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ABSTRACT

Data collected in March 2000 during the DepartmeinEnergy (DOE) Atmospheric
Radiation Measurement (ARM) Cloud Intensive operatl period (Cloud 10P) at the Cloud
and Radiation Testbed (CART) site in Lamont, Oklahovas used to retrieve the equivalent
reflectivity factor Ze) and ice water contentW/C) of cirrus clouds. In situ measurements of
ice particles were collected using the National t€effor Atmospheric Research (NCAR)
Video Ice Particle Sampler (VIPS), which flew ore tbniversity of North Dakota Citation
research aircraft. Ground-based vertical radarilpsofvere collected using the University of
Massachusetts (UMass) 33GHz/95GHz Cloud ProfiledaRe&System (CPRS). Data from
both sensors (CPRS and VIPS) was used to retriadecampare the equivalent radar
reflectivity using density models that vary wittspect to the dimensions of the particles, as
well as a constant density of solid ice at 33 aBd3HZ. The equivalent reflectivity that
gave better agreement between instruments wasribdhat used th8rown and Francis
[1995] density model. In addition, equivalent eefivity was calculated with ice particles
model of bullet shaped crystals developed with DB$Goftware and compared with the
Mie (sphere shape) results. It was found that tfeeteof the shape was negligible at 33 GHz,
but was significant at 95 GHz. Also, ice water ewmt(WC) was calculated for both sensors
using variable density models for the ice crystalS\VC- Z. relationships for the three
densities used in this investigation were obtaiae®3 GHz. ThdWC- Z. relationship
obtained usind@rown and Francis [1995] density, resulted the most reliable (thepghand

the low variability in the discrete values).
i
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1 INTRODUCTION

The purpose of this study is to find cirrus clowtadwhich are matched in time and
space with millimeter wavelength radar and an in-gistrument, in order to compare the
retrieved values of equivalent reflectivityef and ice water contentWC), using different
density models, and taking the effects of ice plasi shape into account in order to develop
better estimates &, andIWC for midlatitude cirrus clouds using radar measwgets. This
was done in three sections; the first was the tatiom of equivalent reflectivity from
space/time collocated data between instruments 8CBRI VIPS), using th&rown and
Francis density model andHeymsfield et al. density model and applying this to the Mie
equations for backscattering. The second parttavasmulate real ice particle shapes found
in cirrus clouds to obtain their backscatter betwawat 33 and 95GHz. This was done using
the program DDSCAT and usinglla et al. bullet shape code; the calculations alsothe
density models mentioned above and are applietiddViPS data in order to obtain their
equivalent reflectivity. FinallWC-Z. relationships were derived for all these different

equivalent reflectivity calculations and comparecxisting models.

1.1 Motivation

Cirrus clouds play an important role in the ba&n€Earth’s energy dynamics. They
cover approximately about 20% of Earth, are forraedltitudes above 5km (16,500ft) and

are mainly composed of ice particles. They coelBarth by reflecting solar radiation back



to space and warm it by trapping infrared radiatenitted from the surface and lower
atmosphereBvans, 2001;Aydin and Walsh, 1999]. Some other facts related to these clouds
are: that if there are many cirrus clouds in thg iskmay be aign that a frontal system is
approaching, and that also cirrus clouds can benaets of thunderstormsAlpsolute
Astronomy, 2005]. It is also important to point out thaeyhindirectly affect the study of
other systems such as marine and desert surfacktherefore the necessity of studying and
estimating their macrophysics characteristics sash density, dimensions, and layer
constitution fchmidt, et al., 1993].

In order to validate the representation of cirrlaids in global circulation models used
for climate research and weather forecasting tieeeerequirement to obtain global data on
the vertical structure of ice water conteVC) [Liu and Illingworth, 1999]. Most of these
experiments employed various types of instrumesush as radars and in-situ devices whose
measurements result too expensive and also cowmitad region of the sky, which in turn
reinforces the intention of validating radar ddEkN§lagd et al., 2000].

Proper understanding of cirrus clouds propertiggiires retrievals from remote sensing
instruments. Appropriate radars for studying aralouds are millimeter wavelength radars
such as the UMass Cloud Profiler Radar System (GPb8ause they are sensitive enough
to study particles smaller than one millimeter; k¥lan in-situ instrument such as the NCAR
Video Ice Particle Sampler (VIPS) is appropriatedmpare and validate data from the radar.
The CPRS operating frequencies are 33 and 95 Ghizhvie within atmospheric windows,
(see Figure 1.1) making it useful for studying timcrophysical properties of clouds

[Sekelsky and Mclntosh, 1996]. Data from both instruments were obtaioedvarch 2000 as



a result of the ARM experiment at the Southern Gfains (SGP) site in Oklahoma

[http://www.archive.arm.gov/].
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Figure 1.1 Percentage transmission through the earth’s atneosplalong the vertical
direction, under clear sky conditiondlpby et al., 1986]. The 35 and 90 GHz windows are
easily observed where high transmission is obtaatdtigh microwaves frequencies.
Scattering behavior from cirrus clouds ice partidsing millimeter wavelength radars is
known to depend on size, density, shape and raaaelength. It is known that the shapes of
the particles found in cirrus clouds are not sgiaribullets and bullet rosettes are the most
common) yet for many applications the use of Miattering, which assumes a sphere shape
for the particles, is a good approximation. Bus thssumption on occasions can lead to
incorrect scattering properties and also even soimes, polarization parameters are
neglectedllemke et al., 1998]. The density of the ice particlas been shown to have a big

effect in the backscatterinyilla et al., 2002Heymsfield et al., 2004]. With knowledge of

density and measurements or representations @iicile size distribution (PSD), many ice



cloud bulk properties such d8VC and the equivalent radar reflectivity, can be \ceti
[Heymsfield et al., 2004].

One of the most common methods employed to evathateffects of particles shape on
the backscattering efficiency is the discrete dpalpproximation (DDA); this can be
accomplished using software such as DDSCRBifa[ne and Flatau, 2001]. DDA changes in
backscattering due to shape (e.g. bullet or brilettte) of the ice particles can be compared
with backscattering obtained using Mie or Rayledgial using constant or variable density; a
variable density is expected to change the valtieguvalent reflectivity andWC.

Finally, this work will serve to develop a bettanderstanding and characterization of
cirrus clouds microphysical and radiative propertéhich could facilitate in the future the

retrieval of equivalent reflectivity an®\VC using millimeter wavelength radars.

1.2 Literature Review

One of the major problems in atmospheric sciencaytds remotely estimating cloud
microphysical and macrophysical properties, whiaghraquired to improve models of cloud
radiative behaviordimpson et al., 2001].

Several experiments have been done in the past demades to improve the
understanding of the relationship between microjaysand radiative properties of cirrus
clouds e.g. FIRE-I, FIRE-Il and ARM. To accomplitis, radar and in-situ measurements
had been analyzed and compared; ElgMagd et al. [2000] has documented comparisons

for graupel and hail.



From different studies it has been shown that ssfoé estimate of microphysical
properties from precipitating clouds and other d®with high liquid water content, can be
obtained using radars that operate at frequenowsrlthan 12 GHz; but when studying
cirrus clouds these radars do not yield good estisnflothiaux et al., 1995]. However
millimeter wave radars operated at frequenciesiwitiie atmospheric windows (35, 94, 140,
and 220 GHz) have proven to be sensitive at shgdyarticles smaller than 1mm, which are
the most common sizes found in cirrus clouds iatighes [Sekelsky and Mclntosh, 1996].

A radar system that can operate in two atmospheridows and is useful for cirrus clouds
studies is the UMass Cloud Profiling Radar Syst@RKS). The CPRS operates at 33 and
95 GHz; more information and characteristics os ttadar are described in the following
chapters.

For in-situ measurements of microphysical propsrirecirrus clouds the NCAR Video
Ice Particle Sampler (VIPS) was employed. Thisicewses an electro-optical instrument
used to collect and record a continuous samplelafdcparticles down to fm. Particle
concentration retrievals can be obtained with tiige of instrument which serves to obtain
information of quantities such as equivalent rdilety (Z;) and ice water contentWC).
More information regarding this instrument can berfd in the following sections.

Evans andVivekanandan [1990] have shown that radar reflectivity is depamtdbf shape,
size and other microphysical properties. As wastimored in previous sections the shape
can be taken into account using software such aS@AT; which uses the discrete dipole
approximation (DDA) method to calculate the backscmg efficiency from irregular

geometric shapes such as ice particles. A quiskrg#ion of what DDA does in order to



calculate a parameter such as the backscattereeffic is the following: it represents a
random shaped particle by a finite arrayNoflipolar subunits arranged on a cubic lattice as
shown in Fig. 1.2.a and b. For every dipole anctale field is calculated and the
backscattering is calculated from the sum of a# fields due to each dipole. More

information regarding DDA can be found in laterts®ts.

a) b)
Figure 1.2 Dipole representation of particles. a) Sphericalgh b) Bullet shapé&/lla et al.,
2002]

Simulations from electromagnetic scattering of jarticles using Discrete Dipole
Approximation (DDA), assuming hexagonal plates aaollimns, use constant values for the
bulk density (0.92 g/cf), index of refraction (at —20°Gr= 1.784 —j0.0016 for 37 GHz)
[Evans and Vivekanandan, 1990]. This study found that the results wengethelent on these

values mostly on the crystal bulk density, previp@ssumed constant.

Dungey andBohren [1993] analyzed backscattering produced by thepamticles with a
94 GHz signal at different angles and with vertigalarization using Coupled-Dipole
Method, with the same principle as the DDA. Thegumed a constant index of refraction of
1.878 +j0.000476 for a temperature of 0°C, and used hexdgoismatic as the shape for

the ice crystals. They found that the backscatteviaries significantly with respect to the



angle of incidence of the signal, although chanmepolarization were found to have

insignificant effectsPungey and Bohren, 1993].

Tang and Aydin [1995] performed scattering studies of ice at d 320 GHz using the
Finite Difference Time Domain (FDTD) method to siate the scattering of ice crystals
particles Pydin and Tang, 1997a; 1997b]. They used geometric models fostaty such as
hexagonal plate, stellar crystal and the hexagoolaimn given byAuer and Veal [1970]. A
constant ice density of 0.9 g &hwas usedor the three models, constant permittivity of
3.1307 40.0047 was assumed, for 94 and 220 GRay,[ 1972;Bohren and Battan, 1982].
The study was made for crystals sizes between 1@D280um. Different scattering
characteristics among the shapes analyzed weral fanen observing the dual frequency
ratio (DFR); in addition the linear depolarizati@io versus elevation angle was found to be
comparable for the stellar crystals and the hexalgolates, and significantly different for the
columns. They concluded that the ice crystals mfasens at different elevation angles can

be used to discriminate between the plates androcwiefficiently.

Sekelsky et al. [1998; 1999] used simulations from the argstals backscattering at
various millimeter wavelengths using the DDA on tegesion 52 of DDSCAT, using variable
density models. They calculated the dual-wavelengtio (DWR). Their findings also
agree with previous studies where the shape aedtation are the principal causes of error

on the DWR estimates and other products.

There are few studies that consider the shapeboifilat or a bullet rosette, e.gAydin
and Walsh, 1996; 1999]. They made simulations implementimg geometric shape of a

bullet and a bullet rosette estimatedHbgymsfield and Knollenberg [1972] for a temperature



range between —18° and —20 °C, but, they used stazundensity of 0.9 g ¢ which is

considered appropriate for temperatures betwerf° to—3.5°C.

Liu and Illingworth [1999] on other hand concluded that the precispesiofice particles
can be neglected when calculating radar reflegtivitheir justification for this was that the
larger particles that contribute most to the reflety have a lower density and therefore
reduced refractive index so they effectively refleacrowaves as if they were spherical.
They consider that the densig{D) has a stronger influence in tdgandIWC calculations.
The following crystal density models are the mastnmonly used for ice particles as the
ones present in cirrus clouds and Figure 1.3 shbedehavior of these density models as

well as one of constant density of 0.916 gcm

(D)= 078D [g/cm®] Heymsfieldetal. [1972] 1.1

o(D)= 007D [g/cn®] Brown and Francis [1995] 1.2

this is for particles larger than 108 and density of solid ice (0.916g/cm3) for smaller

particles.

o(D)=0916  [g/lcn 1.3

whereD is in mm.



Density vs Diameter for different models
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Figure 1.3 Density versus diameter for the density models éxadhin this investigation.

IWC models for cirrus clouds of the forfwWC = aZ>have been obtained for different

campaigns such as Central Equatorial Pacific Erpent (CEPEX), European Cirrus and

Radiation Experiment (EUCREX), FIRE-I, etc. Sonfi¢he@ most important models are:

IWC =0097Z> [q/m?®)  Liuand lllingworth [1999] 14
IWC, = 0064 [g/m*]  Atlasetal. [1995] 15
IWC, =012 [/ Liuand lllingworth [1999] 16
IWC, =0.0272,°®  [g/m®]  Liao and Sassen [1994] 1.7

wherelWC is in g*m™ andZe is in mmPm?.

All of the IWC models (equations 1.4 to 1.7) are fqoridand. The model for 1.4 was
obtained from aircraft data from CEPEX experimemhe model for 1.5 was obtained from

the FIRE-I campaignAtlas et al., 1995]; while model 1.7 is for data obtaine 1973-1975
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by Heymsfield and Platt [1984] as analyzed blyiao and Sassen [1994]. Liao and Sassen
[1994] assumed that all the particles had the densisolid ice (0.916 g/ch), although they
did comment that the presence of low density nedfiti large particles would have a
significant effect on radar-reflectivity relationgzinally the model 1.6 was obtained by
and lllingworth [1999] and is based in théao and Sassen [1994] recalculation usinBrown
and Francis [1995], (also referred to &&F in this work) variable density.

Another effect that could influenc&-IWC relations is the polarization. The radar
cross section of nonsymmetrical particles, suclbwkets, columns and hexagonal plates,
depends strongly on the polarization of the inciddactromagnetic field and the orientation
of the particle relative to the observing radanvbeer at zenith incidence these effects are
minimal except in cases where crystals are oriemedpreferred direction by electric fields
[Metcalf, 1995; Galloway et al., 1997]. There have not been found diffeeebetween
horizontal and vertical polarized backscatter aitheincidence for ice crystals at millimeter
wavelengths. For linear polarizations, differenteflectivity is defined as the ratio of H to
V polarized reflectivity Zor=10logZu/Zy), in decibels. Models dfprfor bullets, columns,
and hexagonal plates at 35, 94 and 220 GHz shostantial variation with radar elevation
angle Aydin and Walsh, 1996]. But at zenith incidence (the case of @RS in this

investigation)Zpr=0 for each crystal type.

1.3 Summary of Following Chapters

We first develop the necessary background theochapters 1 & 2. Chapter 3 deals with

the experiment setup, and results of equivaletectdity. Chapter 4 presents the effect of
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the shape of the ice particle in the backscattedcalgulation as well of its effect in the
reflectivity retrieval. Chapter 5 shows resultsI@C for the VIPS data using the three
density models mentioned before and some comparistth existing models. Conclusions

and future work are presented in chapter 6.
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2 THEORETICAL BACKGROUND

The spring 2000 Cloud IOP was conducted durinditeethree weeks of March 2000 to
generate a dataset suitable for the determinatiotheo three dimensional distribution of
cloudiness and cloud properties within the expentaledomain. In that month of March,
pure ice clouds (cirrus) among other types of cbouetre captured and documented with

ground-based radars and airborne instruments [ARNdsite].

2.1 Description of the instruments used in the investigation

2.1.1 NCAR Video Ice Particle Sampler (VIPS

The ice particle data was collected using an insént called Video Ice Particle Sampler
(VIPS) and given by Dr. Andrew Heymsfield from thNational Center for Atmospheric
Research (NCAR). This is an airborne instrumeat thkes samples of ice particles for sizes
down to 5um. The VIPS uses an electro-optical and imaginig mounted in a standard
particle measurement system (PMS) container, aswl fss data acquisition and recording
components. The particles’ images are recorddsvinformats, one is at 30 Hz on high-
resolution Hi-8 VCRs; the other format is at 1 Hiigitized in real-time in an Apple
PowerPC Heymsfield, 2000].

Data from this instrument is in MS Excel® tablenf@t. From this data, this study used:
the altitude of the airplane, temperature of the@sneement, the diametdps, (which is the
maximum dimension measured for the partideyl concentration of particlé$(Dn) per
cubic meter present for these diameters. In amdithe times when the data was gathered
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and the coordinates of the airplane were useddardo compare in time and space with the
radar data.
2.1.2 UMass Cloud Profiler Radar System (CPRS)

The CPRS operates at 33 (Ka band) and 95 (W bahty) iGquencies, it possess a
programmable pedestal that facilitates various rsognmodes and a high speed VXI-bus-
based data acquisition and digital signal procgs@idSP). The 33 and 95 GHz channels
transmit and receive through a single one metenelier dielectric lens antenna; some of the

most important specifications are shown in Table[S3ekelsky et al., 1999].

TABLE 2.1 CPRS Parameters
W band Kaband
Frequency (GHz) 95 33
Peak power (kW) 15 120
Average power (W) 15 120
Pulse width (ns) 500 200
Gain 16°® 10%%
Range gate spacing (m) 75 30
Pulse repetition freq. (kHz) 10 5
Noise figure (dB) 13 11
Bandwidth (MHz) 2 5
Beam width (deg) 0.18 0.50

The CPRS was zenith looking at latitude 36.60l4nd longitude 97.480%. The data
already processed by this radar was obtained frohe tARM website
[http://www.archive.arm.gov/] with Dr. Stephen Mel&lsky permission and is in NetCDF
format; these files were opened using the IDL safev From these data we used the range

(vertical distance to the radar), the time of treasurement and the equivalent reflectivity.
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2.2 Reflectivity related equations

2.2.1 Mie Backscattering

The radar measures the backscatter energy recBwedthe volume of raindrops and
other types of particles such as ice crystals. r&@he one basic theory describing this
scattering, the Mie scattering theory. A specasecof Mie theory is the Rayleigh scattering,
which describes scattering characteristics of gladi that are much smaller than the
wavelength of radiation that they come upon. Qbjenf this size do not scatter all
wavelengths evenly. Alternately, Mie scatteres larger in size and are able to scatter all
wavelengths in all directions with measurements gfise an estimate of the particle’s size
(comparable to the radiation wavelength) with taekscattering coefficientr, Z7f * [Ulaby
et al., 1986].

The backscatter coefficientof) and the backscatter efficiency) are related by the
following formula:

o,(D)=¢&m?, [mn] 2.1
derived from Mie’s solution for the scattering aaosorption of electromagnetic waves by a
dielectric sphere of arbitrary radiugn mm.

From Mie’s solution, the backscattering efficiensygiven by Plaby et al., 1986]:
1 © 2
& =D (D' @ +D(a +h) 2.2
X =
wherea andl are the Mie coefficients. These coefficientsfaremulated in terms of
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XzT”@ 23
0

which is the particle size with respect to the fspace wavelengtid, in mm, wheree,, is
the real part of the relative dielectric constafttloe background medium. When the
background medium is air, as is true in the atmesghthen we can assumg=1. Mie
coefficients are also formulated in terms of

n=ve, 2.4
which is the refraction index, calculated in terofse , the permittivity for liquid water.

The expressions faa, andb are

[A + 1] ReW } - Refw 4}

a = n A:Y | 2.5
[
(HA +1j R } - Refw_,}
bI = X 1 26
SIW Wi
(nA +/\’) | ~Wi
where
21-1
W :( X =W 2.1
with
W, =siny + jcosy, 2.8
and
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I N
= n)(-{ AH} , 2.9

with

A, =cot(ny), 2.10

2.2.2 Density and Equivalent Reflectivity

With the matched data we will proceed to calcuthte equivalent reflectivity using the
Number of particles for a given diametd(D) from the VIPS data using the following

equation $ekelsky et al., 1999]:

10244 P
) :m [& (D,4,N(D)D?dD  [mm°m™] 2.11
T w 0

where A is the wavelength used in (mj, is the backscattering efficienciN(D) is the
particle size distribution (PSD) in (mhm™®), D is D, from the VIPS in (mm) and, (A1) is
a dimensionless quantity called the dielectricdagiven by:

n(A)’ -1

n(A)" +

Wheren is the complex index of refraction for water; thiglex is used because the true

K,()= 2.12

index of refraction for the media observed is taflic unknown. The quantitK,, is not
constant with respect to frequency; Table2.2 shdalifferent values of Ky ° for the
frequencies of interesK|[*at C is chosen because it changes slightly with teatpes. As
is shown in the equivalent reflectivitfe equation (2.11), the backscattering efficiency

¢, which is calculated using the full Mie equationsnfr section 2.2.1, is a function of density,
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diameter and wavelength; given that we have theegabf the diameters and the wavelength,
we only need the values of the density of the pl@gi Previous studies have found that the
density of ice particle varies with respect to thldameter and one of our objectives in this
work was to test crystal density models frateymsfield et al. andBrown and Francis,

equations (1.1) and (1.2), respectively.

TABLE 2.2 |K,[* for water at 0°C for several radar bands
Ka band (33GHz) W band (95GHz)
K 0.885 0.698

Wiener's theorem statesOfuchi, 1983], that the complex index of refractiom
(sometimes referred ay, depends of the bulk density when dealing with ide particles

according to:

_ 2+ni2+2f-(l’li2 _1
m= T 2.13
2+ni +fi(_ni +1

wheref; represents a nondimensional fraction of the volofrer and ice and it is defined as:

fi = 2.14

P
P
with p; as the solid ice density (0.916 g &nand wheran; is the complex index of refraction

of solid ice which is different for every frequen¢y.785 + j0.000235 at 33 and 1.784 +
0.00010 at 95 GHz)Warren, 1984;Ray, 1972]. Using the above equations, we obtained an

index of refraction for each frequency and each.siz
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2.3 Discrete Dipole Approximation (DDA)

In recent years, the DDA, or coupled dipole-methioals shown high potential for
computing scattering and absorption by a targetrlitrary shape, being especially suited for
investigations in the resonance region where théicpa size is of the same order as the
wavelength Lemke et al., 1998].

As was mentioned in the literature review sectibie, basic idea of the DDA is the
representation of an arbitrary particle by a firateay ofN dipolar subunits arranged on a
cubic lattice. These subunits are sufficiently knb@a give rise to only electric dipole
radiation; the dipoles may be contemplated as semténg the polarizability of a particular
subvolume of the target material. The substitutiequires specification of the geometry
(location of the dipoles) and the dipole polariiibs a;. Each dipolePj=oE; is then
subject to incident fielti.c; as well as to the field due to the other excitigwler subunits,

N
E; = Einc,j _ZAjkPk 2.15
k#j
where APy is the electric field atj due to dipolePy at locationry, including retardation
effects. Each elememity is a 3x3 matrix describing the field geometry, tbat reason it
contains the particle information. By definidg=e;", the scattering problem reduces to
finding the polarization®; satisfying a system @& complex linear equations:
N
D AP = Eine 2.16
k=1
Complex conjugate gradient (CGM) methods, whichehproven to be effective and

efficient for findingP iteratively, are implemented, because for a gerggametry, solving

19



equation 2.14 via inversion methods is not prabteea The incorporated FFT drastically
reduces the required number of operations, butimesfto dipole locations on a periodic
lattice. By estimation oP for two orthogonal vectors of polarizatieq e, of the incident

field, the complete amplitude scattering matrixdistermined for a particular scattering

Esca,h - _ jejkr SZ S& Einc,h
Esca,v kr S4 Sl Einc,v A7

The amplitude scattering matrix elements S, conédirthe information about the

direction:

particle, such as shape, size, and refractive indéhe dimensionless backscattering
intensitiesi(&,), i(e,) are defined in terms of the squared modulus efamplitude scattering
matrix elements:
i(e,) =[S, i(&) =[S/ 218

By contrast to exact scattering methods, the wuglidf most approximations is
limited to a certain size parameter range. Inqgpie, there is no lower size parameter limit
for applying DDA. But, at the other end, as soantlae wave no longer resolves the
geometric structures of the scatterer, the apphicadf the Rayleigh approximation is
desirable because of its simplicity. The prograPSTAT is used to perform the DDA to

calculate the backscatter efficiency of a bulletmhparticle and is described in chapter 4.
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3 Experiment Setup and Reflectivity Calculations

3.1 Methodology for the Spatial and Temporal Matching

Our first priority for the comparison between instrents was to find collocated data in
time and space. We found that our investigatios hvaited by the in-situ instrument (VIPS),
because for this device there were only four daith @ata collected: March 5, March 9,
March 12 and March 13 of 2000; their time of acis were 22:50:44 to 26:21:00 UTC,
18:31:59 to 22:42:00 UTC, 22:22:09 to 25:44:20 Uamd 19:21:33 to 22:29:00 UTC,
respectively. As was mentioned in chapters befthre,radar was nadir looking and the
airplane was collecting data with various typesefruments; Figure 3.1 show a diagram of
the setup of this experiment. It should be memtibthat the two instruments were not well

coordinated in terms of distance between them.

iy
iy
RADAR

Ground
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Figure 3.1 Experimental Setup of the devices used for comparis

Given that we had VIPS data for those four dayspmeeeded to examine the CPRS
data to find if there were data gathered at theesames as the VIPS; but first of all we
examined the parameters of the CPRS and used #mewbdth of the radar in order to find
an approximate diameter of the beam at differeitudes. The diameter of the beam of the
radar at a given altitude can be approximated by:

S=ré 31
wherer is altitude, and is radar beamwidth in radians. A table showireggdpproximate
diameter of the radar’'s beam at different altitudeshown in table 3.1.

As was mentioned above, the two instruments wetevell coordinated and for this
reason only a distance of approximately 600m batwestruments was the closest for the
day elected for comparison. However, cirrus clovasability is modest on scales close or
smaller than 500m according kmgan and Illingworth, 2003.

TABLE 3.1 Approximate beam diameter for several radar bands at various altitudes

Altitude [km] Diameter of beam for: Diameter of beam for:
0=.5" @ 33GHz [m] 0=.18 @ 95 GHz [m]
5,000 43.633 15.708
5,500 47.997 17.279
6,000 52.360 18.849
6,500 56.723 20.420
7,000 61.087 21.991
7,500 65.450 23.562
8,000 69.813 25.133

Figures 3.2, to Figure 3.4 show three views of @S acquisitions points (Top, Side, and
3D view) and are placed for comparison purposehl Wit band CPRS most relevant data

plots, which are for March 9, 12 and 13, respettive
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Figure 3.2 a),b) and c) are VIPS location (3D, side and togwiespectively) when the

instrument was gathering data from 18:31:59-22@2J0C for a total of 15,000 points on

March 9, 2000. d) shows CPRS 33GHz data that mdtaihd¢ime, but the closest points
between instruments at the time of the graph albshewn by red circles) are at the
beginning and end of the cloud, so this day isangbod one for comparison purposes [ARM
Archive].
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Figure 3.3 a),b) and c) are VIPS location (3D, side and togwiespectively) when the
instrument was gathering data from 22:22:09-25@4J2C for a total of 12,132 points on
March 12, 2000. d) shows CPRS 33GHz data match&ohé but the closest point between
instruments at the time of the graph above (showm Iblue circle and the altitude of the
plane shown by a black line) are in the cloud tgion, nearly outside of the cloud, so this

day is not a good one for comparison purposes [ARbhive].
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Figure 3.4 a),b) and c) are VIPS location (3D, side and togmwrespectively) when the
instrument was gathering data from 19:21:23-222%J0C for a total of 15,711 points on
March 13, 2000. d) shows CPRS 33GHz data matchdune [ARM Archive]. e) is the
same as d) but zoomed from 4 to 10 km and withffardnt color scale; the altitude of the
plane is shown by a blue line and the closest par¢ inside the white rectangle lines, good
matching in time and space was obtained for thys da
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The distance between instruments, was obtained with following equation
[Meridian World Data, 2005]:
D = E*[cos*{(sin(a)) * sin(b) + cos@) * cosp) * cosP, - P,)}] 3.2
Where: E= Earth Radius=6367.3 km
a= latitude of ' point=36.6011
b= latitude of 2¢ point
P,=longitude of 2 point
P,=longitude of ¥ point = 97.4809
Now, we only had to comply with three requiremefatsthe data in order to begin
with our desired comparisons, which are: that weelaoking to a cirrus cloud and that the
two instruments used are close in time and spader examining different days of the data
collected, we concluded that the best day to coepath instruments was March 13, 2000.
It should be mentioned that for the four days dPSlobservations, there were no data placed
inside the volume of the radar beam; for the bagtfdr comparison, March 13, 2000, the

closest distance between instruments was 610 meters

3.2 Equivalent Reflectivity Comparison

Results of the equivalent reflectivity obtainedngsequation 2.11 for the VIPS data for
density models fronteymsfield, B& F and constant value, (equations 1.1-1.3), are shmwn
Figure 3.6 to Figure 3.11. It should be mentiotiext diameters larger than 2,006 were
not used because the VIPS didn’t found any partaiger than that dimension (meaning that
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N(D>2,000pm)=0) within the cirrus cloud. Continuing with Figes 3.6 to 3.11, they show
different perspectives of the flight track takentbg plane on March 13, 2000 from 20:36:08
to 20:38:30 UTC (closest points between CPRS amBulp to a maximum separation of 10
km). The colors on those figures represent thévatgnt reflectivity in dBZ and are spaced
in intervals of 5 dB. It should be mentioned tha scale used in Figures 3.6 and 3.7 are
different from the ones used from Figures 3.8 t@13. Figure 3.5 shows particles
distributions obtained on March 13, 2000 for ousitu instrument (VIPS) and from a Cloud
Particle Imagery (CPI); which were equipped anddusethe same time during the flights
(This are presented here only for comparison p@gos The relative similarity in

measurements from the VIPS and CPI gives us a gmlchtion that the data should be very

reliable.
Average Particle Size Distribution from ARM VIPS Particle Size Distribution
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Figure 3.5 (left) Average particle size distribution from daitallected between the 9 and 13
of March 2000, by the University of North Dakotatafion research aircraft, using a cloud

particle imagery (CPI). (right) Particle size distition obtained from data of the VIPS when
the plane flew very close to radar location.
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Figure 3.6 Overhead view of the VIPS flight track pattern kdarch 13, 2000. The blue dot
at (0,0) indicates the position of the CPRS ratlar,blue circle is only a reference for data
that were spatially closed between sensors; whéecblors represent the range of equivalent
reflectivity Z. obtained usind3&F density equation (1.2). b) Is the same as a) ibtlriee
dimensions to show the altitude variatioBrgwn and Francis, 1995, density model at

33GHz)
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Figure 3.7 Same as Figure 3.6 but for 95 GHz.
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VIPS Reflectivity Top View(March 13, 20:36:08-20:38:30) @ 33GHz
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Figure 3.8 Same as Figure 3.6 but usiHgymsfield et al. density model at 33GHz.
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Figure 3.9 Same as Figure 3.6 but usiHgymsfield et al., [1972] density model at 95GHz.
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Figure 3.10 Same as Figure 3.6 but using a constant ice denfsth916 g/crii at 33GHz
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VIPS Reflectivity Constant Dens. Top-View (March 13) @ 95GHz

VIPS Reflectivity Constant Dens. 3D-View (March 13) @ 95GHz
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Figure 3.11 Same as Figure 3.6 but using a constant solideéosity of 0.916 g/cth
at 95GHz.

The equivalent reflectivity for March 13, 2000 frahe CPRS as a function of time is
presented in Figure 3.12, this is for the altitatlevhich the plane was flying at those given

times (which was 7 km); for the two CPRS chanr&sand 95 GHz.

Radar Data (March 13 @ 7km heigth)

24} — 336Hz
: —— 95GH:
26+ .

0 5 10 15 20
Time (Min)
Figure 3.12 Time traces of the data showing the radar refldgtiof the two channels of
CPRS data during the time when the airplane oesv fiver the radar, the red colored is for
the 95 GHz data while the blue is for the 33 GHada

For the comparisons we used data from March 130 Zjfaced up to a maximum

distance of 10 km between instruments and the @ifmtecollections were between 20:36:08
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to 20:38:30 UTC. A plot showing simultaneous d&tam the VIPS and the CPRS
measurements for 33 GHz is shown in Figure 3.1&revthe CPRS data is represented by a
red line and the VIPS data is represented in bllilee horizontal axis represent the time in
minutes, and the green line and right vertical asepresents the distance between
instrumentsZ. calculated for the VIPS in Figure 3.13 was donegigquation (2.11) and

using equation (1.2) density model.

Equivalent Reflectivity Comparison (@ 33GHz
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Figure 3.13 Comparison between equivalent reflectivity obtairfemn CPRS radar and
VIPS in-situ instrument, @ 7km of height over tianed distanceBrown and Francis, 1995
density model.

Figures 3.14 and 3.15 are similar to Figure 3.18, dre obtained usingleymsfield's
density (equation 1.1) and a constant density @f®g/cni, respectively. In order to obtain

a meaningful quantity for the comparison betweestriments, we calculated the root mean

square (RMS) difference for tizg (equivalent reflectivity) using the following equat:

Zerus :\/(al _bl)z +(a2 _b2)2 +(a3 _b3)2 +...+( | —bn)z s
n
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Equivalent Reflectivity Comparison (@ 33GHz
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Figure 3.14 Comparison between equivalent reflectivity obtairfezin radar and in-situ
instrument, @ 7km of height over time and distanmeng Heymsfield et al., 1972 density
model.
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Figure 3.15 Comparison between equivalent reflectivity obtairfezin radar and in-situ
instrument, @ 7km of height over time and distamsing a constant density of 0.916 gicm

In order to compensate for the additional pointdath from the VIPS for the comparison
at 33 GHz, we used a polynomial regression"btiégree; also because as was mentioned in

section 3.1, cirrus clouds variability is modestsoales close or smaller than 500m.

Z, o (t) =30301° - 24067° +71171* —95438° + 60552 - 23311 -30667 3.4
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wheret is in seconds. Tables 3.2 to 3.3 show the RM&rdifce in dBZ at a separation
between instruments up to 1, 5 and 10 km, for dgmsbdels fromHeymsfield, B&F and

constant solid ice density of 0.916 gfcat a frequency of 33GHz.

TABLE 3.2 RM S Difference between instruments (B&F crystal density p=0.07D™*") 33GHz.

Distance between RM S Difference
Sensors
1km 0.1371 dBZ
5km 1.4593 dBZ
10km 5.3041 dBZ

TABLE 3.3 RM S Difference between instruments (Heymsfield density p=0

78D %%%#)33GHz.

Distance between

RM S Difference

Sensors
1km 5.6810 dBZ
5km 7.7267 dBZ
10km 14.8538 dBZ

TABLE 3.4 RM S Difference between instruments (constant ice density p=

.916 g cm™®) 33GHz.

Distance between

RM S Difference

SeNnsor s
1km 6.1116 dBZ
5km 8.4138 dBZ
10km 16.2269 dBZ

From the results shown from tables 3.2 to 3.4d(a@so by looking to Figures 3.13 to 3.15)
it can be appreciated that tB&F density model4=0.07D™") gave better agreements
between instruments; also the agreement is comrdiljebetter in Table 3.2 for 1 km than in
the other two tables. This results suggest thatrstant density of solid ice of 0.916 g&m
cause an overestimate @f; alsoHeymsfield density model (which gives density values that

don’t vary a lot with respect of the dimensiongha# particles) cause an overestimat&.of
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4 ICE CRYSTALS’ SHAPE EFFECT IN RADAR
MEASUREMENTS

The work presented here analyzes crystals withebghape, because previous studies
have shown that this crystals form is the most comiriound in cirrus cloudsHeymsfield
and Platt, 1984;Mitchell and Arnott, 1994]. The parameter of interest to observeeffact

of the particles shape in equivalent reflectivtyrievals is thef, (backscattering efficiency);

this was done using Discrete Dipole Approximatiemg the software DDSCAT. The shape
of the bullet was performed usiMilla et al. code. We also used crystal density mddets
Heymsfield et al. [1972],Brown and Francis [1995], as well as a constant density to obtain

the refraction indices necessary to estimate tokduattering efficiencies using DDSCAT.

4.1 Simulation of Bullet Shape
4.1.1 DDSCAT Program and Bullet Shape Parameters

As was mentioned in previous chapters, we usedD8CAT software to compute the
backscattering produced by one ice crystal’s bydbaticle. This program is based on the
discrete-dipole approximation method, DDA. Thewafe include some common geometric
shapes such as hexagonal plates, prisms, cyliraetsothers, but offer the possibility to
create even more complex shapes, and we proceedakktadvantage of thélla et al. code
used to simulate bullet particles. The DDA metlapgroximates the object’'s geometry by
means of a polarizable dipoles array; DDSCAT disties these dipoles on a cubic lattice as

was shown in Figure 1.2.
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Even though DDA can describe any geometry, itnstéd by a minimum distanakthat
should exist between dipoles. This distance isiig@ly proportional to any structural
longitude on the target and to the wavelength.viBus studiesPraine and Flatau, 1994]

sum up the two criteria in equation 4.1.

Imkd < 05 4.1
with m as the complex refractive index of the object makeandk as the wavenumber of the

surrounding medium.

Another factor that should be considered is thebmmof dipoles that describe the target.
For each dipole an electric field is calculated] ahthe end the summation of all the fields
due to each dipole is the total electric field,nfravhich the backscattering coefficient is
computed and other products as the absorption @ttesng coefficient factors. In order to
obtain more accurate results, the number of dipaiesd for a simulation should be

considerably large.

The construction of the bullet Milla et al. code was done using the following relations
each bullet has a longitude relatiddeymsfield and Knollenberg, 1972],L (mm), versus
width, w (mm), (twice times the apothem (define)) for tenapares between —18° and —20 °C

(see Figure 4.1) given by:

w= 025L°"%°  (mm), 4.2
for bullets withL< 0.3 mm, and

w=0.185."* (mm), 4.3
for bullets withL> 0.3 mm.
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b)
Figure 4.1 Schematics to describe the dimensions in a cidasgddoullet shaped particle. a)
Bullet side view. b) Cross section of a bullet.

Now the inputs to DDSCAT are performed using a fi@med ddscat.par and the
methodology is presented in Figure 4.2., the in@ues shape (bullet), particle’s sizBg(
from the VIPS), number of dipoles (15,692 dipoledich is sufficiently large to yield
accurate results at the frequencies of interesgyetength (9.0909mm for 33GHz and
3.1579mm for 95GHz), refraction index (which is abed usingHeymsfield, Brown and
Francis density models and constant density), and theetasgentation (which would be

explained in more detail the next paragraph).

In DDSCAT the target is oriented using what it'd@a the “Lab Frame” which is shown
in Figure 4.3. The incident radiation is defin@dpropagate in the +x direction; and the
inputs in DDSCAT for the target orientation are thkowing three angled, ®, andg. @ is
the angle between &hdX. The angle® refers to the rotation of al arouxd while
introduces an additional rotation ofsdiound & The ranges of these angles afe:@<180,

and 0< B,® <360.

Due to the randomness of the particles in both ehpllet is said to be the most

predominant shape, but not the only present) amhtation, we calculate averaging over
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random orientations in DDSCAT in the following mannwe let DDSCAT ru from @ to

360, ® from @ to 360 and we le® run from -36 to 30.

ddscat.par file
Shape, particle’s size, I dipoles, wavelengths, refraction index, target orientation
DDScat Process
Frocess fo choose the shape 0 \I, :L . 3
Creates an array Caloulates the
Shape with N dpoles backscattering
Bullet with the target’s frorm the dipole
shape and sizes array
o |
¥
Backscattering

Figure 4.2 Methodology used to create a bullet formed by aayaof N dipoles. (General
process)

-t-:'::.

5 ' e

Lab Frame ER P

Figure 4.3 Target orientation in equation in the Lab Frarrds the direction of propagation
of the incident radiation, and theis the direction of the “real” component of thesfi
incident polarization mode. In this coordinate ewst the orientation of target axis &
specified by angle® and®. With target axis #ixed, the orientation of target axigié then
determined by angl@ specifying rotation of the target around Wheng=0, & lies in the a

X plane.
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4.1.2 Bullet Backscattering vs Mie Backscattering comparison

Figure 4.4 to 4.9 shows backscattering efficien@bgined using DDSCAT and
compared with Mie results, for the three densitydeis at 33 and 95 GHz. It can be seen
that at 33 GHz the difference between Mie and bul®A simulated backscattering
obtained for all the three density models is conghyenegligible, in the three cases they were
just slightly lower (the effect of these backsaaig can be seen on Figures 4.10 to 4.12).
However, as was expected, significant differenggsear when looking the backscattering
efficiencies at 95 GHz. For thBrown and Francis density model the bullet simulated
backscattering was significantly bigger than thee Nbdiackscattering for the larger radius
taken into account (radius up to 1,126r diameter of 2,240mn); also of special notice was
that the oscillatory behavior was not present aible for the radius simulated (the
oscillatory behavior can be seen if larger radingsuse).

On the other hand the oscillatory behavior canlearly seen (due to the wavelength
been comparable to the crystal’s sizes at 95 Gétz)he Heymsfield density model, and for
a constant density of 0.916 g/mt a frequency of 95 GHz. Their backscatterirfigiehcy
results are significantly lower for thB&F density model at 95 GHz, Mie backscattering
underestimate the backscattering obtained fromlletlparticle, meanwhile when using the
density of solid ice or théleymsfield density model, Mie overestimate the backscattering

obtained for a bullet particle.
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DDA and Mie Backscattering vs Radius (Brown and Francis Density model) @ 33GHz
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Figure 4.4 Backscattering comparison usiBgown and Francis crystal density @ 33GHz.

DDA and Mie Backscattering vs Radius ( Brown and Francis Density model) @ 95GHz
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Figure 4.5 Backscattering comparison usiB§F density @ 95GHz.
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Backscattering Efficiency

DDA and Mie Backscattering vs Radius (Heymsfield et al. Density model) @
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Figure 4.6 Backscattering comparison usingymsfield density model @ 33GHz.

Backscattering Efficiency

DDA and Mie Backscattering vs Radius (Heymsfield et al. Density model) @
95GHz
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Figure 4.7 Backscattering comparison usinigymsfield crystal density @ 95GHz.

40



DDA and Mie Backscattering vs Radius (Const. Density) @ 33GHz
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Figure 4.8 Backscattering comparison using constant solidiessity @ 33GHz.

DDA and Mie Backscattering vs Radius (constant density) @ 95GHz
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Figure 4.9 Backscattering comparison using constant solidiessity @ 95GHz.
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4.2 Equivalent Reflectivity from VIPS Bullet Simulated
Particles

Equivalent reflectivity results and comparisonsghesone presented in section 3.3 are
shown for the bullet shaped ice particles from Fegdi10 to Figure 4.12. From these figures
we can conclude that there is not a significantedéhce inZ. between Mie and bullet
simulated particles at 33 GHz for the different slgnmodels. But at 95 GHz the results
using the bullet simulated backscattering resuitetietter agreement with the CPRS data,
than the Mie solution. The agreement can be bafipreciated when using tBeown and
Francis density model applied to VIPS (Figure 4.10 b)pdletter agreements occurs where

airplane is closer (horizontally) to the groundanad

Equivalent Reflectivity (Mie and DDA) Compatison (@ 33GHz Equivalent Reflectivity (Mie and DDA) Comparison @ 95 GHz
T . T T 10 T T T T 10
Ze CPRS Ka Data Ze CPRS W Data
=) s ZeVIPS Data (Bullet DDA) _ Azl @00 FeVIPS Data (Bullet DDA) |
Ze VIPS Data (Mie Solution) 1z E Ze VIPS Data (Mie Solution, g g
= <
361 1 = 34+ =
2 2
= 6 5 - 6 B
N 35| LA g by © 4
5
g i 8 ad ;
ﬁ 1 % ﬁ -38 = Daon m°o° G 0 0 PR Ia %
-40 [ “om o £ 0 0 o o @ M
8 T : 3
= DY T e o, % 1 g
42+ g, = hhE b 2 E
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Figure 4.10 a) Comparison between equivalent reflectivity obtaifiean radar and in-situ
instrument, @ 7km of height over time and distanteng a variable densityB{own and
Francis) of p=0.07D™!using backscatter simulated using DDSCAT bullet eidgurple
circles). b) is the same as a) but at 95 GHz.
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Equivalent Reflectivity (Mie and DDA) Comparison (@ 33GHz Equivalent Reflectivity (Mie and DDA) Comparizon @ 95 GHz
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Figure 4.11 a) Comparison between equivalent reflectivity obtaifiesn radar and in-situ
instrument, @ 7km of height over time and distamd#h a variable density gf=0.78>°%38
(Heymsfield et al.) using backscatter simulated using DDSCAT bulletdsi (purple circles).
b) is the same as a) but at 95 GHz.
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Figure 4.12 a) Comparison between equivalent reflectivity obtaifieain radar and in-situ
instrument, @ 7km of height over time and distaneang a constant density p£0.916
using backscatter simulated using DDSCAT bullet eh@durple circles). b) is the same as a)
but at 95 GHz.
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5 ICE WATER CONTENT (IWC) RETRIEVAL

IWC is an important cloud microphysical parameter wheit@ing cloud radiative
properties. Various relationships betweé®/C and radar reflectivity, summarized Bgissen
[1987], have been reported; however there is lapgead in values among these relationships

and research to improve them is ongoing.

5.1 IWC derivation for the VIPS data

Now that the reflectivity analysis and comparisereompleted we proceed to develop

anIWC model for the VIPS data of the form:
IWC =az? [g/m”] 5.1
this should be accomplished by computing the discvalues o WC using the following

obvious equationgekelsky, 1999]:
IWC = o.om]a N(D) p(D)(“]n(DTdD [g/rm 5.2
. 3/12

where N(D) is the particle size distribution (PSD) in (¥m™), D is in (mm) andy(D) and
IWC are in (g/n).
BecausdWC is also dependent of the density (li&g9, we appliedHeymsfield et al.

and Brown and Francis crystaldensity models (Equations 1.1 and 1.2) as wellcastant
density. For every value @f we associated a value 6\C and then, using logarithmic

regression, we obtained the coefficieatandb to create afnWC model of the form of

equation 5.1.
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Tables 5.1 shows the coefficients obtained to ertatl WC models for the density of

interest in this investigation at,kband. The results dWC as a function ofZ. using

different density models atdand and compared to thé/C models equations 1.3 to 1.6,

are shown from Figure 5.1 to 5.3; were th¢C-Z. relationshipsobtained from the different

density models is shown in magenta color.

TABLE 5.1 Coefficientsa and b for the new calibrated crystal density models at 33GHz

Ice Crystal Density M odel Coefficient a Coefficient b
Brown and Francis 0.8735 0.9543
Heymsfield et al. 0.003680 0.3720
solid ice density 0.916/n’ 0.003819 0.3715

TWC vs Ze at 33GHz (Using Brown and Francis density)
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Figure 5.1 Various IWC models applied to the in-situ data usiB§ F ice crystal density

(0(D)=0.0D*Y).
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ITWC vs Ze at 33GHz (Using Heymsfield density)
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Figure 5.2 Various IWC models applied to the in-situ data gsiteymsfield et al.ice crystaldensity

1

(p(D)=0.78D°°%%9, The blue dots represent the IWC obtained foMHRS data.
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Figure 5.3 Various IWC models applied to the in-situ data gsinconstant densip=0.916 g/m.
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To examine the difference between the variM€ models with respect to the in-situ
data we applied the RMS equation 3.3 for the diffiérice crystal density models and the
results are shown from table 5.2 to 5.4. Givenrgmlts for thd WC using Brown and

Francis density at 33 GHz, it can be seen that the discratues are close to thé/C- Ze
relationship obtained for it ofWC, = 0.873% >** (which is the new calibrated model

recommended in this work) and as was expectedsebend relation closer to it was equation
1.6, which also used tH&rown and Francis density. Meanwhile, when usitdgymsfield et
al. and solid ice densities, their results wereyvsimilar (their IWC- Z, relationships

coefficients were similar), their variability wadgh in comparison to the relationships
obtained for themWC, = 0.00368@ "%, IWC, = 0.00381Z ", respectively.

TABLE 5.2 RMSresultsfor the IWC modelsusing B& F density model at 33GHz
IWC model (equation) RM S Difference

IWC (1.4) 0.5174
IWC; (1.5) 0.4001
IWC, (1.6) 0.2979
IWC; (1.7) 0.7968

IWC, 0.0123

TABLE 5.3 RMSresultsfor the IWC models using Heymsfield density model at 33GHz
IWC model (equation) RM S Difference

IWC (1.4) 0.9316
IWC, (1.5) 0.7841
IWC, (1.6) 0.5879
IWC; (1.7) 0.1374

IWC, 0.0821

TABLE 5.4 RMSresultsfor the IWC models using constant density at 33GHz
IWC model (equation) RM S Difference

IWC (1.4) 0.9455
IWC; (1.5) 0.7959
IWC, (1.6) 0.6346
IWC; (1.7) 0.1314

IWC, 0.0821
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6 CONCLUSIONS AND FUTURE WORK

Data from cirrus clouds on March 13 of 2000 frora ®PRS and VIPS were found
which matched satisfactorily in time and space.e Equivalent reflectivity obtained from
both instruments compare favorably when both imsémnts were close in time and space and
when theBrown and Francis [1995] density was applied, also their RMS valwese smaller
when the points compared were closer (See Fig).3.1i3vas found that the effect of the ice
particles shape was negligible at 33 GHz, but a6B& the effect causes significant changes.
By taking the shape effect into account at 95 GiHere was better agreements between
radar’s and the VIPSZ, for all the densities used.

IWC- Zrelationships for the three densities used in ithwestigation were obtained

at 33 GHz, the relationship obtained using B&F density, resulted the most reliable (the

0.9543

shape, and the low variability in the discrete eapi.e.IWC, = 0.873%_, ", which is the

new calibrated model recommended in this work. Mdale, when usingHeymsfield and
solid ice densities, the results were very sin(ilaeir WC- Z relationships coefficients were

similar), and the variability was higher comparedithw relationships obtained

for IWC, = 0.00368@,”*'*°, IWC, = 0.00381Z °°"*°, respectively.

As part of future work it is desirable to make camgpons between the two CPRS
channels, but with the VIPS data. In addition, plaeticle size distribution from the radar

data could be retrieved to compare it with the ViR&.
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APPENDIX A.

March 5, 2000 at 95GHz
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March 12, 2000 at 95GHz
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March 13, 2000 at 95GHz
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APPENDIX B GRAPHS AT 33GHZ OF LESS RELEVANCE
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Graphs March 5 2000.
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