ARMAR OBSER V A TIONS OF THE MEL

TING LA YER

DURING TOGA COARE

S. L. Durden, A. Kitiyak ara, E. Im, A. B. T anner, Z. S. Haddad,

F. K. Li, and W. J. Wilson

Jet Propulsion Lab oratory

California Institute of T echnology

Submitted to IEEE Ge osci. R emote Sensing

Abstract

The NASA/JPL Rain MApping Radar (ARMAR) was op erated on the NASA DC-8 aircraft during all

13 ights for TOGA COARE, acquiring data in tropical mesoscale convective systems. Pro ces sing and

calibration of the ARMAR data are discussed, follo wed by a presentation of ARMAR measurements of

the melting layer in the stratiform rain region of mesoscale convective systems.

1 In tro duction

The Airb orne Rain MApping Radar (ARMAR) was develop ed by NASA and the Jet Propulsion Lab-

oratory (JPL) to supp ort the T ropical Rain Measuring Mission (TRMM) [1] and also to serve as a

testb ed for future spaceb orne rain radars. ARMAR op erates on the NASA DC-8 aircraft, which ew

13 missions in January and F ebruary 1993, during the T ropical Oceans Global Atmosphere Coupled

Ocean Atmosphere Resp onse Exp eriment (TOGA COARE) [2]. ARMAR acquired data in a v ariety of

tropical mesoscale convective systems (MCSs), including a tropical cyclone. This pap er brie y reviews

the op eration of ARMAR and discusses pro cessing and calibration of the TOGA COARE dataset. AR-

MAR re ec tivity

, Doppler, and dual-p olarization measurements during TOGA COARE are then used

to characterize the structure and microphysics of the melting layer in the stratiform, or anvil, precipi-

tation region of tropical MCSs. This region is pro duced by the sinking and melting of ice particles in

regions of low vertical air velo city [3]. While the rainfall rate in the stratiform region is typically much

lower than in the convective, or high vertical velo city

, region, stratiform rain often accounts for 50%

or more of the total rain asso ciated with MCSs b ecause of its large areal extent [3,4]. The stratiform

region is also of interest b ecause of its a�ect on dynamics through co oling asso ciated with melting [5,6,7]

and b ecause of its a�ect on electromagnetic waves for radars [8] and for satellite communications [9].

Observ ations of the re ec tivity

, p olarization parameters, vertical velo city

, and co oling in the melting

layer are presented.

2 ARMAR TOGA CO

ARE Dataset Description

ARMAR op erates at 13.8 GHz, the frequency planned for the Precipitation Radar (PR) on TRMM.

ARMAR simulates the TRMM PR geometry by lo oking downward and scanning its antenna �20 o

in

the cross-track direction. It can also acquire data with the antenna in a �xed p osition, usually nadir.

In either antenna mo de, the along-track antenna p ointing is normally as close to nadir as p ossible,

to minimize the bias in Doppler velo city due to the aircraft motion. ARMAR has capabilities in

addition to those of the TRMM PR, including multiple p olarization and Doppler velo city measurement.

While op erating as a radar, a small fraction of time is sp ent measuring brightness temp erature in a

radiometer mo de at the same frequency

, viewing geometry

, and resolution as the radar mo de. ARMAR

characteristics are shown in T able 1, and additional details can b e found in [10]. During TOGA COARE,

a ma jority of data were collected with ARMAR op erating in single-p olarization Doppler mo de. However,

a large data volume was also acquired in dual-p olarization Doppler and single p olarization non-Doppler

mo des. In the single-p olarization non-Doppler mo de, frequency diversity is used to remove correlation

b etween return from adjacent pulses, increasing the numb er of indep endent samples. Dual-p olarization

Doppler op eration uses a sequence of alternating p olarization combinations, either HH-HV or HH-VV.

The ARMAR TOGA COARE data were pro cesse d in two stages. Because the transmitted signal

is a frequency mo dulated chirp, the �rst pro cessing stage p erforms pulse compression and computes

averages of v arious second order statistics. Which statistics are computed dep ends on the mo de in

which data were acquired. In the second stage of pro cess ing, the pulse compressed and averaged data

are passed through a program which cleans up, calibrates, and time stamps all data. The average

total p ower is �rst converted to average signal p ower by subtracting an estimate of the system noise

level. The result is converted to re ect ivity factor Z

e using in- ight calibration lo op measurements

and lab oratory system loss measurements. Use of the calibration lo op is describ ed in [10] and has the

adv antage of removing any biases caused by changing transmit p ower or receiver gain. F or Doppler

mo de data, the pulse-pair algorithm [11] is used to estimate the mean velo city and sp ectr um width. The

Doppler velo city has b een correcte d for aircraft motion by subtracting the measured surface velo city

from all range bins. F or dual-p olarization mo des, appropriate p olarimetric quantities (e.g., HH-VV

phase di�erence) are calculated, in addition to re ectivity and velo city .

3 TOGA-CO

ARE Data Qualit y Assessmen t

Before deployment in TOGA COARE, ARMAR was �eld tested in a ground-based con�guration during

several o ccasions in 1991-1992 and was ight tested on the NASA DC-8 aircraft in May of 1992 and

again in Decemb er 1992, just prior to the TOGA COARE deployment. These tests veri�ed the ARMAR

characteristics in T able 1 and are describ ed in [10]. Just b efore TOGA COARE, a set of the lab oratory

system loss measurements used for radar calibration were made. These were rep eated after TOGA

COARE and were esse ntially identical to the �rst set.

Calibration was checked by examining the measured o cean backscatter cross section � o

under clear

conditions. A 10 o

incidence angle was chosen b ecause � o

has the least sensitivity to the surface wind

sp eed, decreasing slightly with increasing wind sp eed [12]. The average � o

H H over all ight days was 7.7

dB, with a standard deviation of 1.2 dB. This is similar to the measurements presente d by Schro eder et al. [12]. F or example, their measured � o

H H at 10 o

incidence, lo oking downwind, is 7.9 dB at 2 m/s wind

sp eed and 7.2 dB at 5 m/s. The accuracy of ARMAR Doppler velo city measurements was determined

by comparing the measured o cean surface velo city with the surface velo city predicted from the ARMAR

antenna angle and the aircraft roll, pitch, yaw, and velo city

. The surface velo city is normally non-zero

b ecause the antenna p ointing vector often had a small comp onent in the ight direction. Using data

from all ight days, the mean velo city di�erence (predicted minus measured) is only 0.01 m/s. The

RMS di�erence b etween predicted and measured velo cities is 2.08 m/s. Surface velo cities used in the

analysis ranged from 0 m/s up to 25 m/s. The precision of the ARMAR velo city measurements was

estimated using the approximate analytical result for the pulse pair estimator in [11], using Monte

Carlo simulation, and by �tting the surface velo city across a scan to the theoretical dep ende nce of the

Doppler velo city on antenna scan angle. All three metho ds indicate that for mo derate to high SNR

measurements, the ARMAR velo cities should have a precision of 0.3 m/s.

4 Melting La y er Observ ations

Figures 1 and 2 show typical ARMAR multi-parameter pro�les through the melting layer in stratiform

precipitation during TOGA COARE. The radar equiv alent re ect ivity Z

e near the 0 o

C isotherm sharply

increases with decreasing altitude as ice particles b egin to melt. The maximum re ectivity o ccurs at

around 4.5 km in b oth cases. The region of enhanced re ec tivity asso ciated with the melting layer is

called the bright band and was �rst noted many years ago (see, e.g., [13]). The velo city of hydrometeors

v ab ove the bright band is downward at 1-2 m/s and increases to 7-8 m/s b elow the bright band. The

data in Figure 1 were acquired with HH-HV dual-p olarization, and the Linear Dep olarization Ratio

(LDR), de�ned as the HV/HH backscatter ratio, is plotted along with Z

e and v . LDR reaches its

maximum v alue slightly b elow the maximum Z

e

. The data in Figure 2 were acquired using HH and VV

dual-p olarization, and the HH-VV correlation co e�cient �

H V is plotted. It reaches its minimum v alue

somewhat b elow the maximum of Z

e

.

T o b etter understand the radar characteristics of the melting layer, the statistics of ARMAR nadir-

lo oking observ ations for one or more ight lines for each ight day (except Julian day 12) were examined.

On the �rst ight, Julian day 12, no stratiform precipitation was encountered. T able 2 shows the mean

and standard deviation of 10 parameters. Also shown are the numb er of p oints that went into the

calculation of the mean and standard deviation. Each p oint corresp onds to an area at the surface with

diameter of 800 m, and p oints are separated by at least 400 m. As can b e seen in T able 2, many fewer

p oints were av ailable for the dual-p olarization parameters.

The �rst parameter in T able 2 is the maximum equiv alent re ec tivity Z

e of the bright band. It ranged during TOGA COARE from around 20 dBZ to 47 dBZ, with a mean of 36 dBZ. The altitude

at which the bright band re ectivity reaches its maxim um v alue is the second parameter in T able 2.

It v aried b etween 4.0 and 5.1 km, with a mean of 4.5 km. The DC-8 aircraft was equipp ed with a

dropsonde system to allow pro�les of atmospheric v ariables to b e made at selected lo cations. The third

parameter in T able 2 is the dropsonde measured altitude of the zero degree isotherm. The mean level

was 4.8 km. The mean bright band altitude was approximately 300 m b elow the mean 0 o

C isotherm.

In examining the statistics of the maximum re ect ivity and the maximum re ectivity altitude, it

was noted that the two parameters are correlated under certain conditions. Figure 3 is a scatter plot

of the maxim um bright band re ec tivity Z

e versus the altitude for Julian days 37 and 51, showing that

higher re ectivities typically o ccured at lower altitudes. This is true of the other days as well; bright

band altitude and maxim um re ect ivity are negatively correlated at the 1% signi�cance level. However,

if the data from multiple ight days are analyzed together, the correlation is lost, probably b ecause

of synoptic scale changes in the height of the 0 o

isotherm. Figure 4 illustrates the reduction in the

bright band altitude with increasing re ec tivity for a mesoscale convective system investigated on Day

51. Figure 4 shows the observed re ectivity versus altitude for b oth low and high re ectivity cases.

The high re ectivity case is substantially thicker and reaches its maxim um re ectivity several hundred

meters b elow the altitude of maxim um re ectivity for the low re ect ivity plot. The high re ect ivity

data were acquired ab out 3 minutes after the low re ec tivity data; the spatial separation is around 40

km.

Parameters 4 and 5 in T able 2 are the measured Doppler velo cities of ice and rain hydrometeors.

F or stratiform conditions the air motion is small, so the Doppler measurements are taken to b e the

particle fall sp eeds. Parameter 4 is the fall sp eed of ice particles 900 m ab ove the bright band maximum

re ectivity

. The mean fall sp eed of 1.66 m/s is typical of snow. A few measurements indicated fall

sp eeds of greater than 3 m/s, indicating either more dense particles such as graup el or the presenc e of

downward air motion. Parameter 5 is the maxim um velo city reached during the melting pro cess, while

parameter 6 is the altitude at which the maximum was reached, relative to the altitude of maximum

re ectivity

. The negative v alue of the mean altitude indicates that the maximum velo city was reached

at a lower altitude than the maxim um re ec tivity .

Dual-p olarization measurements are shown as parameters 7-10 in T able 2. The altitude parameters

are relative to the altitude of the maxim um re ect ivity

. The negative mean v alues indicate that the

extreme v alues of LDR and �

H V are usually reached at an altitude b elow the altitude at which Z

e

reaches its maximum. This phenomenon was also noted for the cases presented in Figures 1 and 2.

5 Discussion

As noted previously

, the existence of the bright band in radar observ ations of stratiform rain has

b een known for many years. The primary cause is the increase in the dielectric constant of melting

hydrometeors, followed by an increase in the fall velo city as melting is completed [6],[13],[14]. Other

factors noted in these referenc es which may also have an e�ect include growth of the ice phase particles

via dep osition, aggregation of wet ice phase hydrometeors, breakup of raindrops after melting, and

changes in particle size, shap e, and density .

As an aid to understanding the b ehavior of the v arious radar parameters listed in T able 2, we

consider scattering from a single melting snow particle. W e neglect particle growth via dep osition and

aggregation and raindrop breakup. The melting pro cess is parameterized by the mass fraction q of

liquid water, which is zero for the snow particle at the top of the bright band and unity when the

particle collapses into a raindrop. The dielectric constant for snow is found using the Maxwell-Garnet

theory for an ice matrix with air inclusions. F or the melting particle, the dielectric constant is found

as a function of q by again using the Maxwell-Garnet theory for a water matrix with snow inclusions

[15]. The equiv alent diameter D of the particle as a function of q is given by [16]

D = D

w

(q + (1 � q ) � �

w

=�

s

)

1=3

(1)

where � is density

, the subscript w denotes water, and the subscript s denotes snow. The snow particle

is assumed to b e a prolate spheroid with random orientation in the horizontal plane. As the particle

melts, the axial ratio r decre ases, reaching unity when the particle collapses into a raindrop. Lab ora-

tory observ ations [17], [18] indicate that the particle tends to maintain its shap e as melting pro ceed s,

collapsing into a sphere rather suddenly

. This can b e mo deled by using

r = r

s

+ (1 � r

s

)q

8

(2)

This dep endenc e was found from radar observ ations in [19]. The exp onent 8 causes r to remain close

to r

s until q nears unity

. As q nears unity

, r rapidly approaches unity

, similar to the observ ations in

[17, [18]. The particle fall velo city v is taken from a curve presented in [18], which we approximate by

v = v

s

+ (v

w

� v

s

) � q

3

(3)

where v

s is the terminal velo city of the snow particle from [20] and v

w is the terminal velo city for a

raindrop is given by 9:65 � 10:3 exp(�0:6D

w

), used in [19]. Finally

, we relate q to the distance y that

the particle has fallen b elow the 0 o

C level, making comparison with the ARMAR observ ations more

straightforward. the results in [18], we take q to b e approximately prop ortional to h, with the constant of prop ortionality dep ending on the particle size, i.e., q = y =y

m

, where y

m

= cD

w

. The constant c is

taken to b e 150, with D

w in mm and y in m.

Using this simple mo del for a melting snow particle, the scattering matrix for the particle can b e

calculated as a function of q using the T-matrix volume integral equation approach [21]. This yields

the scattering matrix for the particle with its symmetry axis parallel to the incident vertically p olarized

�eld. Once the canonical scattering matrix is found, the scattering matrix for an arbitrary orientation

in the plane normal to the incident wavevector can b e found by p erforming a rotation of the canonical

scattering matrix. F rom this we can compute v arious second order statistics by assuming that the

orientation angle is uniformly distributed and taking ensemble averages. This pro cedure has b een used

previously (see, e.g., [22]).

Figure 5 shows computations for �

s

= 0:1 g/m

3

and r

s

= 3 for particles with D

w of 2 and 5 mm. The

curve HH1 is the backscatter cross section (normalized to have 0 dB maxim um). Z

e

, however, dep ends

on the numb er density as well as the backscatter cross section. By continuity

, the numb er density is

inversely prop ortional to the terminal velo city v , so a quanitity that is more analogous to Z

e is the

backscatter cross section divided by v . This is plotted as curve HH2. The correlation co e�cient �

H V

was also calculated (not shown) and reaches its minim um at the same y as the LDR maximum. The

terminal velo city maxim um o ccurs at y = y

m

, when the particle completely collapses into a spherical

raindrop.

The calculations in Fig. 5 show a b ehavior that is similar to the observ ations presente d in the

previous section. The maximum backscatter for the 5 mm particle is more than 10 dB greater than

for the 2 mm particle, the thickness of the bright band for the 5mm particle is greater than for the

2 mm particle, and the y for which HH2 reaches its maximum is greater (i.e., lower altitude) for the

5 mm particle. This is similar to the ARMAR observ ations of thicker bright bands and maximum

re ectivity at lower altitudes for more re ect ive bright bands. This phenomenon can also b e seen in

the observ ations rep orted in [14]. The curve HH2, which is analogous to Z

e

, reaches its maximum in

Figure 5 at y that is smaller (higher altitude) than the y at which the extreme v alues of LDR, �

H V

, and

v o ccur. This was also observed in the ARMAR data and in [23] and [24]. The reason for the upward

(smaller y ) displacement of the maxim um of HH2 is the inclusion of the e�ect of velo city on the numb er

density

. Little o�set is seen for HH1. Noting this, we examined the ARMAR data and found that the

magnitude of the o�set b etween the Z

e and LDR maxim um or �

H V minim um is p ositively correlated

with the terminal velo city in rain at the 1% level. Larger terminal velo cities corresp ond to greater

upward displacements of the maximum re ectivity from the maximum LDR and minimum �

H V

.

In the mo del presente d ab ove, changes in the zero degree altitude were not considered as a contributor to the reduction in altitude with increasing maximum re ectivity . T o examine this p ossiblity further,

cases with dropsonde measurements b oth outside the rain area and in the rain area were examined.

Out of 19 such cases, 5 were found in which the 0 o

level inside the rain was at least 100 m b elow the

level outside the rain area. The maximum depres sion of the 0 o

level was 500 m, o ccurring in a case with

a maxim um Z

e of numb er of cases. This could b e related to melting, since melting has b een previously

observed to create a nearly isothermal layer b elow the 0 o

isotherm [6] in stratiform rain. Its co oling

e�ect was also noted in [7]. The co oling due to melting can b e estimated using the technique in [5].

The liquid water just b elow the bright band is assumed to have b een pro duced entirely by melting

of the ice ab ove the melting layer. Hence, using the radar estimated liquid water content, along with

the bright band thickness and rainfall velo city

, the co oling rate can b e estimated. The liquid water

content is derived using the rainfall retriev al algorithm describ ed in [25]. The algorithm uses a Markov

mo del for the rain, allowing application of an extended Kalman �lter. W e applied the technique to a

selected case for each day

. Results are shown in T able 3, which gives the day

, the bright band maximum

re ectivity

, the re ec tivity of the rain just b elow the bright band, the liquid water content just b elow

the bright band M , and the estimated co oling rate �T =�t. As exp ecte d, cases with larger maximum

Z

e have larger co oling rates. These larger co oling rates could, over time, depress the 0 o

isotherm level

more signi�cantly than the lower co oling rates asso ciated with less re ective bright bands. It should

b e noted that the co oling rates in T able 3 are similar to those found in [5] and [7] and range from less

than 1 K/h for light rain up to 6 K/h for the heaviest stratiform precipitation. Cases with maximum

Z

e close to the mean v alue in T able 2 (35.4 dBZ) have co oling rates near 1 K/h.

6 Conclusions

The ARMAR airb orne radar system collected a large dataset in mesoscale convective systems in TOGA

COARE. The ARMAR TOGA COARE dataset was found to b e of high quality and was used to study

radar characteristics of the melting layer in detail over the whole of TOGA COARE. Examination of the

bright band re ectivity and altitude showed that higher re ec tivity is asso ciated with lower altitude.

The fall sp eed of ice particles just ab ove the melting layer indicate that the particles are usually

lower density ice particles, such as snow. Dual-p olarization observ ations con�rmed that particles reach

maximum re ec tivity and maximum LDR (or minim um �

H V at di�erent altitudes. A simple melting

layer mo del also pro duced this o�set, caused by the reduction in particle numb er density due to the

increase in fall velo city

. A correlation b etween fall velo city and o�set b etween the Z

e maximum and

extrema of the p olarization parameters was found in the ARMAR data.

Ac kno wledgmen t

The research describ ed here was p erformed by the Jet Propulsion Lab oratory

, California Institute of

T echnology

, under contract with the National Aeronautics and Space Administration.

References

1. J. Simpson, R. F. Adler, and G. R. North, \A prop osed tropical rainfall measuring mission

(TRMM) satellite," Bul l. Am. Met. So c., vol. 69, pp. 278-295, 1988.

2. P

. J. W ebster and R. Luk as, \TOGA COARE - The coupled o cean atmosphere resp onse exp eri-

ment," Bul l. Am. Met. So c., vol. 73, pp.1377-1416, 1992.

3. R. A. Houze and P

. V. Hobbs, \Organization and structur e of precipitating cloud systems," A dv.

Ge ophys., vol. 24, 1982.

4. D. P

. Jorgensen, \Mesoscale and convective-scale characteristics of mature hurricanes. Part I:

General observ ations by resaerch aircraft." J. Atmos. Sci., vol. 41, pp. 1268-1285.

5. C. A. Leary and R. A. Houze, \Melting and ev ap oration of hydrometeors in precipitation from

the anvil clouds of deep tropical convection," J. Atmos. Sci., vol. 36, pp. 669-679, 1979.

6. P

. T. Willis and A. J. Heyms�eld, \Structure of the melting layer in mesoscale convective system

stratiform precipitation," J. Atmos. Sci., vol. 46, pp. 2008-2025, 1989.

7. S. A. Braun and R. A. Houze, \Melting and freezing in a mesoscale convective system," Q. J. R.

Mete or ol. So c., vol. 121, pp. 55-78, 1995.

8. P

. J. Hardaker, A. R. Holt, C. G. Collier, \A melting layer mo del and its use in correct ing for the

bright band in single-p olarization radar echo es," Q. J. R. Mete or ol. So c., vol. 121, pp. 495-526,

1995.

9. G. Brussard and D. V. Rogers, \Propagation considerations in satellite communication systems,"

Pr o c. IEEE, vol. 78, pp. 1275-1282, 1990.

10. S. L. Durden, E. Im, F. K. Li, W. Ricketts, A. T anner, and W. Wilson, \ARMAR: An airb orne

rain mapping radar, " J. Atmos. Oc e anic T e ch., vol. 11, pp. 727-737, 1994.

11. R. J. Doviak, and D. S. Zrnic, Doppler R adar and We ather Observations. New Y ork, NY: Aca-

demic Press, 1984.

12. L. C. Schro eder, P

. R. Scha�ner, J. L. Mitchell, and W. L. Jones, \AAFE RADSCA

T 13.9 GHz

measurements and analysis: wind-sp eed signature of the o cean," IEEE J. Oc e anic Eng., vol. 10,

pp. 346-357, 1985.

13. D. Atlas, \Adv ances in radar meteorology

,", A dv. Ge ophys., vol. 10, pp. 317-478, 1964.

14. F. F abry and I. Zawadski, \Long-term radar observ ations of the melting layer of precipitation and

their interpretation," J. Atmos. Sci., 52, pp. 838-851, 1995.

15. L. J. Battan and C. F. Bohren, \Radar backscattering by melting snow akes," J. Appl. Mete or.,

vol. 21, pp. 1938-1939, 1982.

16. W. Zhang, \Scattering of radiowaves by a melting layer of precipitation in backward and forward

directions," IEEE T r ans. Antennas Pr op agat., vol. 42, pp. 347-356, 1994.

17. Y. F ujiyoshi, \Melting snow akes," J. Atmos. Sci., vol. 43, pp. 307-311, 1986.

18. S. K. Mitra, O. V ohl, M. Ahr, and H. R. Pruppacher, \A wind tunnel and theoretical study of

the melting b ehavior of atmospheric ice particles. IV: Exp eriment and theory for snow akes,", J.

Atmos. Sci., vol. 47, pp. 584-591, 1990.

19. H. W. J. Russchenb e rg and L. P

. Ligthart, \Backscattering by and propagation through the

melting layer of precipitation: A new p olarimetric mo del," IEEE T r ans. Ge osci. R emote Sensing,

vol. 34, pp. 3-14, 1996.

20. J. D. Lo catelli and P

. V. Hobbs, \F all sp eeds and masses of solid precipitation particles," J.

Ge ophys. R es., vol. 79, pp. 2185-2197, 1974.

21. C. W arner and A. Hizal, \Scattering and dep olarization of microwaves by spheroidal raindrops,"

R adio Sci., vol. 11, pp. 921-930, 1976.

22. A. R. Jameson and S. L. Durden, \A p ossible origin of linear dep olarization observed at vertical

incidence in rain," J. Appl. Mete or., vol. 35, pp. 272-277, 1996.

23. D. S. Zrnic, N. Balakrishnan, A. Ryzhkov, and S. L. Durden, \Use of co-p olar correlation co e�cient

for probing precipitation at nearly vertical incidence," IEEE T r ans. Ge osci. R emote Sensing, vol.

32, no. 4, pp. 740-748, July 1994.

24. R. Meneghini and H. Kumagai, \Characteristics of the vertical pro�les of dual-frequency

, dual-

p olarization radar data in stratiform rain," J. Atmos. Oc e anic T e ch., vol. 11, pp. 701-711,

1994.

25. Z. S. Haddad, E. Im, S. L. Durden, and S. Hensley

, \Sto chastic �ltering of rain pro�les using

radar, surface-referenc ed radar, or combined radar/radiometer measurements," J. Appl. Mete or.,

vol. 35, pp. 230-242, 1996.

T able 1: ARMAR System Characteristics

Op erating F requency 13.8 GHz

Surface Horizontal Resolution 800 m

V ertical 6 dB Resolution 80 m

Polarization HH,VV,HV

Antenna Beamwidth 3.8 o

Antenna Scan Angle �20 o

T ransmitter Power 200 W

T ransmit Chirp Duration 5-45 �sec

Pulse Rep etition F requency 1-8 kHz

Chirp Bandwidth 4 MHz

A/D Sampling Rate 10 MHz

A/D Resolution 12 bits

Range Sidelob es <-55 dB

Antenna Sidelob es (2-way) <-60 dB

Cross-p ol Isolation (2-way) -28 dB

Radiometer � K 1K

T able 2: TOGA COARE Melting Layer Parameters

Parameter Mean Standard Deviation Numb er Samples

1 Max Z

e

(dBZ) 35.4 5.9 5764

2 Altitude Max Z

e

(m) 4482.8 167.2 5764

3 Altitude 0 o

C (m) 4884.4 182.0 73

4 Ice Particle V elo city (m/s) 1.66 1.14 5379

5 Maximum V elo city (m/s) 7.64 1.68 5379

6 Relative Altitude Max V el (m) -369.8 123.1 5379

7 Maximum LDR (dB) -13.0 1.8 1208

8 Relative Altitude Max LDR (m) -109.8 70.7 1208

9 Minimum �

H V

0.85 0.05 403

10 Relative Altitude Min �

H V

-112.0 124.6 403

T able 3: Radar Estimated Melting Layer

Co oling Rates for Selected Cases

Day Max Z

e

Rain Z

e

M �T =�t

(dBZ) (dBZ) (g/m

3

) (K/hr)

19 35 30 0.08 1.0

26 37 30 0.09 1.1

32 42 33 0.25 3.1

35 44 39 0.50 6.3

37 35 27 0.05 0.6

39 43 38 0.45 5.6

41 41 35 0.19 2.4

48 37 31 0.09 1.1

51 38 29 0.07 0.9

53 45 38 0.50 6.3

Figure Captions

Figure 1. Plots of nadir HH-VV measurements of bright band versus altitude for Day 39, 8 F eb, 1941

GMT.

Figure 2. Plots of nadir HH-HV measurements of bright band versus altitude for Day 53, F eb, 2043

GMT.

Figure 3. Scatter plot showing maximum bright band re ectivity versus altitude ab ove mean sea level

for Julian days 37 and 51.

Figure 4. ZHH measurements of bright band versus altitude for low re ectivity and high re ect ivity

cases on Day 51.

Figure 5. T-matrix calculations of prolate spheroid backscatter prop erties versus distance y as the

particle melts. a) D

w equal 2 mm. b) D

w equal 5 mm.