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ABSTRACT

Data from NASA TRMM satellite and rain gauges, tam rate per hour was studied.
The comparison took place in San Juan, Puerto R¥ben the Tropical Storm Jeanne

passed over the island of Puerto Rico.

Natural variations in raindrop size distribution§D) were studied for X band radar
from October 2004 to July 2005 and Septembdtta516", 2004 in San Juan, Puerto
Rico. Three types of estimators of rain rates vexamined: A classical estimatlfz,)
and two polarimetric radar estimatd®$Kpp) andR(Z4,Zpr) . According to simulation
results, the normalized errors (NEs) with respettdlisdrometer oR(Z,),R(Kop) and
R(Z4,Zpr) for all DSD samples in October 2004 to July 20@%adare 40.85%, 14.73%,
and 15.83% respectively, while for the tropicakstdeanne they are 23.39%, 9.35% and
14.53%. The results show that the estim&(4) is the most sensitive to variations in

DSD.
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1 INTRODUCTION

The goal of this work was to calculate the expectéa rate outcome from an X-band
radar by using a disdrometer data. Our objectige @ find different equations relating
rain rate R) and polarimetric radar parameters. Furthermihie,work also includes the
analysis of how sensitive is the computed rain t@t8pecific Differential Phaségy) for
different frequencies.

Upon installation of the radars for the CollaboratiAdaptive Sensing of the
Atmosphere (CASA) project, the required calibratwas made by comparing Two-
Dimensional Video Disdrometer (2DVD), Tropical Rf@ih Measurement Mission
(TRMM) and National Climate Data Center (NCDC) d#teough the codes developed

along with the present work.

1.1 Motivation

Precipitation is an important meteorological parsanahich affects the hydrology of
land surface, coastal processes, terrain stabitliypate and global heat circulation.
Understanding rainfall distribution and intensipnamprove protection of environmental
and human resources, and knowledge of geophysicaiegs of land, ocean and
atmosphere.

Rain measurements have been historically verifisihgutraditional rain-gauges in

high detail or microwave radars that cover vasasireNevertheless, in order to develop



more accurate rainfall forecast algorithms anddaé them, the drop size distribution
(DSD) of rainfall events needs to be studied.

The quantitative estimation of rainfall rates usmgteorological radars has been one
of the main research topics in radar meteorology eadar hydrology. Quantitative
Precipitation Estimation (QPE) pursues to improwe frecipitation estimates and
enhance the reliability of flood prediction. Demging low cost radar is one of the key
goals of this research enterprise.

The relationship between rain r&eand the radar reflectivity fact@ (Z-Rrelations)
have been widely used to estimate rainfall amountdowever, it is commonly
recognized that this classical rain estimation méthas many sources of error. One of
them is the sensitivity oZ-R relations with respect to variations in raindrages
distributions DSD)[ Maki andBringi, 2004].

For shorter wavelengths in comparison with S-bauth as X-band (3 cm) and C-
Band (5 cm), attenuation by rainfall is an addiéibsource of error for quantitative
rainfall estimation, it was found by Battan, 1978 has been recognized for a long time
that the X-band wavelength was not useful for aaeurainfall measurements because of
the rain attenuation problem df. However, this situation changed dramaticallymaft
polarimetric radars, which measure Differential $thabecame available. The
Differential Phase is not very sensitive to DSDcsfe parameters, it is independent of
radar calibration problems and, in addition, ielso immune to rain attenuation. Note
that radar power calibration is usually difficulichis one of the major sources of signal

power measurement errors.



The raindrop distribution is generally assumed ® umiform within the radar
sampling volume; however, gradients within the slamgp volume can cause
overestimation or underestimation of rain ratesont@mination by hail and the bright
band is one of the well-known sources of bias errdo infer intrinsic meteorological
parameters from the measurement in X-Band, accuwateection for attenuation is
critical Maki andBringi, 2004.

The Collaborative Adaptive Sensing of the AtmosphdCASA) Engineering
Research Center (ERC) aims to create a new engige@aradigm in observing,
detecting and predicting weather and other atmogpiphenomena. Developing low
cost radars is one of the key goals of this rebeanterprise. This can be accomplished
by moving to higher frequencies, specifically X-BanMore information can be found
on the CASA webpage.

A radar calibration method that has been widelyduseoperations employs radar-
rain gauge comparison. It is referred to as ansadjent rather than a calibration. In the
simpler version of the method, observed radar ctflities are transformed into rainfall
rates, using a single or seveRaZ relationshipZ =aR’ , and these rates are compared to
rainfall rates observed by one or several rain gaug

Using measurements from NASA TRMM satellite webpagel rain gauges, the
raindrop size distribution was studied and usednalyzing disdrometer rain retrieval.
The data used for this comparison two events wit&ptember 2004 (when the tropical

storm Jeanne passed by the island of Puerto R@a)y 4 out of 21 locations worldwide



where 2DVDs have been deployed in the past ardentropics, therefore this work
provides further insight into the rainfall stattstiof tropical regions.

In order to evaluate the currently used algoritfiongain estimation, we performed a
data comparison and correlation between NCDC (Nati€Climate Data Center) rain
gauge, NWS rain gauge, a 2DVD and NASA TRMM. Thiwdped in the characterization
of this tropical island’s rainfall rate statistiasd its regional variations. The results of
this work should provide important information QPE algorithms for enhanced rainfall

estimation, much needed for the tropical zone comties.

1.2 Literature Review

In recent years, polarimetric radar techniques Hasen evolving quickly and its
achievements have become the center of attentidghemeteorology community. Radar
meteorology, traditionally usg-R relations to estimate rain rates, whereas poldricne
radar uses botA and polarimetric variable information such as fpedifferential phase
Kop and/or differential reflectivityZpr. Seliga and Bring(1976) showed thaipr could
be used to retrieve rain drop size distributiond smimprove rain rate estimations was
proposed theoretically (e.gdguchiandHosoyal974 , andseligaandBringi 1976) and
now is recognized as an essential parameter foaripwtric radar measurements.
Comparisons of radar rain rate estimates with gawgasurements have often been
performed to asses the accuracy of radar rateastimators. Matrosovet al. (2002)
showed that case tun€&{z,) was a more accurate estimator tfiop) by comparing

the X-band polarimetric radar estimates with gaugeasurements.



Advantages oKpp based estimators are that they are not affecteddar calibration
errors or partial beam occlusion, and are lessegide to ground clutter effect
(Vivekanandaret al. 1999Zrnic” and Ryzhkot996). As shown in those studies, the
differential phase shift at S-band is characteriagdelatively low sensitivity to rainfall
rate, which impacts the resolution of rain produderived from Kpp estimators.
Consequently, the use of X-band wavelengths shallddv more detailed and potentially

more accurate estimation of light to moderate edimétes.

There are two main complications in using polarmogbarametersZpr andKpp) at
X-band that require careful investigation: 1) thhegence of drop size distribution effect
in cases of significant concentration of large dragnd 2) the variability in raindrop size
distribution and in the equilibrium relationshiptiveen oblate raindrop shape and size.
Zrnic” et al. (2000) anKeenanet al. (2001), who studied the sensitivity of Gwba
polarimetric variables to the form of raindrop dxiatio and the tail of raindrop size
distribution, have exemplified the effect of botésues on the accuracy of rainfall
estimation. Currently, research on the use ofrpuktric radar measurements at X-band
has been limited to a few theoreticdhfheson1994, 1991, Chandrasekarand Bringi
1988; Chandrasekaet al. 1990) and experimental studiéar{ et al. 1991Matrosovet

al. 1999;Matrosovet al. 2002).

The experimental study biatrosov et al. (1999), although valuable from the
viewpoint of polarimetric techniques developmend, ot provide adequate quantitative
evaluation of the estimators. In their most recuntly, howeverMatrosovet al. (2002)

provided a quantitative error analysis of the wasioain estimators based on field data.



They concluded that a multi-parameter algorithm ststimg of Zy, Zpr, and Kpp

measurements provides the least standard error avechpto other single-parameter
estimators. According to the authors, the combipethrimetric parameter algorithm
intrinsically accounts for the variability in egbitium drop shape—size relationship, thus

offering a more stable estimator.

Anagnostolet al. 2004, show that the multiparamei&yr, Zpr, andKpp) retrieval has
the optimum rain estimation performance with ab&d® relative difference standard
deviation. For comparison, the case-tuned refligtirainfall rate (Z—R) relationship

gave about 65% relative difference standard denati

More recent studies (e.gBrandeset al. 2001) showed, however, that rainfall
estimates obtained with a fixed coefficidip—R relation are similar to those obtained

from the radar reflectivity only given that the aads well calibrated.

Maki, Park and Bringi2005, conclude that the estimaB®r(Kop) is less sensitive to
natural variations in DSD than the classical esitmR(Z,) and calculated relationships

for convective rain, stratiform rain and all raypés, as show in Table 1-1.

Table 1-1 Relationships for rain rate estimator Darwin, Aaktr Maki et al 2005).

Equation Rain type c b
_ b Convective 4.26 x10 0.644
R(Zw) =cZ4 Stratiform 3.96 x18 0.551
All 9.16 x10° 0.770
Rain type [ b,
R(K ~o) = G K o2 Convective 20.2 0.809
(Kpp) =CiKpp Stratiform 14.5 0.811
All 18.9 0.856
Rain type [ =S b,
R(K ., Z =K a21OO.JbZZDR Convgctlve 25.1 0.893 -1.03
(Kop,Zpr) = C2Kop Stratiform 23.9 0.881 -1.39
All 25.2 0.916 -1.14




R(Zy,ZpR) = CaZy 210%1P%0r

Rain type [ & bs

Convective 1.01 x16 0.913 -4.92

Stratiform 1.49 x18 0.855 -4.83
All 8.99 x10° 0.927 -5.05

Additionally, the estimators of rain rate derivedrh disdrometer data collected in

Tsukuba, Japan are show in Table 1-2.

Table 1-2Relationships for rainrate estimator Tsukuba, Jgpaki et al 2005).
b

Equation Rain type C

R(Z) = cZy All 0.0394 0.619
- by Rain type cl bl
R(Kop) =CKpp All 19.6 0.825
- a,1401,Zpz | Rain type c2 a2 b2

R(Kop.Zpr) = ¢,Kpp ™10 Al 26.0 0.883 20.0988

- 83 1 10-1b5Zpr Rain type c3 a3 b3
R(Zy,Zor) = CsZy ™10 Al 0.130 0.869 20.429

The normalized errors (NEs) B{(Z+) andR(Kpp) are 25% and 14%, respectively.

Figure 1-1 shows the comparison with two differkxeitions (Darwin Australia and
Tsukuba, Japan) where the relatiBAKpp have difference in less than 5% while the
comparison of th&-Z, relationship between Darwin and Tsukuba showsttieaaverage

difference without regard for sign is about 77%or Ehis reasomR(Kpp) is less sensitive

to DSD variations compared R(Z4) and supports the conclusionRringi, 2003.
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Figure 1-1. The dependence of rain estimators on ggraphical location ; (a)
the R-Kpp relationship and (b) theR-Zy relationship, Maki, Park and Bringi,
2005.

One advantage of the X-band wavelength compareds-B®and and C-Band
wavelengths is its sensitivity of differential plbat rain rate. Figure 1-2 shows the
dependence of the relationship betwdgp andR on the wavelength, the increase in
sensitivity ofKpp is remarkable at X-Band wavelengtKpp value is more than 3 times
larger than that at S-Band wavelength and abouttimes larger than at the C-Band

wavelength for the same rain rate (this is dueht ihverse dependence fp with

wavelength Bringi andChandrasekhar2001].

Kop (deg k")
Figure 1-2. Dependence oR-Kpp relations on wavelength,Maki and Bringi,
2005.



In addition,Sachidananda and Zrnit987, and Jameson 1991 found that accuracies
of 0.1dB are necessary falpr measurements, and at least 0.5dB accuracyZfor

measurements are necessary for accurate estinodtiaim rates.

Radar reflectivity factor4y), differential reflectivity Zpr), and specific differential
phase Kpp) as determined from radar measurements and cothfrden disdrometer
observations were compared for long-lived eventaioing on 8 and 20 August and 17
September bpBrandeset al, 2002. On average, the disdrometer refliégtvalues were
0.20 dB higher than that measured by radar. [iffeal reflectivity values averaged
0.25 dB larger than those measured with radars difierence is much bigger than bias
errors found by tilting the radar antenna vertigatlence, the basic radar measurement is
not the source of the discrepancy. The differeiscaithin the range of values and
similar in sign to the studies @oddardet al. (1982),Goddard and Cherry(1984),
Chandrasekharet al. (1988), andAndsageret al. (1999). As concluded by these
investigators, the discrepancy is thought to odtgnwith drop oscillations resulting in

mean shapes that are more spherical than thelaguiti values.
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2 Theory

Rainfall data was classified between convective stratiform rain using the gamma
function. The present study uses a least squairgfimethod to estimate the three

parameterdy, A, u of gamma DSD.

2.1 Gamma Distribution
A continuous random variable x is said to haverama distribution if the range of x

consists of all positive real numbers ang [fossesses a density functigx) that satisfies

the equation

1 4 -
f0) = o A e -

Wheref andp are positive numbers aiddp) is the gamma distribution. The mean of
the density function ip, and the standard deviation/i§p). The gamma distribution is

skewed to the right.

r(p)= j:t Pl gt
2.2

In meteorology, scalar multiples of gamma disttidn are used to represent size

distributions of clouds drops.
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2.2 Gamma Drop Size Distribution
The general form of gamma is used to study nataaations of DSD.

(367+u) D}

Do

N(D) = N,D#el™\P) = NODﬂe[ 2.3

whereN(D) is the number of drof is the diameterlNy is the intercept parameter
andp controls the shape of the DSR,is the slope parameter of the resulting straight

line.

4 3 4
Ny =107 AT _10°@6D* M

TPy, ™,  D§

) 2.4

367+
/\ = M 2'5

Do
ND,, =4+ u 2.6

4+ U
= D
Dri= 367+ ° 2.1
Ny (in mm*m™) is an “intercept” parameter defined as
N = @67)*(10°M

w 0, Dg 2.8

whereM is the water content.

The mass weighted mean diametex)of the DSD is defined by

12



J-D“N(D)dD
Dm =~ @@
jDSN(D)dD 2.9

The data from the rain events can be normalizetgusi
N(D)/Ny and D/Dn,

The normalization reduces the scatter in the dathia useful in comparing the

shapes of distributions with widely different raates.

The conversion of radar reflectivities to rainfadirameters uses standard models for
DSDs [Bchoénhuber1995], such as the well known Marshall-Palmer D@®IP-DSD),
and others as the Joss-Drizzle (JD-DSD), and tes-Jbunderstorm (JT-DSD) models

[Schonhuber2000]. These three are exponential models ofdine

- ~AD
N(D) = N,e 210

where Ny is the scaling factor and is fixed to 8,000, 30,Génd 1,400 /fimm
respectively, for the models mentioned above, amla function of the rainfall rate and.
The parameter! of the exponential distribution that fits the MESD is 4. R*?* mm*
when the rainfall rate is in millimeters per houklthough MP-DSD is very popular in
computing rainfall rates derived from radar refigties measurements, actual drop sizes
change significantly by geographic location, typestorm, season, and region within the
storm. Regarding tropical climates, all three nedenentioned produce huge

overestimations of rainfall rateS¢hénhuber2000].
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2.3 Rain Rate and Rain Water Content

To estimate rain that will fall over a certain aréae rain-rate is derived from the
DSD and the drop’s diameter and terminal veloaty,showrby Kruger and Krajewski

(2001) and bypoviak and Zrné (1993). The relation of these parameters is

:7—67ID3N(D)vt(D)dD
0 2.11

whereR is rainfall rate in mmeht, D andv; are the drop’s diameter and terminal velocity
in mm and me$ respectively, andN(D) is the DSD. Accurate measurements of these
guantities are consequently needed. Both diametedsterminal velocities of falling
hydrometeors can be obtained from the 2DVD acclyrate demonstrated irKfuger,
2001], and $chonhuber1995, 2000]. The 2DVD software arranges droprimftion to

construct DSD, according truger.

Atlas et al. (1973) came up with a useful formuacalculate terminal velocities of
water droplets that produces less than 2% erron fscecise measurements madeGayn
and Kinzer(1949), if the diameter of the drops is betwedhahd 5.8 mm. This formula

is the one used by the 2DVD to compute drops’ gaktielocities, and is expressed as

_ _ (-06D)
v(D) = 965-103¢™°% 517

when D is in mm. The aforementioned velocities measurgsmevere performed in

stagnant air. For the 2DVD, low-wind conditionse anecessary in order to obtain

14



accurate and detailed information on drop sizepaigl, and shape. A high-wind

condition introduces errors in the instrument regdi

The rain water contenM (kgm®) is one of the most important parameters in
meteorology where the vertical integrated liquidtevacontent (VIL) is a useful
parameter for very short-range forecasting of einfOn larges scales, the changeMin
with height over long periods of time is related ttee latent heat release in the
surrounding atmosphere, which is an important heaurce in global-scale

circulationMaki andBringi, 2005],M is given by
Dmax
M :MJ D3N(D)dD 513
6 Jo
pwis the water density (=2&gm®) or

3 P, Nol (4)

v 2.14

M =103, j D3N, expAD)dD =10
0

Wherep,, is 1 g cnT, D is in mm andNo in mm*m=,

2.4 Drop Shape

Assuming that the air flow is steady, the equilibni shape of a raindrop is
determined by a balance of forces on the interfiagelving hydrostatic, surface tension,

and aerodymanic forces.

Axis ratio is defined ab/a, with b being the semi-minor axis length aadhe semi-

major axis length; see Figure 2-1.
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Figure 2-1.An oblate spheroid with symmetry axis ang de Z-axis.
The axis ratio formulae used in the present stuatystatic shape of drops is for

equilibrium axis ratios derived from the numericaddel ofBeard and Chuang§1987),

and is expressed as

b D D)? D)? D)*
2 =1.0048+ 00052 —} -2628 —! +3682 —! -1677—
A {10} &{10} {10} {10} D>0.3mm 2.15

For D from 1 to 6 mm, Figure 2-2 show the equilibriunagés using the numerical

model ofBeard and Chuan{1987), who included aerodynamic effects.

Figure 2-2 Equilibrium drop -s-ﬁép-)es for drop diamete of 1-6 mm. From
Beard and Chuang1987).

2.5 Polarimetric parameters
The reflectivity factor for horizontal (H) polariian (mnfm™) is defined by
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2

2 DmaX
m* +1 IO 0,1 (D)N(D)dD

m? -1

/]4
‘s

2.16

A is the radar wavelengthm is the complex refractive index of watef,y the

backscatter cross section for horizontal polarzati

Differential reflectivityZpr is the ratio between the horizontal and vertieflectivity;
it is very useful for discriminating large dropifin hail and to determine rain rates
independent of the drop-size distribution; sincerity depends on the axial ratio. In
order to measureZpr, a dual-polarized radar system is requirdrifgi and

Chandrasekar2001].

The differential reflectivityZpr (dB) is defined by
Zy
Zpr =10log(=—) 2.17
ZV
The differential reflectivityZpr is a measure of the reflectivity-weighted mears axi
ratio of the hydrometeors in a radar sampling vauwmhich is defined by the radar beam

width and the pulse widtiMaki andBringi, 2005].

The specific differential phasépp (deg knm') is the difference between propagation
constants for horizontally- and vertically- polaakzradar pulses over a given range which
is much more directly related to the DSD and raie than eitheZ or Zpg, particularly in

heavy rain, and is defined by
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Kop = 2204Re [ 1,(D) - f, (DIN(D)D)} 218

Where Re{} refers to the real part of the integfalandfy are the forward-scattering

amplitudes for horizontal (H) and vertical (V) potations, respectivelyqguchil983).

The differential phase shift (deg) is defined by

r
P =2J-OKDPdr+5 2.19

In wherer is the range and is the backscatter phase shift, caused by nonelRyyl

scattering.

2.6 Error

To quantitatively examine the uncertainty in ténrestimators three types of error
were calculated; the normalized error (NE), thecpetage root-mean squared error

(PRMSE), and the maximum relative error (MRE). Therors are defined as:

= <|Rest - Rdis|> /<Rdis> 220

PRMSE= <m/ Rdis>

MRE:[(Rest_Rdis)/RdiS]max 2.22

2.21

where,< >means the average for a certain interval angh{heans the maximum value

of the relative error observed in each range.
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3 Equipment Description

In order to evaluate current algorithms for rairtireation, we performed a data
comparison and correlation between NCDC rain ggug¥éS rain gauge, a 2DVD and
NASA TRMM. Furthermore, this will help in the chatarization of this tropical island’s
rainfall rate statistics and its regional variaion The results of this work present
important information for QPE algorithms for enhadgainfall estimations much needed
for the tropical zones communities. Upon instabimef CASA radars, the required
calibration will be made by comparing 2DVD, TRMMdANCDC data through the codes

developed along with the present work.

3.1 Rain gauges

Puerto Rico is sampled by several rain gauge né&svarth over 170 reporting

stations combined.

The Federal Aviation Administration (FAA) has puatplace an Automated Surface
Observing System / Automated Weather ObservingeBygASOS/AWOS). The rain
gauge used in this work is of the Automated Surf@bserving System (ASOS) type
with an ATIS interface, which is shown in Figurdl@). Such an interface allows ASOS
weather observations to be appended to the ATISdoast, thereby providing real-time
weather when the tower is closed. Upon closing-fp@e towers in the evening, the
controller has the ability to add overnight ATISdamation to the ASOS automated
voice weather message. When the tower is opepilibts get ATIS information and the

hourly weather. When the tower is closed, thetpilget the one-minute weather
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information along with the ATIS information on tlsame frequency. This approach
allows the pilot to utilize the same frequency 2dufs a day to obtain weather
information. An ASOS processes and outputs cloeidht/condition temperature, dew
point, barometric pressure, density altitude, wspeed, wind direction, and gusts plus a

freezing rain sensor and thunderstorm reporting.

Time Precipitation

1 0.01

2 0

3 0

4 0

5 0.01

6 0

7 0
23 0.04
24 0

(b)
Figure 3-1ASOS_ATIS. (a) Photo and (b) fragment ats data format.

This station is monitored constantly by the NWSicaffand archived at National
Climate Data Center (NCDC). These data were usedhlidate and compare 2DVD
measurements. Figure 3-1(b) shows a fragment )dffite containing precipitation

information gathered at this station.

3.2 TRMM

NASA TRMM (Tropical Rain Measurement Mission). TRMincludes the first
space-borne precipitation radar (PR) designed tvige three-dimensional maps of

storm structure. It was launched on November 2871 Its circular orbit altitude is 350
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km with 35 deg of inclination. It has an orbit dtion of 91 minutes (16 orbits a day),

spending 1.14 minutes over Puerto Rico during ealoh and 18.2 minutes each day.

The TOVAS website provides TRMM data in text formataddition to rain rate

pictures, as shown in Figure 3-2.

e B el e TRMM 3B42RT 3-Hourly Precip. Product
Selected parameter: Hourly Rain Rate

‘ i Selected area: lat=[18.0,18.25], lon=[-66,-
65.75]
Selected time period: (00Z230Jan2005-

' B 15730Jan2005)

= Undefined/Missing Value: -99999

Latitude Longitude Hourly Rain Rate(mm/hr)

18.000 -66.000 0.0267

18.000 -65.750 0.0383

18.250 -66.000 0.0217

18.250 -65.750  0.0283
(a) (b)
Figure 3-2(a) TRMM picture and (b) data format for Tropical Storm Jeanne,

Sept 2004.

With the goal of comparing 2DVD data with each afiehe other sensors (TRMM
and NCDC), separate analyses were made, compaRMMIagainst 2DVD and NCDC
against 2DVD. The comparison took place with detélected from September 15
through 1&', 2004, in which the tropical storm Jeanne passed Buerto Rico. The root-

mean-squared (RMS) error was computed for each case

Differences in the data between the devices wenellad prior any comparison was
made, and as taken into account in the conclusbtdrsuch comparisons. Data from

NCDC rain gages is measured in inches, and in |A&l time, whereas 2DVD data is
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obtained every minute, and is given in millimetarsd UT time. TRMM data from
NASA TOVAS is averaged every 3 hours, given in imméters and UT time.
Furthermore, TRMM was corrected by location by tifging an area over the 2DVD’s
position. A Matlab tool was developed in orderrésolve any data conversion issues

between these data sources as well as additionglwations needed.

3.3 Two Dimensional Video Disdrometer(2DVD)

The 2DVD was developed by Joanneum Research froae,Gkustria, and the
ESA/ESTEC (European Space Agency / European SpadeTachnology Centre).
Joanneum Research, with 15 research units, is ot dargest non-university research
institutions in Austria. Additionally, students tife Technical University of Graz have

also contributed to its development.

A 2-dimensional video disdrometer (2DVD) recordthogonal image projections of
raindrops as they cross its sensing area, and oavidp a wealth of information,
including velocity and shape, of individual raindso 2DVDs have been deployed in 21
locations around the world; a prototype has reabmita as early as 1992. Although it
can take measurements from rain, snow, and mixecptation, it will be used for rain
only, as it is deployed in the tropical island afelto Rico. Prior to this work the 2DVD

has been deployed in 4 other locations within thpits.

3.3.1 Sensor Unit
The Sensor Unit houses the two cameras, two lightces, and several mirrors.

Mirrors are used to deflect light as lamps aredictly in front of the cameras. Each
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camera-lamp pair is orthogonal to the other, progdhe two-dimensional aspect of the

measurement.

When a raindrop falls into the measuring area, caméd and 2 detect the drop
shadow as shown in Figure 3-3. The two orthog@majections provide 3D raindrop
shape information that is used to describe thedragm The sensor unit operates at a

frequency of 34.1 kHz, taking drop measurementsye®@ microseconds approximately.

(a) Virtual measuring area ~ 10cm = 10 em

~ -
Light source RN |

. Light source

Line-scan
camera B

Line-scan
cameara A

-

el e
6.2 mm *ﬁlq‘__ 90 degrees W

Figure 3-3. Sketch of Sensor Unit componentSEhdnhuber 1994].
3.3.2 Outdoor Equipment Unit (OEU)

The OEU consists of an embedded computer (PC), psugply — to power lamps
and cameras — and connections for power and videals from the cameras. It receives
those video signals from cameras, pre-processesdeds and runs software for data
acquisition and plane alignment. It also providesnections for a keyboard and monitor

to access its computer.

3.3.3 Indoor User Terminal (IUT)
The IUT is a regular PC that receives the pre-meed data from the OEU and

performs the final computations. It also providisplay of these calculations via a
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proprietary software called VIEW_HYD. An image tbe software display is shown in

Figure 3-4. IUT is commonly named indoor computeindoor PC (personal computer).

Several parameters are computed from measuremakes oy the Sensor Unit,
including rainfall rate, drop size distribution (D and oblateness. Other measured

parameters are compared with calculations from-trebwn models.

To begin with, consider rainfall rates. These ao¢ based in time as one would
expect, but in quantity of rain in a given amouhtiome. The amount of rainfall rate
displayed will be the rain accumulation for thet|& minutes since the last 0.1 mm

increment.
Another parameter displayed by VIEW_HYD is the DSDis calculated using

1 &1 1
N(D,) = Z 3.1
AWAD 45 Av; L m’mm

where4t is the integration time interval in secondf) is the width of size class in mm,

A is the effective measuring area of dyap n?, v; is the velocity of drop in mes?, 1 is
the drop size clasgjs the single dropyl; is the number of drops in clasduring 4t, and

D; is the diameter of class
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Figure 3-4. Image of theIED software that piovides rainfall and
raindrops information.

Regarding vertical velocity, as stated before, éasured by the difference in distance
between light planes, but it also is compared witmputed velocity determined after

Atlaset al. (1973). This relation is given by
v(D) = 965-10.3e7°°° 3.2
wherev is the velocity in me$ andD is the diameter in mm.

Every 3 seconds, data are "packaged" by the OE@rCransmitted via TCP/IP to

the Indoor User Terminal, a third component thatascribed below.
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4 Data Sets
4.1 Comparison between 2DVD, rain gauges and TRMM data

4.1.1 TRMM Location Computation

In order to compare 2DVD data with the one from TRMan area over the 2DVD’s
position is needed to take data from TRMM. By gdime circular orbit attitude & 350
km, TRMM 6=0.25 degrees) approximating to a triangle, as4if)( the edges of the
triangle is calculated, which defines the areagddken from TRMM, as it can be seen in
Figure 4-1.

. s=rtan@) 41

Notice thats values are typically given in km, but localizatioiata in TRMM'’s
website is available in degrees, so conversion éetvthem is required. Using that value
in degrees and knowing 2DVD'’s position (latitudé&:26, longitude = -66.00 ), the area

where data should be taken is then easily obtaamdhown in Figure 4-1.

Monh hﬁsiuie 18.2 669

[
[
West bingitude | Disdromeier = g oyypinde
@ I 03
55,006 659971
T.atthide=13 2R |
Longitude=-£600 |
_____ d
South lafitude 182531

Figure 4-1. Disdrometer position and area to be te@en from TRMM
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4.1.2 Data Comparison per Hour
The comparison took place with data collected fréaptember 1% to 16", 2004,
dates in which the tropical storm Jeanne passed Buerto Rico. The root-mean-

squared (RMS) error was computed for each case.

Since the TRMM data from NASA TOVAS is provided ev@ hours and 2DVD is
obtained every minute, we computed the rain ratehpear for 2DVD data and average

rain rate per hour for TRMM data.

To co-locate in time (local AST time), 4 hours wesgbtracted from the original
2DVD data, which is given in UT. NCDC rain gaugeseasured in inches, were

changed to millimeters, before comparing it to thedeter data.

Cumulative rain rate was also computed for each fdayeach sensor.

4.2 Characterizing Puerto Rico’s rain and rain rate esimate
algorithm evaluation

4.2.1 Flow diagram
The flow diagram showed in Figure 4-2 describedhal steps that were required in

order to compute coefficients for every estimatonf the raw data files produced by the

2DVD.

The 2DVD generates proprietary files (with HYD end®n) containing rainfall data.
These files are converted into text-files by usamgexternal program called FIRM_DSD

to ease the data manipulation afterwards.
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Figure 4-2. Flow diagram for the rainfall data manpulation, calculations,
analysis and result generation process.

CSU developed Matlab codes in charge of stratifoomvective data classification as
well as computing additional gamma function pararset This code, implemented by
Dr. Huang, and provided by Dr. Bringi, requires iaput text-file that Matlab can
automatically load. Since the text-files generadbgdFIRM_DSD contain non-desired
characters, another Matlab code was written in rotdeclean them up. This code is

referred to in this project as Disdroconv.m.

The set of files outputted by the gamma functioatl&b codes contain, along other
information, the gamma function parameters. Tleete of files were, then, unified into
a single file by using the Text-file appender seaitevimplemented for this purpose. By
handling one file instead of dozens, significantadarocessing time was saved from the

remaining steps in the process.
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CSU also provided second application softwarepkmg the simulation of X-Band
polarimetric radar static shape of drops and dregillations. With the unified file
produced by the text-file appender, this FORTRANpl@mation outputs the radar
parameters through another text-file that Matlah t@ad for later analysis and plots

generation.

4.2.2 FIRM_DSD

Rainfall collection during the day will be computbyg using a C-language program
called FIRM_DSD. This program converts proprietdnyd files to a text file that can be
used later to analyze the data. The resultingfiexprovides DSD information and rain-
rate, integrated by the amount of seconds chosethdéyuser. Table 4-1 presents a

portion of a text file generated with the FIRM_DSD.

Table 4-1. Portion of text file generated using MIRDSD program. Note that
the last line shows rain-rate for the time periogispnted.

Time Radius range N(D)
7:00:00 ->  7:01:00 0 > 025 mm_  n= 2834.141 /m3mm
7:00:00 >  7:01:.00 025 -> 05 mm n= 10352.36 /m3mm
7:00:00 ->  7:01:00 0.5 > 075 mm n= 8125599 /m3mm
7:00:00 -> 7:01:00 0.75 -> 1 mm n= 9398.197 /m3imm
7:00:00 ->  7:01:0Q 1 > 125 mn n= 10177.08 /m3mm
7:00:00 >  7:.01:00 125 -> 15 mm n= 3756.905 /m3mm
7:00:00 ->  7:01:00 1.5 > 175 mm n= 1055.946 /m3mm
7:00:00 -> 7:01:.00 175 -> 2 mm n= 370.7528 /m3imm
7:00:00 ->  7:01:00 2 > 225 mm n= 202.2668 /m3Mmm
7:00:00 >  7:01:00 225 -> 25 mm_ n= 138.3082 /m3mm
7:00:00 ->  7:01:00 2.5 > 275 mm n= 86.90639 /m3mm
7:00:00 -> 7:01:.00 275 -> 3 mm n= 29.29995 /m3imm
7:00:00 ->  7:01:00 3 > 325 mm n= 14.46472 /m3Mmm
7:00:00 -> 7:01:00 325 -> 35 mm  n=_ 2.659475 /m3mm
7:00:00 ->  7:01:0Q 3.5 -> 3.75 mn|1 n=_ 2591645 /m3mm
7:0000 -> 7:010d 375 -> 4 mm n= 1512695 /m3mm
rain-rate = 42.50055 mm/Hr




4.2.3 Classifying rain type

There are two methods for classifying rain typés #tudy used both of them because
they are useful in order to compare with other isigh different geographical regions.
For characterizing Puerto Rico rainfall the methisdd was the second one.

4.2.3.1 First method

Maki et al. found an empirical line for classifying tfa@n in convective or stratiform
as shown in Figure 4-3. The points up the linechaissified as convective and down the

line as stratiform.
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Figure 4-3 TheN¢-R scatter plot. The lineNg=4 x 1¢ R *2®shown is the
empirical convective-stratiform rainfall classification line, Maki et al 2001.

4.2.3.2 Second method
The criteria used to distinguish between convectind stratiform rain is typically

defined asR > 0.5 mm/hr with a standard deviation Rf< 1.5 mm/hr for the latter,

whereas convective rain requif@s 5 mm/hr with a standard deviation®#® 1.5 mm/hr.

4.2.4 Text file appender
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After having identified that the data manipulatimmocess was the same for each input
file, since it is independent of the time-rangeluded in those files, the need of
appending all the available input files into onesvewvident. That would save the time
spent in several iterations of this process. \h#t motivation in mind, an application

able to append any set of text-files in a specifieter was implemented.

i fles
Text-file appender E
Sowsofis | [ Bowse | am |
- Input files.
CATLAD B
AT 8
W Sourcefile: o
il Lackcin 3 «mokE- —| | Bronse 4
CAMATLABwork\ex -
£ =) conwict_tly |
(k5 ) = ‘I
1 My Fcert |
Remove Al | | Dooumerts
=
Quipua ke ﬂu
ko
Cutput e [conyProsta
y
1oy Dacurorts Outmtfe
Language
. Outpitfle:  [ormePrac =
¥ English Spanish _jg i [eomFrcod _ Bowse
Wy Compueer |1
il Langusge
e . ; _mn |
. ¥ English I Spanish
My Netwark Fie e Close
Flac

Fis of type [Toafies o)

(a)
(b)
Figure 4-4. Text file appender program (aSelecting multiple files (b) Assigning a
file order and output file name.

The text-file appender is a Windows-based appbeathat addresses this need in a
two-step process. First, it allows selecting npldtifiles and specifying the order in
which those files will be appended with each othdihis step can be seen in Figure
4-4(a). Secondly, the output filename needs teriered prior to running the operation,

as it can be depicted in Figure 4-4(b).

4.2.5 X-band radar algorithm
CSU developed a FORTRAN application enabling theusation of X-Band
polarimetric radar for static shape of drops ammpdyscillations. Such a simulation will

then be performed to examine the expected responske upcoming CASA radar
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network tested on the island. This simulation wilbvide the following polarimetric
radar parameter&y (dB), Zpr (dB), Kpp (degree/km)An(specific attenuation, dB/km),
Anv  (dB/km), ryy (zero-copolar cross-correlation coefficient, no ityn deky
(backscattering differential phase shift, degréey (linear depolarization ratio dB) and
rainrate (mm/hr).

This algorithm was written by Dr. Chengxian Tanglret Radar Lab, Department of
Electrical Engineering, Colorado State UniversityThis is a fast and accurate
multiparameter polarimetric radar model simulator model precipitation of arbitrary
cloud microphysics, written in FORTRAN-77. Thisdeois initially developed to, but
not limited to, be incorporated with the CSU-RAMSael to study the polarimetric
radar observable structures during the cloud amdipitation evolution to give better
understanding and estimation of cloud microphysigsmaking use of multiparameter
polarimetric radars.

The algorithm is consisted of the following relai independent packages.

The first package is thensemble estimationpackage that adds up the incoherent
contributions of all the scatterers within the nadange gate, by performing integrations
over hydrometeor types, drop size distributionspdcanting angle distributions, and so
on.

The second package is theydrometeor model package that specifies the
microphysical properties of single hydrometeors.

The third package is thscattering computation package for rotationally and

equatorially symmetric dielectric particles.
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There are sub-packages described as:

= T-matrix Method sub-package for general partickas] is coded basically based
on the algorithm well developed and documented asb8r, P. and C. Yeh 1975.
Distinguished from other T-matrix codes, this pagkalirectly recurs the ratios
and products of Bessel functions instead of basssBl functions to avoid
numerical errors that often occur when the argunaard/or order of Bessel
functions are large. Numerical implementation asefully coded to reach the
maximum computational speed and accuracy.

= Rayleigh Approximation sub-package for particles abmcompared with
wavelength.

» Mie Solution sub-package for spherical particlas|uding routine.

All integrals are computed with the Gaussian-Legermphadrature algorithm.

4.2.6 Estimation Methods

4.2.6.1 Classic estimation method of rain rate and rain water content

The direct fitting of the functional fornfR=cZ:" may be not appropriate method
because the range & is from 16 to 1 (mn’m®), while Ris from 0 to 18. Maki and
Bringi (2005) confirmed that the functional fortag R=b log4; + logc gives more
representative fitting results than did directirit Thus, we calculated the coefficiebts
and c (b’ and c) of the relationshifR=cZ;" (M=c'Z") of the relation after taking

logarithms of these relations.
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4.2.6.2 Estimation of rain rate and rain water content with polarimetric variables.

Different combinations of polarimetric variablese goossible for constructing rain
rate estimators. The obtained regression fitahieR-Kpp relation for convective rain,

stratiform rain and all rain type were using theedi fitting of the functional form
R(Kpp) :cleprl relationship, because for X-Band radar the rangeKfp is from O to
15 °km-1 Maki andBringi, 2005].

It is possible to construct rain estimators usingcambination of polarimetric

variables such aB(Kpp, Zpr) andR(Z4,Zpr). For estimators of rain water content using

polarimetric variables were applied similar to thdsr rain rate estimators.
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5 Analysis and Results

5.1 Comparison between 2DVD, rain gauges and TRMM
data

5.1.1 Data Comparison per Hour

With the goal of comparing 2DVD data with each afighe other devices (TRMM
and NCDC), separate analyses were made, compaRMMIagainst 2DVD and NCDC
against 2DVD.
5.1.1.1 Hourly Data comparison Disdrometer-TRMM

Notice that TRMM data tends to overestimate the rate, as it can be seen in Figure
5-1(a); this is probably due to the averaging ebarwhere the rain was stronger, whereas

the disdrometer was measuring only at one poirt,irbboth days the RMS error was

small.
Disdrometer-TRMM data comparison (San Juan, Sept 15} Disdrometer-TRMM data comparison (San Juan, Sept 16)
20 T T T T 25 T T
TRMMData16

18- ——— TRMMData15
o .
14 l Errorday16DisdroTRMM: 2.973813

__E: 12+ Errorday15DisdroTRMM: 3.414004 E 151 \

E E |

= 10 g !

= 4 s | ]

g’ * 1 J
6f | A
4 5| / 1

¥ \ N
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| | @ ®)
Figure 5-1. Disdrometer-TRMM data comparison in Sa Juan for (a) Sept 18" and (b) Sept

16" 2004.
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5.1.1.2 Hourly Data comparison Disdrometer-NCDC

To co-locate in time (local AST time), 4 hours wesgbtracted from the original
2DVD data, which is given in UT. NCDC rain gaugeseasured in inches, were
changed to millimeters, before comparing it to disdeter data. As shown in Figure 5-2,
disdrometer and rain gauge data compares very Wed.RMS error comparing NCDC
against 2DVD was significantly smaller than compgragainst TRMM, which reveals a

greater similarity between NCDC and 2DVD data tf@nrRMM.

Disdrometer-Ncdc data comparison (San Juan, Sept 15) Disdrometer-Mcdc data comparison (San Juan, Sept 16)

25

NedeDatal6
— — DisdroData16

NecdcDatals
— — DisdroDatal5

20

Errorday16DisdroNcde: 0.493446
Errorday15DisdroNede: 2.250563

Rain rate (mm/hr)
Rain rate imm/hr)

Hour PR (hr} Hour PR (hr}
(a) (b)
Figure 5-2. Disdrometer-NCDC data comparison in &n Juan for (a) Sept 18 and
(b) Sept 18" 2004.
5.1.2 Cumulative data comparison

Cumulative rain rate was also computed for each ftayeach sensor, as shown in

Figure 5-3.

During the storm on Sept %5 2004 the disdrometer shows about half the

accumulated rainfall than both, the rain gaugetaedflRMM estimate.
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Accumulated data comparison (San Juan, Sept 15) (mm)
120, -
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Accumulated TRMM 5
109.8302 mm

Accumulated NCDC 3

93.9800 mm

Figure 5-3. Disdrometer-TRMM-NCDC cumulative datacomparison (San
Juan, Sept 15, 2004).

Another rain gauge utilized for comparison purposes one maintained by the
National Weather Service (NWS), located very clmsthe 2DVD. Figure 5-4 compares

such rain gauge against the other devices for 88t This data was not available for

the 18",

Accumulated data comparison (San Juan, Sept 16} (mm)
100. .-

a.

80J..--7"

g0 .-~

40.4.--

20 .-

0

Accumulated disdrometer
62.2592 mm

1 =
Accumulated TRMM
80.6682 mm 2

Accumulated chc3
44.1960 mm

Figure 5-4. Disdrometer-TRMM-NCDC-Rain gauge NWS amulative data
comparison (San Juan, Sept 16, 2004).
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5.2 Characterizing Puerto Rico’s rain and rain rate estimate
algorithm evaluation

5.2.1 October 2004 -July 2005

In order to characterize Puerto Rico rain, thd finethod proposed by Maki et al for
classifying rain type was used. Figure 5-5 shows Wwas done it from October 2004 to
July 2005. The points up the line are classifisdcanvective and down the line as

stratiform. 1519 are classified as stratiform aii@ @s convective in total there are 2295

samples.

o MNO-R scatter plot for October 2004-July 2005 San Juan, PR
107

= 10°R Convective rain
° 476 samples
of

N (- 1-rmiu® me3))
=

1 0 1 1 1 1
1072 102 107 10° 10" 10
Rain Rate(mm/hr)

Figure 5-5.Ng-R scatter plot from October 2004 to July 2005.

Figure 5-6 shows how Drop Size Distribution fromt@xer 2004 to July 2005 is.
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N(D) for October 2004 July 2005 San Juan, PR
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Figure 5-6.Drop size distribution using gamma fundbn from October 2004
to July 2005.

5.2.1.1 Classic estimator by rain type classification

Scatter plot oR-Z; andM-Zy relations are shown in Figure 5-7(a) and Figui&lh;
respectively, for convective and stratiform r&mandM each point are calculated directly
from two minute-averaged DSD whil, is calculated in Fortran algorithm provided by

CSU, by the T-matrix method.

San juanOct 2004-July 2005 corw & strat rain static drop R{Zh) San juanOct 2004-July 2005 conv & strat rain water static drop M(Zh)
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E I R =402 10 25 41 0 0 E 05l Roomy=6.868x 107755158
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Figure 5-7 Scatter plots of the reflectivity facto Zy (a) and the rain rateR., and
(b) and the rain water contentM. Rain type is classified as stratiform gtr) and
convective €onv) using the threshold relationNg=4 x1FR“** derived by Maki et al.
(2001).
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Z, depends approximately on th&® foment of DSD whileR depends on the 376
moment; it's the principal reason for the variapiin Figure 5-7(a). Additionally in the
Figure 5-7(b) has the same variability but in ttéseM depends on the®moment of
DSD. The results of the least-square regressi@lysis are shown in Table 5-land
Table 5-2.

Table 5-1. Coefficients of the(Z+) = cZ4" rainfall algorithm at X-band wavelength
derived from disdrometer data collected during ®etd2004-July2005 in San Juan,

Puerto Rico.Rimmh™] andZ4 [mm°m™]. The formlog R=blogZ; + logc was used to
obtainR = cZ"relationship.

Rain Type C b

Convective 4.06 x10° 0.72419

Stratiform 1.6304 x1G 0.74183
All 1.421x10° 0.82158

Table 5-2.Same as in the Table 5-1, buti§Zy) = ¢'Z”, whereM [gm™®], andz
[mmPm™]. The form logR=b’logZ,; + logc’ was used to obtaid = ¢'Zy" relationship.

Rain Type c' b’

Convective 6.868 x10° 0.619424

Stratiform 1.775 x10° 0.663642
All 1.516 x10° 0.764582

This analysis does not included error factors &cebf attenuation, radar calibration
errors, beam blockage, instrumental noise, etc.

5.2.1.2 Rain rate and rain water content with polarimetric variables

Different combinations of polarimetric variablese goossible for constructing rain
rate estimators. The obtained regression fitgtiemR-Kpp relation for convective rain,

stratiform rain and all rain type were using theedi fitting of the functional form

R(Kpp) :clKprl relationship, because for X-Band radar the ramgdfp is from O to
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15 °km®. In order to analyze the variations in DSD, itiisportant to study the
dispersion of plotted samples in tReKpp giagram Figure 5-8(a) and in thiR-Z4 diagram in

Figure 5-7(a), concluding that the variationgRipp are smaller than in the estimafr

Zy.
San juanOct 2004-July 2005 conv & strat rain static drop R{kdp) San juanOct 2004-July 2005 corv & strat rain water static drop M{kdp)
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Figure 5-8. Scatter plot of the specific differental phaseKpp (a) and the rain rateR,

and (b) and the rain water contentM. Rain type is classified as stratiform ¢tr) and

convective ¢onv) using the threshold relationNg=4 x1FR™** derived by Maki et al.
(2001).

Table 5-3. Coefficients of th& Kpp) = clKDF,bl rainfall algorithm at X-band wavelength

derived from disdrometer data collected during ®et®2004-July2005 in San Juan,
Puerto Rico. B 1 mmh!. Rlmmh*] andKpp [deg km'].

Rain Type C1 b
Convective 28.7454 0.925
Stratiform 15.796 0.7433

All 27.8856 0.9593

Table 5-4. Coefficients of th# (Kpp) = c:lKDF,bl rainfall algorithm at X-band wavelength

derived from disdrometer data collected during ®etd2004-July2005 in San Juan,
Puerto Rico. R 1 mmh’. M [gm™] andKpp [deg km'].

Rain Type C1 by
Convective 1.96830 0.85517
Stratiform 0.7838 0.61769

All 1.87898 0.91228
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Table 5-5. Same as in Table 5-3 except R(ZH,ZDR):ce,Z,f‘310°']thDR , Where
RImmh?] , Z4[mm®m™], andZo [dB].

Rain Type Cs a bs

Convective 2.3363x 10 0.85547 -3.64682

Stratiform 1.2101x 1G 0.93832 -5.26388
All 1.1692x 10 0.96966 -5.6958

Table5-6. Same as in Table 5-4 exceptNo{Z,,,Zpgr) = C3Z}, 210%™%%% \whereM [gm’
%, Zy [mm°m™], andZpr [dB].

Rain Type Cs a bs

Convective 3.482 x 10° 0.78065 -4.47855

Stratiform 1.215 x10° 0.91311 -6.68311
All 1.178 x 10° 0.95626 -7.37265

5.2.1.3 Comparing results with other locations and estimators

The coefficients found for the relationshi®(Z4) in Puerto Rico are between the

coefficients found by Marshall and Palmer and usge8lEXRad, as show in Figure 5-9.
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Figure 5-9. The dependence of rain estimatdR-Zy on geographical location
or for different axis ratio formulae.
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comparison R{kKdpiQct 2004-July 2005

70
—+—kKeenan ¥
Andsagers-Tsukuba
60 —4a— Danwin
— —Minimun axis ratio f* o
S0 —— Oct04-July0s PR / M*’;ﬂ-ﬂl
= 40} f ﬂdﬂﬂﬂ
= e -
e 30 AV
o - 0.84]
_. :.zgil' /Rﬁggnﬂﬂ _.20. 9KDP 0 823
20¢ _:_: e P = - RTsukuba:j 9. 6KD% 9.3'.56
- Rpowin=18.9Kpp '0 507
10F RMim'mun:j 3. 2KDP ' 093
RgmgumeRzzz 886KDP )

] 0.5 1 1.5 2 25 3 3.5
(Kdp) (deg km-1)

Figure 5-10. The dependence of rain estimatd®-Kpp 0n geographical
location or for different axis ratio formulae.

5.2.1.4 Estimation error due to DSD variations

Figure 5-11(a, b and c) show comparisons of raiasf@ computed for estimators
R(Z4), R(Kop) andR(Zy, Zpr) With rain rateRy;s calculated from observed raindrop size
spectra. From this scatter plots, it can be sugddbat the worst estimator of the three is
R(Z4), which is most sensitive to variations in DSD amad to overestimate rain. On the
other hand, the tendency pointsR@Kpp) as the most accurate estimator from the point of

view of the insensitiveness to variations in DSD.
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San juanOct 2004-July 2005 all rain static drop R{Zh) San juanOct 2004-July 2005 &l rain static drop R(Kdp)
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(c)
Figure 5-11.Scatter plots oRgis calculated from measured drop size distribution
and R estimated by (a)R(Zy), (b) R(Kpp), (¢) R(Z4, Zor).
Figure 5-12(a, b and c) show comparisons of raitekvaontentM computed for
estimatorsM(Z4), M(Kpp) andM(Zy, Zpr) with rain water contentys calculated from
observed raindrop size spectra. These scattes plsb suggest that the worst estimator

of the three i1M(Z4), while M(Kpp) tends to be the most accurate from the point @ivvi

of the insensitiveness to variations in DSD.

44



San juanOct 2004-July 2005 all rain static drop M(Zh)
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Figure 5-12. Scatter plots oMg;s calculated from measured drop size distribution
and M estimated by (a)M(Zy), (b) M(Kpp), () M(ZH, Zor).

The computed average NEsR{Zy), R(Kop) andR(Z4, Zpr) for all data samples

were 40.86%, 14.73% and 15.83% respectively eanifoe seen in Figure 5-13(a). The

statistical errors for each estimator of rain wamntentM due to natural variations in

DSD are shown in Figure 5-13(b). ThEZy) estimator was clearly the most sensitive

variations in the DSD, while the other three aléded as the least sensitive.
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Figure 5-13. Normalized error of three types of (arain rate estimators; R(Z4),
R(Kpp) and R(Z4,ZpRr), (b) rain water estimators; M(Zy), M(Kpp) and M(Zy,Zpr).
The average PRMSE &(Z,), R(Kop) andR(Z4, Zpr) for all data samples were
40%, 12%, and 18% respectively as it can be seBigiire 5-14(a). The same statistical
errors for each estimator of rain water contdrdue to natural variations in DSD are
shown in Figure 5-14(Db).
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Figure 5-14. Percentage RMS error of three typesf@a) rain rate estimators; R(Zy),
R(Kop) and R(Zy,Zpr), (b) rain water estimators; M(Zy), M(Kpp) and M(Zy,Zpr).
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Figure 5-15(a) shows the MRE error B{Z,), R(Kop) and R(Z44, Zpr). Note that
MRE tends to decrease with increasing rain ratgurgé 5-15(b) shows the MRE of the
equivalentM estimators. MRE also tends to decrease with astng rain rate. While
the MRE of the classic estimatR(4,) for rain rates larger than 10 mm/h is about 1600%,
the MREs of polarimetric estimatoiR(Kpp) and R(Zy, Zpr) for the same rain rate

intervals are 200%, and 90% respectively. Fronséhsomparisons, we can conclude

thatR(Kpp) is the least sensitive to variations in DSD.
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Figure 5-15. Maximum relative error of three typesof (a) rain rate estimators;
R(Z4), R(Kop), and R(Zy,ZpR), (b) rain water estimators; M(Zy), M(Kpp) and
M(Z4,ZpR).

5.2.1.5 Effect of unusual DSD on polarimetric rain estimators

The R-Kpp method is less sensitive to variations in DSD, #émeke are several
samples wher&-Kpp method overestimated the rain rate. Figure 5-l@vstelative
errors of each DSD samples, where the valueRegfRyis greater than 20 mrithare

samples where rain rate is overestimated, thesplearare called ‘Unusual’.
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Figure 5-16. Relationship between relative error bR(Kpp) and R. Samples which
have errors larger than about 20 mmH* are numbered.

To examine the more general error structure of rpokric rain estimators, these
parameters of the gamma DSD function, which rairesravere overestimated were
compared with the statistical properties of all D&inples. Histograms of gamma DSD
parameters are summarized in Table 5-7. Accorttirfggure 5-17, DSD parameters are
widely distributed: the central percentiles of dgtyl.), Do, 4, andu are 0.4107~ 0.7189,

0.5767~1.3596, 2.0242~ 23.053, -1.5 ~ 11.
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Figure 5-17.Histogram of gamma DSD parameter (), (b) A, (c) Do, (d) # of
analyzed data. Arrows ranges of gamma DSD parameteffor numbered samples in
Figure 5-16.

Table 5-7 Summary of statistic of gamma DSD paransdor October 2004-July 2005
collected in San Juan, Puerto Rico.

Log1o(Nw) Do A n
(m® mm?) (mm) (mm?)
Average value 4.5759 0.8837 10.4438 4.4255
Modal value 4.8 0.9 25 0
Standard deviation 4.7865 0.2640 6.7070 3.8946
Central 90 percentile 0.4107~ 0.7184 0.5767~1.35396 0242~ 23.053 -1.5~11

Figure 5-17 show with arrows the ranges of gamm® P&rameters of ‘unusual’

samples, that overestimation occurred when DSDe wiearacterized by small values,
or largeDy values. The intercept paramely for overestimated values is smaller than

the modal value of all samples, as show in Tableaid Table 5-8.

Table 5-8 Summary of statistic of gamma DSD paramsednd polarimetric values for

unusual samples during October 2004 -July 2005 @eikin San Juan, Puerto Rico.

Unusual Loglo(NW) Do u Zun Zor Kpp R
sample (M mm?) (mm) (mm D)

First 2.690543 2.887785 0.751441 -15 51.729 3.4241.788 20.361965
Close_First 40.138 1.360 0.907 20.321000
Second 3.686960 1.93261( 1.122884 -1.5 49.614 2.662.163 32.598896
Close_second 38.955 0.581 1.111 32.565025
Third 3.399219 2.115212 1.498668 -0.50 48.838 2.7221.814 21.647363
Close _third 36.072 0.602 0.55 21.515875
Fourth 4,233831 1.603277 2.289062 00 47.006 1.9442.611 39.012657
Close_Fourth 38.677 0.353 1.13f 39.321596
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Table 5-8 show the main characteristics of unusaahples, wheré.ogio(Ny) for
overestimated values is less than average valad samples. Additionallyy, Zpr and

Kpp for values closer than unusual values are lessttiese values for unusual samples.

5.2.1.6 Further improvement in the accuracy of rain estimators using Zpr

Unfortunately, of the three parameters, obly can be directly related tdor by a
power law form as shown in Figure 5-18. This faas been pointed out by several
researchesSeligaandBringi (1976) first showed thddo was a function oZpr when the
DSD was exponentiaBringi et al. (1998) found Bo-Zpr relationship by analyzing DSD
in thunderstorms using an airborne particle imagiegsor.Maki et al. (2005) found the
flow relationshipDo=1.59 Zor>**’ in the present study for October 2004-July 2005

found the relationshipo =1.255%:>>!"%as show in Figure 5-18.

San juanOct 2004-July 2005 all rain static dropR{Kdp)
3r

0=1.25507 Zpg 3

0 05 1 15 2 25 3 35 4
Zdr (dB)

Figure 5-18. Relation betweem, and Zpgr. The blue line shown is least square
fitting curve.
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5.2.1.7 Potential of X-band polarimetric radar for operations use
Figure 5-19 shows the dependence of the relatipnsatweenKpp and R on the

wavelength. According to Figure 5-19, the increiassensitivity ofKpp is remarkable at
the X-Band wavelength.

San juanDct 2004-July 2005
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Figure 5-19. Dependence of R-KDP relations on walkemgth.
5.2.2 September 15-16 2004 (Tropical Storm Jeanne)

In order to characterize Puerto Rico rain, the finethod proposed by Maki et al for
classifying rain type was used. Figure 5-20 showw fwas done it for 15and 16"
September 2004. The points up the line are cladsis convective and down the line as
stratiform. 533 are classified as stratiform an& &3 convective in total there are 668

samples.
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Figure 5-20N¢-R scatter plot for 15" and 16" September 2004.
Figure 5-21 shows how Drop Size Distribution fol"&d 18' September 2004 is.
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Figure 5-21. Drop size distribution using gamma fugtion for 15" and 16"
September 2004.

5.2.2.1 Classic estimator by rain type classification
Scatter plot oR-z, andM-Zy relations are shown in Figure 5-22 for convecawel

stratiform rainR and M each point are calculated directly from two miRateraged
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DSD while Zy is calculated in Fortran algorithm provided by CSiy the T-matrix

method.
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Figure 5-22.Scatter plots of (a) the reflectivity &ctor Z, and the rain rate R., and (b)
the reflectivity factor Zy and the rain water contentM. Rain type is classified as
stratiform (' str) and convective ¢ony) using the method described in chapter 4 section

4.2.3.

Z, depends approximately on th&® oment of DSD whileR depends on the 36
moment, this is the principal reason for the valigbin Figure 5-22 (a). In addition,
Figure 5-22(b) has the same variability but in ttaseM depends on the“moment of
DSD. The results of the least-square regressiatysis are shown in Table 5-9 and
Table 5-10.

Table 5-9. Coefficients of thR(Z,) = cZ.°rainfall algorithm at X-band wavelength
derived from disdrometer data collected during ®etd2004-July2005 in San Juan,

Puerto RicoRimmh™*] andZy; [mmPm®]. The form logR=b logZy; + logc was used to
obtain R = cZ"relationship.

Rain Type C b

Convective 2.649x10° 0.7852

Stratiform 1.167x10° 0.8208
All 9.740x10° 0.8761
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Table 5-10. Same as in the Table 5-9, butM@Z,;) = ¢'Zy", whereM [gm”], and Z,
[mm®m®]. The form logR=b’logZ,; + logc’ was used to obtaidl = ¢’Zy” relationship.

Rain Type c' b’

Convective 3.734x10° 0.7051

Stratiform 1.182x10° 0.7576
All 9.25x10" 0.8329

This analysis does not included error factors gecebf attenuation, radar calibration
errors, beam blockage, instrumental noise, etc.

5.2.2.2 Rain rate and rain water content with polarimetric variables

Different combinations of polarimetric variablese goossible for constructing rain
rate estimators. The obtained regression fitshHerR-Kpp relation for convective rain,

stratiform rain and all rain type were found usthg direct fitting of the functional form

R(Kpp) =clKDpIDl relationship, because for X-Band radar the ramgée is from O to

15 °km®. In order to analyze the variations in DSD, itiisportant to study the
dispersion of plotted samples in tReKpp diagram in Figure 5-23(a) and in tiRezy
Figure 5-22(a), concluding that the variation®RiKpp are smaller than in the estimator

R-Z,.
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Figure 5-23. Scatter plot of (a) the specific difiential phase Kpp and the rain rate
R, and (b) the specific differential phas&pp and the rain water contentM. Rain
type is classified as stratiform §tr) and convective ¢onv) using the method

described in chapter 4 section 4.2.3.

05

Table 5-11. Coefficients of thB(Kpp) = clKDpbl rainfall algorithm at X-band wavelength

derived from disdrometer data collected during ®eto2004-July2005 in San Juan,
Puerto Rico. B 1 mmh'. Rmmh*] andKpp [deg km].

Rain Type C1 by
Convective 29.140 0.9014
Stratiform 60.337 1.2975

All 29.177 0.9272

Table 5-12. Coefficients of thej\/I(KDp)zc;lKDpbl rainfall algorithm at X-band

wavelength derived from disdrometer data collededng October 2004-July2005 in
San Juan, Puerto RicB=1 mmh*. M [gm™] andKpp [deg km'].

Rain Type C1 by
Convective 2.0397 0.8176
Stratiform 4.1454 1.2803

All 2.0382 0.8845

Table 5-13. Same as in Table 5-11 except ROZ,,Zpgr) = CsZy #10%™%r  where

RImmh?] , Z4[mm®m™], andZpr [dB].

Rain Type C3 a bs

Convective 1.7584x10 0.8981 -4.5483

Stratiform 1.0933x 1C¢ 0.9828 -6.6301
All 1.103x 10° 0.9864 -6.7973
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Table 5-14. Same as in Table 5-12 exceptMdZ,,,Zpg) = C3Zy; #10%>%%=  whereM
[gm™], Z4 [mm®m™®], andZpr [dB].

Rain Type Cs a bs

Convective 2.164x 10° 0.855 -3.542

Stratiform 1.081x10° 0.979 -9.083
All 1.097x 1¢" 0.9842 -9.314

5.2.2.3 Comparing results with other locations and estimators

The coefficients found for the relationshi®(Z4) in Puerto Rico are between the

coefficients found by Marshall and Palmer and use8lEXRad, as show in Figure 5-24.

comparison Ri{Zh)15-16 September 2004 and Oct 2004-July 2005
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Figure 5-24. The dependence of rain estimatd®-Z, on geografical location
or for different axis ratio formulae.
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comparison R{Kdp)15-16 September 2004 and Oct 2004-July 2005
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Figure 5-25. The dependence of rain estimatd®-Kpp on geografical location
or for different axis ratio formulae.

5.2.2.4 Estimation error due to DSD variations

Figure 5-26(a, b and c) show comparisons of raiasf@ computed for estimators
R(Z4), R(Kop), andR(Z4, Zor) With rain rateRyiscalculated from observed raindrop size
spectra. From this scatter plots it can be sugdehbta the worst estimator of the three is
R(Z4), which is most sensitive to variations in DSD. e other hand, the tendency
points to R(Kpp) as the most accurate estimator from the point iefvvof the

insensitiveness to variations in DSD.
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Figure 5-26.Scatter plots oRgis calculated from measured drop size distribution
and R estimated by (a)R(Zy), (b) R(Kpp), (¢) R(Z4, Zor).
Figure 5-27(a, b, and c) show comparisons of raaewcontentM computed for
estimatorsM(Z4), M(Kpp) andM(Zy, Zor) With rain water contenfgs calculated from
observed raindrop size spectra. These scatter gdkiissuggest that the worst estimator of

the three iM(Zy), while M(Kpp) tends to be the most accurate from the point @i \of

the insensitiveness to variations in DSD.
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Figure 5-27.Scatter plots oMg;s calculated from measured drop size distribution
and M estimated by (a)M(Zy), (b) M(Kpp), () M(Zn, Zor).

The computed average NEsR{Zy), R(Kop) andR(Z4, Zpr) for all data samples

were 23.39%, 9.34% and 14.53% respectively asiibeaseen in Figure 5-28(a). The
statistical errors for each estimator of rain wamntentM due to natural variations in

DSD are shown in Figure 5-28(b). TRKZ,) estimator was clearly the most sensitive

variations in the DSD, whil®¥(Kpp) was the least sensitive.
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Figure 5-28. Normalized error of three types of (arain rate estimators; R(Zy),
R(Kpp) and R(Z4,Zpr), (b) rain water estimators; M(Zy), M(Kpp) and M(Zy,ZpR).

The average PRMSE &(Z,), R(Kop) andR(Z4, Zpr) for all data samples were

26%, 12% and 16% respectively as it can be seEigure 5-29(a). The same statistical

errors for each estimator of rain water contdrdue to natural variations in DSD are

shown in Figure 5-29(Db).
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Figure 5-29. Percentage RMS error of three typesfda) rain rate estimators; R(Zy),
R(Kop), and R(Z4,ZprR), (b) rain water estimators; M(Zy), M(Kpp) and M(Zy,ZpR)-

Figure 5-30(a) shows the MRE errorR®fZ,), R(Kop) andR(Z4, Zor). Note that MRE

tends to decrease with increasing rain rate. Figu9(b) shows the MRE of the
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equivalentM estimators. MRE also tends to decrease with isangaain rate. While the
MRE of the classic estimat®(Z,) for rain rates larger than 10 mm/h is about 140%,
MREs of polarimetric estimatofR(Kpp) and R(Z4, Zpr) for the same rain rate intervals
are 115% and 80% respectively. From these comparjsee can conclude thB(Kpp) is

the least sensitive to variations in DSD.
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Figure 5-30. Maximum relative error of three typesof (a) rain rate estimators;
R(Z4), R(Kop) and R(Zy,ZpR), (b) rain water estimators; M(Zy), M(Kpp) and
M(Zn,ZpR).

5.2.2.5 Effect of unusual DSD on polarimetric rain estimators

The R-Kpp method is less sensitive to variations in DSD, #émeke are several
samples wher&-Kpp method overestimated the rain rate. Figure 5-3dwstkelative
errors of each DSD samples, where the valueBegfRqis greater than 20 mrithare

samples where rain rate is overestimated, thesplearare called ‘Unusual’, in this case

doesn’t exist unusual values with this concept.
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Figure 5-31. Relationship between relative error bR(Kpp) and R. Samples which
have errors larger than about 20 mmH" are numbered.

Table 5-15. Summary of statistic of gamma DSD patans for 15 and16' September
2004 collected in San Juan, Puerto Rico.

Log1o(Nw) Do A m
(m mm?) (mm) (mm?)
Average value 4.4127 0.9183 7.6079 2.8166
Modal value 3.8 0.8 5 1
Standard deviation 4.6145 0.1809 4.9451 3.1950
Central 90 percentile 0.4348~ 0.7048 0.6310~1.2528 4932~ 18.4433 -1.5~9.5

Histogram of gamma DSD parameters are summarizéte T&15. According to

Figure 5-32, DSD parameters are widely distributbd: central percentiles of Iaf§N.),

Do, 4, andu are 0.4348~ 0.7048, 0.6310~1.2528, 2.4932~ 18,4433~ 9.5.
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Figure 5-32. Histogram of gamma DSD parameter (a)lw, (b) A, (c) Do, (d) # of
analyzed data.

5.2.2.6 Further improvement in the accuracy of rain estimators using Zpg

Unfortunately, of the three parameters, obly can be directly related tdor by a
power law form as shown in Figure 5-33. This faes been pointed out by several
researchesSeliga and Bring(1976) first showed thdd, was a function oZpr when the
DSD was exponential. Bringi et al (1998) foun®@Zpr relationship by analyzing DSD
in thunderstorms using an airborne particle imagieagsorMaki et al. (2005) found the
flow relationshipDo=1.59 Zx>**’ in the present study for October 2004-July 2005
found the relationship, =1.255%r>>*"®as show in Figure 5-18 and for September 15-

16, 2004 found the relationshily =1.1954772&>***?as show in Figure 5-33.
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Figure 5-33. Relation betweem, and Zpg. The blue line shown is least
square fitting curve.

5.2.2.7 Potential of X-band polarimetric radar for operations use

Figure 5-34 shows the dependence of the relatipnsatweenKpp and R on the
wavelength. According to Figure 5-34, the increiassensitivity ofKpp is remarkable at

the X-Band wavelength.
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Figure 5-34. Dependence dR-Kpp relations on wavelength.

5.3 Drop Size Distribution Characterization
In order to characterize Drop Size DistributionSan Juan, Puerto Rico, the second

method for classifying rain type was used. TableShows the data used for drop size

distribution from October 2004 to July 2005 and [€17 the same but for ¥&nd 16’

September.
Table 5-16.Data quantity and day measured Octab@4 duly 2005
Date Convective| Stratiform Total
V04305, October 31,2004 44 79 123
V04306, November 1,2004 55 75 130
V04348, December 13, 2004 10 12 22
V05037, February 6, 2005 8 14 22
V05101, April 11, 2005 13 20 33
V05108, April 18, 2005 20 47 67
V05109, April 19, 2005 67 50 117
V05110, April 20, 2005 4 38 42
V05111, April 21, 2005 56 26 82
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V05133, May 13, 2005 24 17 41

V05136, May 16, 2005 34 40 74
V05137, May 17 2005 19 118 137
V05143, May 23, 2005 13 9 22
V05144, May 24, 2005 11 41 52
V05178, June 27, 2005 23 10 33
V05179, June 28, 2005 45 20 65
V05192, July 11, 2005 23 45 68
V05195, July 14, 2005 15 17 32
Total October 2004 - July 2005 484 678 1162

Table 5-17. Data quantity and day measured 15-p&8wber, TS Jeanne

Date Convective| Stratiform Total
V04259, September 15, 2004 49 185 234
V04260, September 16, 2004 64 116 180
Total Septemberl15-16, 2004 113 301 414

Table 5-18 summarizes values found for boby< and loge<N,>; these were as
expected with maritime characteristics, even whenvective rain results were not
consistent with previous studies made in the Islafidese studies will be discussed later.

Figure 5-35 shows results from previous studiestoatiform rain parameters as well
as findings from this work in Sept “18nd 18'2004 and in the period October 2004-July
2005 (see San Juan markers). Regarding stratifamm about 72.705% of data points
were classified as this type on thé"thd 18' of September, while about 58.35% were
selected on October 2004-July2005.

Table 5-18. Dm and log10<Nw>Results Summary

DAY/RAIN TYPE <Dp> [mm] l0g10<Nw>
Sep. 15-16, 2004 stratiform 1.0470 4.1066
Sep. 15-16, 2004 convective 0.9847 4.9783
Oct 2004-July 2005 stratiform 0.9293 4.5562
Oct 2004-July 2005 convective 1.122 5.0061
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On the other hand, as opposed to finding&Jtrich, Petitididier and Campo£1999)
in a mountainous region of the island, when comiialeproperties were found in the
DSDs, log104l,> versus ©,,> plot shows characteristics similar to the Maréi@luster

(see Figure 5-36).

Stratiform/steady rain with R>0.5 and standard deviation of R<1.5 mm ht
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Figure 5-35.The value of log10KM,> (with 1s std dev bars) versus B> from 2DVD
data (numbered open circles) and dual-polarizatiorradar retrievals (open squares
as marked) for stratiform rain. Dotted line is the least squares fit. Note thaiN,, is
the 'normalized’ intercept parameter and D, is the mass-weighted mean diameter of
a 'normalized' gamma DSD.
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As convective rain, about 27.29% of data pointsendassified as this type on the

15"and 18' of September, while about 41.65% were selecte@cinber 2004-July 2005.

Convective rain with R>5 and standard deviation of R>1.5 mm h™’
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Figure 5-36. As in Figure 5-35 except data for caective rain. Note thatN,, is the
'normalized’ intercept parameter and Dy, is the mass-weighted mean diameter of a

'normali

zed' gamma DSD.

Next pages present scatter plots (Figure 5-37darEi5-42) characterizing DSDs for

the events under consideration.
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Stratiform rain ST Jeanne San Juan, PR

Convectiverain ST Jeanne San Juan, PR
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Figure 5-37. Logo(Nw) vs.Dn, scatter plot for the Tropical Storm Jeanne, affedhg
Puerto Rico on September 15-16, 2004. (a) Stratrfa rain type; (b) convective.
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Figure 5-38. Logo(Nw) vs.Dn, scatter plot for period October 2004-July 2005. &)
Stratiform rain type; (b) convective.

69



Stratiform rain ST Jeanne San Juan, PR

Convective rain ST Jeanne San Juan, PR

1.50 Py + 150 +
Py
R
4 Foe + 1.4r
okt +
13l B Ly L
-~ -H;f— . LR + ¥
+*#‘f*""1 - 0
+ T +
1.2+ # oty & I
T U S
_ 14t {:h:ﬁn* Pk . _12f .
E " ++++m+* + ot £ + . . . + v
E ﬁ*—iﬁ#+ oy +1_ 4+ + Eqq oy +f+ Fiar +
£ 4k 4 o+t + E ¥ W
i ++ 1 + +
S oot Wi T T = Lo v
: ++++*+ 1 +&_‘:4—H‘* . +++ P
LR + bEF L WP
0.8 + + 4 P +
+ I t HohE 1y
A PR 08 ot o+
-
07F . . o
06 * . 08 1 7
- + *
05 . . . . . . | . . . . . . |
1 2 3 4 3 6 [4 8 D'?O 10 20 30 40 50 &0 70

Rain Rate [mm/hr]

(b)

Rain Rate [mm/hr]

(@)

Figure 5-39.Dy, vs. rain rate scatter plot for the Tropical StormJeanne, affecting
Puerto Rico on September 15-16, 2004. (a) Stratifa rain type; (b) convective.
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70



Stratiform rain ST Jeanne San Juan, PR

Rain Rate [mm/hr]

(@)

Convective rain ST Jeanne San Juan, PR

55¢ 567
+
54} -
8- + " + + * + S + +
P 52r o+ +t ey +
+ + + 4 + PR
= b e = 5 +ox AT N
Ea4sl T ¥ * * P N T *
- + +
: 11-5_ +++ — R . {:“‘f-rf-t +
= A o+ 4 + — 438 ®or
E R c e b
i + + +
£ 4 $++%¥f€r§+++ ety Easr 71
: %‘ﬁ#ﬁﬂ** - - 244 * .
S,. Weris o g7 .
= * e e 342
k<l I S
i T
¥ al
o
+ 38t
¥
275 1 1 L 1 1 L 1 36 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 0 10 20 30 40 50 &0 70

Rain Rate [mmv/hr]

(b)

Figure 5-41. Logo(Nyw) vs. rainrate scatter plot for the Tropical StormJeanne,
affecting Puerto Rico on September 15-16, 2004. ) (&tratiform rain type; (b)

convective.
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Figure 5-42. Logo(Nyw) vs. rainrate scatter plot for period October 2004July 2005.

(a) Stratiform rain type; (b) convective.

When comparing these results to preliminary resuhsse confirm disparities in

weather types, being at very different geographécabs. Nevertheled§, results from

convective rain, as seen Figure 5-36 tends to agpraaritime cluster characteristics, as

has happened in other instances in the same atesrefore we understand DSDs can be

highly variable even within the same location.



6 CONCLUSIONS AND FUTURE WORK

The present work quantified the sensitivity of thitgpes of rain rate estimators
R(Z4),R(Kop) andR(Z4, ZpRr) to natural variations in DSD. Most of previous wan this
topic evaluated polarimetric estimators comparedgar estimates with data from surface
gauges. Those studies have concluded that theafiffe between radar estimates and
rain gauge data is related to the accuracy ofahmerate estimator to variations in DSD as
well as to other factors, such as differences impdieng volume size, differences in
observation height, accuracy of radar system cslidmm, etc. Therefore, the present work
utilized T-matrix scattering simulation to exclutdetors other than natural variations in
DSD. The results of the simulations executed with present work show that the
estimatoR(Kpp) is less sensitive to natural variations in DSD tttenclassical estimator
R(Zy) for the two events that were analyzed. 'The nbped errors (NEs) oR(Z,) and
R(Kpp) for October/2004 are 41% and 15% respectively, evfal September/2004 they
are 23% and 9%. The error tends to decrease matieasing rain rate. For example, at
R>10 mm/hthe error ofR(Kpp) due to DSD variations is about one sixth R{Zy).
Comparison of theR-Kpp relationships obtained from DSD samples measutetiva
different locations (Darwin Australia and TsukuBapan) show that the difference is less
than 5%, while comparison of thRe-Z,; relationships between Darwin and Tsukuba
shows that the average difference without regardsign is about 77%. These results
clearly show thatR(Kpp) is less sensitive to DSD variations comparedR{@,) and
supports the conclusion of Bringi et al. (2003) rotleat of lllingworth andBlackman

(2002) andlllingwohh (2003), who mentioned that tHe-Kpp relationship may have
72



similar sensitivity to natural variations of DSD @dges theR-Z, relationship. The lower
sensitivity of R(Kpp) and the higher sensitivity dR(Zy) to variations in DSD can be
explained by the fact that the difference betwden forward-scattering amplitudes at
horizontal (H) and vertical (V) polarizatiorfg(D)-fy(D) in the definition ofKpp is
proportional to the 4.78th power of the diametea o&indrop for the mono-disperse DSD
model, while the reflectivity factaf is proportional to the'8power of the diameter. As
the rain rate and rainwater content are proportitmahe 3.67th and thepower of
raindrop diameter, respectivel§l, is more sensitive to variations in DSD tharKis. It
was also shown for an observed DSD spectrum thatctimtribution pattern of drop
diameter tdKpp is closer to that oR compared to the contribution patterngaq

It was found from the analysis of estimation errtiiat unusual DSDs with
extremely largeD, values decrease the accuracyROKpp). Further improvement can be
attained by the usage @#r in rain rate estimators, due to the correlatiotwbenD, and
Zpr. The parameteZpr can also improve the accuracy RfZ;) dramatically. Both the
NE and PRMSE ofR(Zy, Zpr) are close to the results obtained fR(Kpp). The
improvement of R{y) by considerindpr is because of the fact thaig is a measure of
Do and the effect of 'unusually' large or smB{ on the accuracy oR(Zy) can be

cancelled by the form oR(z,, , Zpr) = c;2%10%">%= , whereb; is negative.

As shown aboveZpr is a useful parameter in improving rain estimators
However, it is also well know that correction£yr for differential attenuation caused by
heavy rainfall is indispensable at the X-band wength. Seliga and Bringi(1976)

mentioned that an accuracy of 0.2 dB Zpi was necessary for the retrieval of raindrop
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size distribution. Accuracies of 0.1 dB is necegdar Zpr measurements and of at least
0.5 dB accuracy foZy measurements are necessd®achidananda and Zrni¢987,
Jamesorl991) for accurate estimation of rain rates. Thegairements for measurement
accuracy oZy andZpr have been making it difficult for an estimatortbé formR(Z,,
Zpr) to be used as an operational estimator. Recarglghown byatrosovet al. (2002)
and Park et al. (2005a, b), attenuation correction &f and Zpr is possible using
differential phase information at the X-band wawgtt and may be used for operational
use. However, total evaluation of the algorithrmexessary for X-band polarimetric
radar to be able to answer the question of whighrahm or what kind of combination is
appropriate for operational purposes. Observatwtis X-band polarimetric radar have
been carrying out by several researchers to ewadiand polarimetric radar not only
for research purposes but also operational M&drosovet al. 2002,Anagnostotet al.
2004;Maki et al.).

Data from NCDC and NWS rain gauges closely corredpd to that of the
disdrometer. TRMM data was slightly higher, buistban be due to its low spatial-
temporal resolution. Nevertheless, there was aggee in peak values of rain-rates
versus time in all the devices.

The RMS error when NCDC was compared with 2DVD wigsificantly smaller
than when NCDC was compared with TRMM, which regeabreater similarity between

NCDC and 2DVD data than with TRMM.
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