to show the detail of the
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Fig. 12 RI corrected vertical profiles of signal intensity but not corrected for attenuation,
obtained 5 s apart with the 94 GHz radar on 30 November 1987. Same data as in Fig. 11
but now shown for observations made at the same time with the TPQ-11 and shown in Fig.
13. The melting layer is slightly below 2500m.
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