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ABSTRACT

In an effort to evaluate scattering models for particle size distributions of ice crystals within cirrus
clouds, simultaneous data was collected in March 2000 during the Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) Cloud Intensive operational period (Cloud 10P) at the Cloud and Radiation
Testbed (CART) site in Lamont, Oklahoma. In situ measurements of ice particles were collected using the
National Center for Atmospheric Research (NCAR) Video Ice Particle Sampler (VIPS), which flew on the
University of North Dakota Citation research aircraft. Ground-based vertical radar profiles were collected
using the University of Massachusetts (UMass) 33GHz/95GHz Cloud Profiler Radar System (CPRS). Data
from both sensors was used to retrieve and compare the equivalent radar reflectivity at Ka band (33GHz).
The equivalent radar reflectivity measured by the ground-based, zenith-looking, CPRS radar at Ka band and
compared to the reflectivity computed from the airborne VIPS samples of particle size distribution, N(D),
using Mietheory. Asanticipated the equivalent reflectivity of theradar and VIPS were similar at the time the
UND Citation overflew theradar.
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1. INTRODUCTION

Cirrus clouds play an important role in the balaot&arth’s energy dynamics. These clouds cover@abou
20% of Earth and are mainly composed of ice pa#giclhey cool the Earth by reflecting solar radiatiiatk to
space and warm it by trapping infrared radiationtemifrom the surface and lower atmosphefe

In order to evaluate the accuracy of the curreithate models, precise millimeter-wavelength radar
measurements of clouds microphysical properties foeldping the cloud parameterization are needed. er3ev
experiments have been done in the past two decadiesptove the understanding of the relationship betwee
microphysical and radiative properties of cirrus de(FIRE-I, FIRE-Il and ARM). In addition, similarsties have
been performed in the past where radar and infagasurements were analyzed and compared. Chakalrase
Bringi and Strapp have documented comparisons farpgtaand hail®. All of these experiments employed various
types of instruments, such as radars and in-situ dewihese measurements result too expensive and also @over
limited region of the sky, which in turn reinforc® intention of validating radar data.

Appropriate radars for studying clouds such as cirrosdd are millimeter wavelength radars like the UMass
Cloud Profiler Radar System (CPRS), because theysamsitive enough to study particles smaller than one
millimeter. For the in-situ measurements the NCAR edidce Particle Sampler (VIPS) was used. The CPRS
operating frequencies are 33 and 95 GHz, which is teeifie atmospheric window making it useful for sindythe
microphysical properties of clou#f§ Although Rayleigh approximation is applicable88GHz, in this work we used
the full Mie equations to calculate the backscattefiom individual crystals. It is known that the shaé the
particles found in cirrus clouds are not spheritailléts and bullet rosettes are the most common) yeinfmy
applications the use of Mie scattering, which assungshare shape for the particles is a good approxamatOne
of the most common methods employed to evaluate feetgfof particles shape in the backscattering ieffiy is
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the discrete dipole approximation (DDA). Data fromtbimtstruments were obtained on March 2000 from the ARM
experiment at the Southern Great Plains (SGP) si@klahoma®; a satellite photo of the area is shown in Fig. 1;
this was for March " and at that time, 3 surface radars and three aisanafte sampling cloud layefs

Fig. 1. GOES satellite false color image of the difield over the ARM site on 3 March 2000. Terra pestiesctly
overhead of the CART central facility at 1740 UfC

2. EXPERIMENT SETUP

Data from March 13, 2000 was used because in thatplartiday cirrus clouds were present and the sensors
were close in time and space. The flight patterntfat tlay was a series of legs at various altitudegHi&gortion of
the flight shown in Fig. 1.b, and an overhead vigfathe flight is shown in Fig. 1.a. The ice partidata was
collected using an instrument called Video Ice iBl@rtSampler (VIPS) and given by A. Heymsfield frorme th
National Center for Atmospheric Research (NCAR)sTikian airborne instrument that flies inside cirrasids, and
takes samples of the cirrus cloud particles sizes upuim T size. The VIPS have an electro-optical andginm
unit that is in charge of collecting data, and aeothart designated to record data. The particheagies are recorded
in two formats, one is at 30 Hz on high-resolution Hi8BRs; the other format is at 1 Hz, digitized in rgale in an
Apple PowerPCd”. The colors for both Fig. 2.a and Fig. 2.b represka equivalent reflectivity seen by the
airplane’s VIPS and the blue dot represent the locaif the radar with the axes changed from latitwhgrtude (the
location of the radar was latitude 36.6011 and lomigi 97.4809) to distance in kilometers. The changdistance
was done to find the points of data spatially closémgieq.(1) as follows:

D=E* [cos_l{(sin(a))* sin(b) + cos(a)* cos(b)* cos(R = P>)}] [km] (1)

where E= Earth Radius=6367.3 km, a= latitude of b#ntp36.6011 , b= latitude of"2point, R=longitude of
point = 97.4809, and,Blongitude of 2° point. The match in time was done simply using theesimes of data
gathered for both sensors. Equivalent reflectivittamted from data from the CPRS is shown in Fig. 3 ianithis
case the blue line in the mid section of the figsréhe path of the plane at the same time that tter @llected the
information. The matched data was compared usingtibmal methods such as assuming Mie backscattering from
the ice bullets; the backscatter was calculated fagaion of the wavelength, diameter and densMie theory is
used to obtain the backscattering coefficient of bpaaticles; it assumes that the particles are spheicaindomly
oriented in a way that their scattering propertias loe approximated by a spherical shape. But sisisnaption lead

to incorrect scattering properties and also even gmes, polarization parameters are neglefedThe equation
that was used to calculate the equivalent reflegtfoit the VIPS data is given by Sekelsfly

i/ [€, (DA AN(D)D?D  [mmPm] @)
4K, ()" 0

Where 5bis the Mie backscattering coefficien€,, is the dielectric factor anN(D) is the particle’s size

distribution. The density of the ice particles hasnbeBown that have a big effect in the backscattéfinghe
density of the ice particles itself vary as a functid its dimensions and in cirrus clouds various shapése bullet
rosettes are observed; past studies found that thendotrirystal type found in cirrus clouds is the &tutosette,
with an average of five bullets per rosette likeshewn in Fig. 4.a.
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Fig.2.a) Overhead view of the VIPS flight tracktpat for March 13, 2000. The blue dot at (0,0) éadiés the position of the
CPRS radar, the blue circle is only a referencel&ta that were spatially closed between senspis.the same as a) but in three
dimensions to show the altitude variation.
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Fig. 3. CPRS reflectivity plot versus time showthg trajectory of the airplane through the cirrlesid.

Different crystal structures are more dominating @ireus cloud depending of the diameter. Particleless than a
100um are more likely to have a spherical sHdpe Each bullet has a longitude relatian(mm), versus widew
(mm) (see Fig. 3.b), (twice times the apothem) foteratures between —18° and —20 °C givefi'by

w= 025L°7%¢  [mm], (3)
for bullets withL< 0.3 mm, and
_ 0.532
w=0.185_ [mm], (4)
for bullets withL> 0.3 mm.

In this way the equations were determined for th& behsity p, of the bullet, considering the solid ice densitY &5
g cm-3 and using the volume of ice in individualsta}s

— 0.0038
p= 0T8T [g e ©

As the Wiener’s theorem states the complex index cdcgbn,m, depends of the bulk density when dealing with dry
ice particles:

_2+n? +2f, (ni2 —1)
m=
2+n?+f(-n2 +1)

(6)
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Fig. 4.a) Most common shape found in cirrus clo@ise bullet per rosette and five bullets per rteséf) Bullet and Bullet
Rosettes with different angles of junction

wheref; represents a non-dimensional fraction of the volufreérand ice and it is defined as:

fi = ﬁ
A @)

with p; as the solid ice density (0.9 g cm-3) and whgns the complex index of refraction of solid ice whiis
different for every frequency (33 and 95 GHz). dsthe above equations, we obtained an index ofatidra for
each bullet sizé”. The new complex indexes of refraction in our case used to calculate the backscattering
efficiency using Mie theory. This was done by conwertthe lengthl of a bullet shaped particke diameter of a
sphere. Finally this backscattering efficiencies amdparticle size distribution from the VIPS are useddlulate
the equivalent reflectivity; which are then compuhte the equivalent radar reflectivity obtainedtbg CPRS. In the
future we are going to do the same using backscajteffitiencies obtained by particles with bullet shap

3.DATA AND EQUIPMENT
3.1. UMass Cloud Profiling Radar System (CPRS)

CPRS operates at 33 and 95 GHz frequencies andsiexperiment the radar was operating in a vertically
looking position so that it was looking at zenithalittimes; some of the most important specificatiamstiie radar
are shown in Table I. Although both frequency clesmvere on at the time of the over flight of théaine VIPS
system, it was later discovered that the 95GHz chamagInot working properly during this time (see Bg.so only
data from the 33 channel is used for this work. Tha dlkeady processed by this radar was obtained frerARM
website®! and is in NetCDF format; these files were openedguiidh. software. From this data we used the range
(distance to the radar), the time of the measurerueditthe equivalent reflectivity. A contour plot rinathe CPRS
data to represent the radar reflectivity is showhign 3 with the horizontal axis as time and the eaitas height.

Table I

Ka-band Radar W-band Radar
Frequency 33.12 GHz 94.92 GHz
Peak Power 100 kW 1.5 kW
Average Power 120 W 15 W
PRF 200 Hz - 3 kHz 1 Hz - 80 kHz
Pulsewidth 200 - 2000 ns 50 - 2000 ns
Noise Figure 11 dB 13 dB
3 dB Bandw idth 2,5 MHz 2,5 MHz
3 dB Beamwidth 0.5 deg 0.18 deg
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Fig 5. Time trace of the data showing the raddecéfity of the two channels of CPRS data during time when the airplane
over flew over the radar.

3.2.NCAR Video I ce Particle Sampler (VIPS)

This device uses an electro-optical instrument usecoliect and record a continuous sample of cloud
particles down to Jum. Particles are collected continuously on a loopelil coated with silicone oil. The VIPS
system is composed of two parts: (1) an electro-dpticlection and imaging unit mounted in a standpadticle
measurement system (PMS) can, and (2) data acquisitiorrecording components (see Fig!8.a)perture width
of the collection subassembly is adjustable for var§light conditions. The CCD imaging cameras are calipléh
inline, high detail video enhancers.

#11: E=100710m. T=-32.6°C BH=63% =150z 35
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Fig. 6.a) Three different views of the in situ qauent (VIPS), b) Picture from the VIPS recorder.

The data we have from this instrument is in table &rim MS Excel®. From here were used the altitude of
the airplane, the diameters and concentration ofcpestN(D) per cubic meter present for this diameters. Also to
compare in time and space with the radar data thestiwere the data was gathered and the coordinatde of t
airplane were used. The data of this instrument isvshio Fig.2.a and b, this figure show the devicgHfitrack and
the calculated equivalent reflectivity in decibets €ach point of data. Also for comparison purposéa ftam an
instrument similar to the VIPS, the cloud partigteagery (CPI) is shown in Fig.7.a. This instrument fairpart of
the same campaign as the VIPS; the data was collesied the University of North Dakota Citation resdar
aircraft, the figure show the average particle sis&riiution in L* pm™. This data compare positively with the one
obtained by the VIPS (see Fig.71)



Average Particle Size Distribution from ARM VIPS Particle Size Distribution

— — — m- - .- S B e ]
| |
— 10 -
I
£ E
> 3
10 -
! -
* -2 ki
= 10 e
(=]
(=] =]
= -3 id
g 10 £
= @
§ 10 2
<]
S
Q- o
o @
2 £
§ 5
= =

e 1
0 400 800 1200 200 400 500 800 1000
Diarneter in micrometer Diameter in micrarmeter

a) b
Fig. 7.a) Average particle size distribution froatalcollected between the 9 and 13 of March 209@h University

of North DakoteCitation research aircraft , using a cloud partioiagery (CPf}?! .b) Particle size distribution
obtained from data of the VIPS when the plane flew\close to radar location.

3.3. Discrete Dipole Approximation (DDA)

Evans and Vivekanandan have shothat radar reflectivity is dependant of shape, siné ather
microphysical propertie§®. Therefore when the shape of the particles arentakte account the use of a method
such as discrete dipole approximation is a good ateento obtain the backscattering efficiencies. bhsic idea of
DDA is the representation of a random particle byndef array of N dipolar subunits arranged on a cuditice as
shown in Fig. 7.a and b. For every dipole an eledield is calculated and the backscattering isudated from the
sum of all the fields due to each dipole. As futurekweve will compare the backscattering efficienciesl ¢he

equivalent reflectivity obtained using Mie theoryitiw the equivalent reflectivity using the discretéale
approximatiorf”.

a) b)
Fig. 8. Dipole representation of particles. ah&ijcal shape. b) Bullet shape

4. RESULTS

The resulting backscattering using Mie theory akéhtpinto account the change in density is showRin

9. Only diameters up to 2,2f60 are used because for higher diameters the condéentcdtparticle was in most of
the cases insignificant.
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Fig. 9. Backscattering efficiency using Mie theory.

The comparison for in-situ and radar measurementoisrsin Fig. 10, where the CPRS data is represented
by a red line and the VIPS data is representedui@. bThe data was gathered in the same intervahef ind a green
line represents the distance between instrumentsrddiemean square (RMS) difference value for theiedent
reflectivities measured and derived frawiD) was calculated for data with a horizontal distan€el0 and 5km
between instruments (airborne VIPS and ground-bas&SL&sing the following equation:

(®)
n

Where @, is the equivalent reflectivity from the CPRS in diBZ is the equivalent reflectivity from the

VIPS also in dBZ, ana is the total number of points used in the calculatidine resulting RMS difference for a
distance up to 10km between instruments was 4.673 af¥for a distance up to 5km, the difference wasaoed o
only 1.311dBZ.
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Fig .10. Plot showing on the left scale the raéé#lectivity from the CPRS and the computed refigttifrom the VIPS particle
size distribution and on the right the distanceveen the radar and the airplane position. Obwots best agreement occurs at
the center of the graph where the distance is numim



The equivalent reflectivity obtained for both instrents compare favorably when both instruments wergedio
time and space which suggests that both instrumeateell calibrated., this can be seen in Fig. 1@ te RMS
values obtain are more similar when the airplane ftoser to the ground radar, as expected. Inuhed, we
intent to compare the backscattering efficienciegsiobkd from Mie theory with backscattering obtaideda bullet
shape particle using DDA and determine which onéebebmpares with the in-situ equivalent reflecyiwiterived
from the VIPS data. In the future, we also intentiévelop algorithms to compare Ice Water contéq) from for
cirrus clouds using data from VIPS with the IWC dedifeom the average radar reflectivity at 33 GHafrdMass’
Cloud Profiling Radar System.

5. CONCLUSIONS

In this work we evaluated scattering models for pktsize distributions of ice crystals within cirruewds,
simultaneous data was collected during the DOE ARMUECIOP at CART site in Lamont, Oklahoma, from the
NCAR VIPS and UMass 33GHz CPRS from March 2000.a[atlected simultaneously from both sensors was used
to retrieve and compare the equivalent radar réfigc at Ka band (33GHz). Data from the 95GHz mhel of the
CPRS could not be used due to an apparent failuteatrparticular channel during overpass. The pastithat have
the most impact in the equivalent reflectivity havdiameter between 100 and 1,R@4 this can be appreciated in
Fig. 9 in which for diameters bellow 10 the backscattering efficiency is very small and tiestart to increase
very fast before it reaches a diameter of 1,@0@&nd also in the Fig.7.b in which the concentratibparticles for
diameters higher than 1,208 are negligible. The equivalent reflectivity olid for both instruments compare
favorably when both instruments were close in time apdce which suggests that both instruments are well
calibrated., this can be seen in Fig. 10; and thé&SRislues obtain are more similar when the airplaae floser to
the ground radar, as expected. The resulting RMf8rehce for a distance up to 10km between instrimen
(airborne VIPS and ground-based CPRS) was 4.673 @@Zfor a distance up to 5km, the difference wasaed to
only 1.311dBZ.

6. FUTURE WORK
In the future we intent to compare the backscatjerefficiencies obtained from Mie theory with
backscattering obtained for a bullet shape partislag DDA and determine which one better compariés the in-
situ equivalent reflectivity derived from the VIP&td.
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