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ABSTRACT

This study proposes an approach that identifies and corrects for the vertical profile of reflectivity (VPR) by

using Tropical Rainfall MeasuringMission (TRMM) precipitation radar (PR) measurements in the region of

Arizona and southern California, where the ground-based Next Generation Weather Radar (NEXRAD)

finds difficulties in making reliable estimations of surface precipitation amounts because of complex terrain

and limited radar coverage. AVPR identification and enhancement (VPR-IE)method based on themodeling

of the vertical variations of the equivalent reflectivity factor using a physically based parameterization is

employed to obtain a representative VPR at S band from the TRMM PR measurement at Ku band. Then the

representative VPR is convolved with ground radar beam sampling properties to compute apparent VPRs for

enhancingNEXRADquantitative precipitation estimation (QPE). TheVPR-IEmethodology is evaluatedwith

several stratiform precipitation events during the cold season and is compared to two other statistically based

correction methods, that is, the TRMM PR–based rainfall calibration and a range ring–based adjustment

scheme. The results show that the VPR-IE has the best overall performance and provides much more accurate

surface rainfall estimates than the original ground-based radarQPE. The potential of theVPR-IEmethod could

be further exploited and better utilized when the Global Precipitation Measurement Mission’s dual-frequency

PR is launched in 2014, with anticipated accuracy improvements and expanded latitude coverage.

1. Introduction

Studies of various physical processes related to water

cycle, which are of interest to the scientific communities

of meteorology, hydrology, environment, ecology,

agriculture, etc., often require reliable quantitative

precipitation estimation (QPE). Therefore, accurate

measurement of precipitation at a range of spatial and

temporal resolutions is invaluable for a variety of sci-

entific applications. Weather radar has proven its value

to the nation since the installation of the currentWeather

Surveillance Radar-1988 Doppler (WSR-88D) Next

Generation Weather Radar (NEXRAD) network.

Based on data measured by the NEXRAD network,

the National Mosaic and the next-generation quantita-

tive precipitation estimation system (NMQ/Q2) (Vasiloff

et al. 2007; Zhang et al. 2011) is a real-time test bed

comprising high-resolution (1 km, 5min) multisensor
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precipitation products. A web-based display and a rain

gauge–based validation system have been built for the

datasets and are freely accessible on the Internet. How-

ever, because of the lack of adequate ground radar (GR)

coverage from intervening terrain blockages (Maddox

et al. 2002), reliable ground-based precipitation mea-

surements are difficult to obtain in mountainous regions.

For ground-based volume-scanning weather radars,

an important error source that can lead to significant

systematic error in radar rainfall estimates is attributed

to inaccurate calibration of the radar (Smith et al. 1996).

Another major error source, particularly in complex

terrain, comes from the lack of representativeness of

reflectivity sampled aloft to surface precipitation. Re-

flectivity varies with height because of the processes of

melting, aggregation, collision, coalescence, evapora-

tion, and drop breakup. This problem is exacerbated in

complex terrain where ground radars must rely on scans

at higher-elevation angles to observe precipitating sys-

tems, in which radar observations within the ice region

above the melting level are used for QPE. Furthermore,

the radar beam broadens with range and could be too

wide to accurately resolve the vertical structure of

precipitation.

To mitigate radar QPE errors associated with non-

uniform vertical profiles of reflectivity (VPRs), a variety

of studies have investigated different approaches to

derive representative VPRs for improving QPE. The

representative VPRs in previous studies include 1) cli-

matological VPR (Joss and Lee 1995, Cao et al. 2013a),

2) retrieved VPR from radar observations at different

distances and different altitudes (Koistinen 1991; Joss

and Lee 1995; Germann and Joss 2002; Andrieu and

Creutin 1995; Vignal et al. 1999, 2000; Vignal and

Krajewski 2001, Zhang and Qi 2010), and 3) parame-

terized VPR (Kitchen et al. 1994; Fabry and Zawadzki

1995; Kitchen 1997; Smyth and Illingworth 1998;Matrosov

et al. 2007; Tabary 2007). All of these approaches rely on

radar data or other surface observations to obtain the

VPRs. However, in mountainous regions (e.g., the anal-

ysis region of this study), radar measurements near the

surface are less ubiquitous, and the completeVPRsmight

not be fully obtained. Some observational limitations of

ground-based radar can be mitigated by spaceborne ra-

dar, whose measurements are much less impacted by

mountain blockages, and beam broadening effects in

the vertical direction (Iguchi et al. 2000). The spaceborne

precipitation radar (PR)onboard theNationalAeronautics

and Space Administration’s (NASA) Tropical Rainfall

Measuring Mission (TRMM) satellite, launched in late

1997, is the first weather radar to estimate rainfall over

the tropics and subtropics from space (Simpson et al.

1996). The PR operates at Ku band with a frequency of

13.8GHz (2.17-cmwavelength) and scans across a 215-km-

wide footprint, with vertical and horizontal resolutions of

250m and 4.3 km, respectively, at nadir. Considering

that precipitating systems typically extend several kilo-

meters in the vertical direction, the PR’s vertical reso-

lution of 250m ensures fine observations suitable for

studying the vertical structures of storms. Although the

precipitation attenuates Ku-band PR observations more

than S-band ground radar observations, the PR’s signal

processing algorithms developed by the PR science team

(Iguchi et al. 2000, 2009) have shown good performance

in correcting for attenuation losses in precipitation (Yong

et al. 2010; Wen et al. 2011). Gabella et al. (2006) have

used the so-called near-surface reflectivity, which is

measured at the lowest pulse volume of PR, to miti-

gate the ground radar’s range-dependent bias on the

island of Cyprus.

This study proposes an approach that identifies and

corrects for ground-based radar VPRs (NMQ data) by

using spaceborne TRMM PR measurements [herein-

after VPR identification and enhancement (VPR-IE)].

The remainder of this paper is organized as follows. The

study area and dataset used for correction are described

in section 2. A detailed description of the VPR-IE

method is provided in section 3. Two other correction

methods are discussed in section 4. Section 5 presents

case study results for five events representing various

meteorological processes in the study area. A summary

and discussion of future directions follows in the last

section.

2. Study area and dataset

In the current study, we have chosen the region of

Arizona and southern California (latitude is from 328 to
378N, longitude is from 21158 to 21108W) as the study

area (Fig. 1). QPE in this region is challenging because

of the sparseness of rain gauge networks, high spatial

variability of precipitation due to orographic enhance-

ments, relatively shallow precipitating clouds, and insuf-

ficient NEXRAD radar coverage. The digital elevation

map in Fig. 1 shows the topography in this study area,

which consists of six smaller regions: the plateau region,

the central region, the northwest region, the southwest

region, the southeast region, and the northeast region

(Sellers and Hill 1974; Watson et al. 1994). The average

altitude of the study area is about 1106m, while the

lowest elevation is only 3m and the highest elevation is

3657m. The climatological statistics in this area indicate

two peaks of precipitation each year: one in the winter

caused by large-scale synoptic systems, and the other

one in the summer caused by the North American

monsoon.
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Nearly half of the area has average rainfall of less than

250mm yr21. The southwest region receives rainfall

amounts of less than 125mmyr21. The northern plateau

regions have an average rainfall of more than 500mmyr21

(Sellers andHill 1974). Experience with more than 3 years

of radar data in theNMQ system indicates that the ground

radar QPE has significant underestimation issues due to

the poor sampling of precipitation. Figure 1 shows that

some regions are as far as 100km or even 200km from the

nearest radar (e.g., 358N and 1138W at more than 200km

from the nearest radar). The distribution of hourly bias

ratios [(GR2 gauge)/gauge3 100%] from 1 December

2009 to 28 February 2010 indicates the severe under-

estimation of precipitation for ground radars. For the six

WSR-88D radars included in this study, the surrounding

highlands cause partial or even complete beam blockage

to radars (especially at lower-elevation angles). At sig-

nificant distances from the radar (e.g., more than 100km)

this hampers the sampling of precipitation close to the

ground with the lower elevation angles. The radar beam

might be too high and sample the ice region above the

melting layer while it is raining at the surface, causing

large errors in surface rainfall estimation because of

the vertical variations of reflectivity. In such conditions

the radar beam may be too wide to accurately resolve the

vertical structure of precipitation. This is particularly

true in the case of strong vertical reflectivity gradients,

for example, linked to the bright band (Kirstetter et al.

2010). Figure 2c illustrates the effect of beam widening

on the apparent ground radar VPRs, which degrades

with range. It is clearly shown that the bright band

becomes thicker and less intense with increasing range.

The apparent VPR is defined as the VPR influenced by

beam broadening. It is noted that because of the earth’s

curvature and the increase of beam altitude, the radar

beam samples less often the lowest part of the VPRwith

increasing distance. This effect is aggravated by beam

blockage due to surrounding highlands.

The NMQ system (Zhang et al. 2011) combines in-

formation from ground-based radars comprising the

National Weather Service’s NEXRAD network. Based

on the significant research already performed on the

ground-based NMQ data in regards to data quality

(Lakshmanan et al. 2007), data mosaicking techniques

(Zhang et al. 2005), and rainfall estimation (Vasiloff et al.

2007), the system has been generating high-resolution

national 3D reflectivity mosaic grids (31 levels) and a

suite of severe weather and QPE products at a 1-km

horizontal resolution and 5-min update cycle since June

2006. We have identified five TRMM PR overpasses

that meet the following criteria: 1) the maximum time

discrepancy between TRMM PR and NMQ data is less

than 1 h, 2) the overlapping area of TRMM PR and

NMQ data is larger than 5000 km2, and 3) the maxi-

mum rainfall rate measured by ground radar is greater

than 10mmh21 to select heavy rain events. These five

overpasses, hereinafter referred to as events, have been

chosen from five different winter days in 2009 and 2010,

since Arizona’s climate exhibits precipitation peak dur-

ing the winter and the bright band is typically low during

the cold season. The event descriptions and times are

listed in Table 1.

FIG. 1. An image showing the topography around the study area (black dashed box) and the

locations of rain gauges (circles) andWSR-88D radar sites (white circles with cross). The inset

black and white map shows the radar coverage at 3 km above ground level. The histogram

shows the distribution of hourly bias ratio [calculated from (GR 2 gauge)/gauge 3 100%] for

3 months of data from 1 Dec 2009 to 28 Feb 2010.
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3. Methodology

a. Overview

TheVPR-IEmethodology to correct the ground radar–

based QPE for VPR sampled from space is summarized

in Fig. 2. Note that we follow the formalism from

Andrieu and Creutin (1995) and Vignal et al. (1999) and

use a normalized VPR (i.e., ratios of reflectivities at

different heights versus the reflectivity at a reference

height). In doing so, it becomes implicitly assumed that

the reflectivity factor Z(x, h) at location x and altitude h

can be expressed as the product of its value at the ref-

erence level (h0, supposed to be 1 km MSL) and the

normalized VPR value at the given altitude [see Eq. (1)

in Kirstetter et al. 2010]. The VPR for a given precipita-

tion type (e.g., stratiform) is assumed to be homogeneous

over the domain of estimation (i.e., over the study area

for a given TRMM overpass). Although the TRMM PR

can accurately resolve the vertical reflectivity variations

(owing to its sampling geometry and vertical resolu-

tion), its measurements cannot match WSR-88D radar

measurements because of the frequency difference. For

instance, the reflectivity of the brightband peak is gen-

erally higher at S band than at Ku band because of the

different backscattering cross section.

To use the information from TRMM PR data for

ground-radar correction, we have to deal with the fre-

quency difference between the TRMM PR and WSR-

88D radars because the VPR shape depends on the

wavelength. For instance, the reflectivity of the bright-

band peak is higher at S band than at Ku band. We

therefore need to convert the satellite-based Ku-band

VPR to S-band VPR for ground-based radars before

correction. This conversion requires using the parti-

cle size distribution (PSD), state, and composition of

hydrometeors.

TABLE 1. Summary of the events.

Event no.

Events/case

study (orbit no.) Description

TRMM time

(UTC)

Q2 time

(UTC)

No. of

radar–gauge

pairs

Freezing-level

height (km)

(from PR 2A25)

1 8 Feb 2009 (64005) Moderate stratiform

precipitation

1147:03–1148:08 1100–1200 18 2.39

2 8 Dec 2009 (68721) Heavy precipitation with widespread

stratiform; snow in north AZ

0134:52–0135:55 0100–0200 147 2.74

3 22 Jan 2010 (69423) Heavy precipitation with

widespread stratiform

0234:30–0235:32 0200–0300 262 2.50

4 28 Feb 2010 (70003) Moderate stratiform precipitation;

weak convection likely

0740:20–0741:31 0700–0800 238 2.47

5 7 Mar 2010 (70110) Moderate stratiform precipitation

with scattered cells;

0425:48–0426.57 0400–0500 60 2.43

FIG. 2. Steps for incorporating TRMM PR measurements into NMQ-QPE (VPR-IE method), using the representative example of the

VPRon 8Dec 2009: (a) fit a physically basedVPRmodel (five parameters) on theKu-bandTRMMPR reflectivity profiles, (b) convert the

Ku-band VPR (dotted gray line) into S-band VPR (solid black line), and (c) convolve the S-band VPR with the sampling properties of

WSR-88D ground radars. In (c), apparentVPRs are simulated from the S-bandVPR from (b) at various distances (from 20 to 240 kmwith

an interval of 20 km) using the beam characteristics of WSR-88D radars.
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We first identify the vertical distribution of hydro-

meteors and PSD from the TRMM PR measurements

and fit the Ku-band VPR with a physically based model

(Fig. 2). This model is then used to simulate the corre-

sponding S-band VPR (Fig. 2b). Finally, this simulated

VPR is convolved with ground radar sampling proper-

ties to compute apparent ground radar VPRs used for

surface QPE computation (Fig. 2c). The volume cover-

age pattern (VCP) of the current WSR ground radar

used for the stratiform events is VCP21. The projection

of ground radar–measured reflectivity onto the ground

level using the S-band VPR applies a three-dimensional

radar beam propagation model by assuming the beam

refraction of standard atmospheric conditions and ac-

counting for the earth curvature effect as described by

Pellarin et al. (2002), Delrieu et al. (2009), andKirstetter

et al. (2010). The radar beam propagation may change

because of the effects of isothermal layer or large tem-

perature inversions, which are not considered here.

b. Physically based VPR model

This section describes a VPR identification method

based on a VPR model with several physically based

parameters. The VPR model proposed by Kirstetter

et al. (2012) andKirstetter et al. (2013) and derived from

Boudevillain and Andrieu (2003) aims at representing

the vertical evolution of the equivalent radar reflectivity

factor:

Ze(h)5
l4

p5jKwj2
ð‘
0
s[D,l,m(h)]N(D,h) dD , (1)

where h is the altitude and s is the backscattering cross

section of a hydrometeor that depends on the equiva-

lent diameterD and the complex refractive indexm(h);

the refractive index depends on the phase of the hydro-

meteors and on the radar wavelength l. The quantity

N(D, h) is the number of particles with diameters be-

tween D and D 1 dD per unit diameter range and per

unit air volume at altitude h; jKwj2 is a constant depending
on the refractive index for liquid water mw. Equation (1)

indicates that the equivalent radar reflectivity factor

profile depends on 1) the phase of the hydrometeors,

which drives their dielectric properties and scattering

cross sections through a given scattering model (T matrix,

Mie, Rayleigh); 2) PSD, and 3) the radar wavelength.

The Ze value can be appropriated by the sixth moment

of PSD if Rayleigh scattering prevails. In practice, Mie

scattering may prevail for Ku-band TRMM PR obser-

vations because the particle sizes are normally comparable

to the wavelength. In such a case, the T-matrix method

is applied to compute the Ze value based on the Mie

scattering theory.

The atmospheric column is divided into three vertical

layers. The upper layer contains particles of frozen wa-

ter with air inclusions. In the lowest layer, the precip-

itation particles are raindrops. The intermediate layer is

the melting layer in which particles are composed of

a mixture of ice, air and liquid water. These three layers

are defined by their altitude boundaries. The top of the

precipitating cloud, provided by the radar echo top, is

denoted as hT. The interface between solid and melting

layers (the 08C level for stratiform precipitation) is de-

noted as hM, and DhE is the melting layer’s vertical ex-

tension. A reference level close to the ground denoted

as h0 is considered the bottom of the liquid layer. The

temperature is assumed to decrease with altitude at the

moist adiabatic lapse rate. The scaling formalism ini-

tially proposed by Sempere-Torres et al. (1994) is used

to describe the relationship between the PSD (assumed

as gamma) and the equivalent radar reflectivity factor in

the liquid phase and to infer the PSD in the other layers.

The liquid layer is defined between the reference level

h0 and the bottom of the melting layer (hM 2 DhE),
where hydrometeors are liquid drops. Vertical varia-

tions of the equivalent radar reflectivity factor are as-

sumed linear from Z0 at h0 to Zm at hM 2 DhE, with a

slope Gl. In the solid layer, the hydrometeors are het-

erogeneous and described by a matrix of ice with in-

clusions of air. The ‘‘matrix inclusion’’ scheme (Klaassen

1988) is used to retrieve the refractive index of hydro-

meteors and calculate their dielectric properties. The

composition of a solid particle is parameterized using

a density factor Dg, varying between 0 (light snow) to

1 (hail) to cover the entire range of mass density of

hydrometeors:

r(h)5 r
12D

g

min r
D

g

max with rmin5 5 and

rmax5 900 kgm23 . (2)

The density factor drives the composition of the par-

ticles through the ice volume fraction of the total par-

ticle volume (Boudevillain and Andrieu 2003; Kirstetter

et al. 2012):

fmat5 (rmin/rmax)
12D

g and finc 5 12 fmat , (3)

where fmat and finc are the matrix fraction and the in-

clusion fraction, respectively. The density factor Dg is

part of the calculation of the complex refractive indexm

through the composition of particles and drives within

the dielectric properties of the particles. It is supposed to

remain constant in the solid phase and the melting layer.

The form of the VPR in the solid layer therefore de-

pends on the PSD defined at the top of the liquid layer
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and on Dg. The melting layer is a transitional zone in

which the backscattering properties of precipitation

particles change rapidly. The possible enhancement of

the measured reflectivity by the radar, the bright band,

occurs in this zone. The present study uses the simple

and convenient scheme proposed by Hardaker et al.

(1995), which reproduced the high gradients of reflec-

tivity with a reduced number of variables representative

of the PSD, composition, and dielectric properties in this

zone. Assuming the PSD to be constant between solid

particles and liquid raindrops ensures the continuity of

the PSD at the solid/melting and melting/liquid transi-

tions. Particles are composed of a mixture of liquid and

solid water with inclusions of air. They are characterized

by the melted mass fraction fm increasing from 0 at the

level hM to 1 at the level hM 2 DhE. A two-step pro-

cessing of the Klaassen (1988) concept and the ‘‘matrix

inclusion’’ scheme are applied. By driving the density

and the dielectric properties of the particles,Dg controls

the enhancement of the bright band. Values of Dg of

about 0.8 simulate light iced particles. These particles

are more characteristic of stratiform precipitation, and

the model simulates an enhanced bright band. Values of

Dg of about 1.0 simulate denser particles more oftenmet

in convective precipitation. This simple melting layer

model could be refined following the results of the se-

ries of papers devoted to the brightband description

(Szyrmer and Zawadzki 1999).

To summarize, the vertical variations of the equiva-

lent reflectivity factor according to altitude can be rep-

resented using a model for the vertical variations of

hydrometeors and PSD. These vertical variations of the

equivalent reflectivity factor can finally be written Ze (h,

u), while u5 (Gl, hT, hM, DhE,Dg) is the vector grouping

the five parameters of the VPR model. Note that this set

of parameters is relative to the microphysics only and

does not depend on the radar wavelength. The VPR,

defined as the equivalent reflectivity factor Ze with al-

titude, normalized by its value at the reference level Z0

is expressed as Z(h, u) 5 Ze(h, u)/Z0.

c. Enhancement of VPR

For a given event, an optimization procedure adjusts

the VPR model to each individual reflectivity profile

from the 2A25 product. It uses a quadratic cost function

that is minimized with respect to the parameterized

profiles of reflectivity using a Gauss–Newton method

(Kirstetter et al. 2010). During the optimization pro-

cedure, Ku-band VPRs are simulated using the model

to match with the TRMM PR measurements. Figure 3

shows the histograms of parameters resulting from the

fitting on TRMM PR reflectivity profiles for the case of

8 December 2009. The histograms of the parameters are

typically unimodal, so that a representative VPRmay be

extracted for the whole stratiform region. The top of the

precipitation presents more uncertainties than the other

parameters; it may be due to real variations of the ver-

tical extension of the rain field in the region linked to

significant elevation differences as well as different PR

beam filling conditions and relatively poor sensitivity

of the radar (17 dBZ). The most probable values for

the density parameter Dg are around 0.85. The re-

trieved 08C-level height is for most cases within the

range 2400–2600m altitude, in accordance with the mean

value extracted from the 2A25 product (see Table 1).

The histogram of the melting layer thickness is highly

peaked around 850m, which is larger than that from

long-term brightband observation studies (Fabry and

Zawadzki 1995) but is similar to the result of Kitchen

et al. (1994) (700m). Considering the PR vertical res-

olution and the effect of the radar beam at off-nadir

angle, the melting layer thickness of 850m is consid-

ered appropriate for our VPR-IE scheme. Finally, the

histogram of the slope of the profile in liquid phase is

peaked around 0. More research is needed to in-

vestigate the variability of these parameters and the

corresponding vertical variations of hydrometeor and

PSD.

Our goal is to identify a representative VPR for the

whole stratiform region sampled conjointly by ground

radar and the PR. The characteristics of this VPR differ

from thoseof the ‘‘true’’VPRsampledquasi-instantaneously

at the PR pixel level because it is representative of

a much larger domain. Kirstetter et al. (2010) addressed

specifically the issue of VPR homogeneity by perform-

ing the VPR identification over areas of homogeneous

rain types and consistent microphysical processes. Fig-

ure 3 shows that while increasing the representativeness

of the VPRs by focusing on the stratiform region (rain

type information is from TRMM 2A23 product), the

parameters retrieved from the individual 2A25 profiles

present variability, which could be caused by micro-

physics variability inside the stratiform region, noise in

the sampled radar reflectivity profiles, and/or simplifi-

cations of the physically based VPR model and other

factors. A representative VPR for the whole stratiform

region may be characterized by a unique set of param-

eters,u5 (Gl, hT, hM,DhE,Dg).We consider themedian

of each parameter distribution to identify u. The corre-

sponding VPRs at Ku band and S band for the repre-

sentative case of 8 December 2009 are shown in Fig. 2b.

We summarize the VPR-IE procedure below:

d A physically based VPR model serves to retrieve the

vertical hydrometeor and PSD profiles from the TRMM

PR measurements by focusing on the stratiform region.
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FIG. 3. Histograms of the five parameters of the physically basedVPRmodel fit on TRMMPR reflectivity profiles

passing over Arizona at 0135 UTC 8Dec 2009: (a) the top of precipitation hT , (b) the density parameterDg, (c) the

08C level height hM , (d) themelting layer thicknessDhE, and (e) the slope of the profile in liquid phaseGl. The black

vertical line in each figure indicates the median value for each parameter.
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d This model is used to simulate the corresponding

S-band VPR, because the model parameters do not

depend on the radar wavelength.
d This representative VPR is convolved with ground

radar sampling properties to compute the apparent

VPRs.
d The correction is applied to the reflectivity at the

corresponding ranges where the apparent VPRs are

computed.
d The reflectivity field is converted into rainfall rate

using Z–R relations: Z 5 200R1.6 for stratiform rain

and Z5 300R1.4 for convective rain. The rainfall rates

are then accumulated to hourly rainfall amounts and

compared to rain gauge observations.

We assess the approach in the next section by com-

paring rainfall estimates from the VPR-IE method with

respect to the conventional NMQ products and two

additional correction methods.

4. Methods for comparison

In this study, we implemented two QPE improvement

methods using the TRMM PR as the basis for correc-

tion. The twomethods are referred to as the rainfall rate

calibration method and the rings-based range adjust-

ment method proposed by Gabella et al. (2006), both of

which are statistically based correction methods with

a lower computational expense compared to the pro-

posed VPR-IE approach. The rainfall rate calibration

method is a straightforward calibration, which corrects

the ground radar QPE results directly using TRMM PR

surface rainfall rate estimates. First, PR surface rainfall

rates, which are recorded as a function of latitude and

longitude, are remapped onto the NMQ grid having

1-km resolution. We use the PR-interpolated rain field

as the basis to calculate the bias of rainfall rate estima-

tion in ground radar–based NMQ. The calculation of

bias has been done only for the grid cells having the

same precipitation type (e.g., stratiform). After deter-

mining the estimation bias, we then calibrate all the

NMQ QPE grid cells for a specific precipitation type

(Vila et al. 2009).

Gabella et al. (2006) proposed a range adjustment of

the ground radarQPEbased on the TRMMPR in Israel.

The analysis is based on the average of linear radar re-

flectivity in circular rings around the ground radar site

hZi2p, which is a function of the range from the ground

radar site. Factor F 5 (hGRi2p)/(hPRi2p) is statistically
explained using a weighted regression between log(F)

and log(Dist), whereDist is the distance between a given

gauge and the ground radar site. The equation is [Eq. (1)

from Gabella et al. 2006]:

103 log10(hGRi2p/hPRi2p)5FdB

5 a01 aD log10(Dist/Distg) ,

(4)

where hGRi2p and hPRi2p are the average reflectivity in

the same 10-km-wide circle ring, averaged in azimuth for

both the ground radar and the PR.While hPRi2p does not

correlate with distance from the ground-based radar site,

hGRi2p tends to decrease with distance. Distg is the ref-

erence value of Dist, which is close to the average radar-

gauge distance. The a0 and aD are two parameters used to

modify the calibration of the ground radar measurements.

By using all the overpasses collected in Gabella et al.

(2006), the resulting parameters are shown as follows:

103 log10(hGRi2p/hPRi2p)
5FdB 524:12 10:13 log10(Dist/40). (5)

We have used Eq. (5) for correcting the ground radar

observation in this study. More details of this method

can be found in Gabella et al. (2006).

5. Case study results

Hourly rain gauges from the Hydrometeorological

AutomatedData System (HADS; http://www.nws.noaa.

gov/oh/hads/) and the Maricopa County mesonet have

been used to evaluate the three different QPE methods

by blending the PR with ground radar observations for

five events (summarized in Table 1). It is worth noting

that ground radars used for this study have different

elevations. As shown in Fig. 1, the elevations of KICX,

KFSX, KEMX KESX, KIWA, and KYUX radars are

3231, 2261, 1586, 1509, 421, and 53mMSL, respectively.

Given a storm system in the cold season, the radar beam

could overshoot cloud tops or intercept themelting layer

at far ranges, especially for KICX, KFSX, KEMX, and

KESX radars. According to the locations of rain gauges

shown in Fig. 1, the QPE based on KFSX radar is most

likely affected by the melting layer. Figure 4 shows a

comparison of hourly rainfall from remote sensing data

and rain gauge measurements, with the three panels

corresponding to the three different methods of blend-

ing PR with ground radar observations. Data shown in

this analysis are from all five events combined. The black

dots in the figure indicate the ground radar QPE with-

out any adjustment from PR. Most points seem to be

plagued by either underestimation or overestimation.

Considering the height of the 08C level in the cold season

and the position of the radar beam in this complex ter-

rain, overestimation is likely due to sampling in the

bright band, while underestimation is likely attributed to
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sampling frozen hydrometeors above the 08C level. The

simple rainfall rate calibration method (Fig. 4a) shows

some improvements over the QPE, although not sig-

nificant. The correction using the rings-based range

adjustment method (Fig. 4b) generally reduced the

underestimation but resulted in erroneous overestimation.

This was due to the monotonic linear model used in the

correction scheme,where overestimation errors associated

with the bright band and underestimation errors associ-

ated with radar sampling in the ice region could not be

simultaneously accounted for. The underestimation errors

might have dominated the linear regressionmodel, and, as

a result, the overestimation error did not get corrected but

was instead exaggerated. Figure 4c shows the QPE result

obtained with the VPR-IE method introduced in sec-

tion 3. This method mitigates both overestimation and

underestimation of rainfall, showing a much better agree-

ment with gauge observations than the other two methods.

Figure 5 provides hourly rainfall mapswith andwithout

applying the VPR-IEmethod (results using the other two

methods are not shown) for each case study. For example,

Fig. 5c shows a widespread stratiform precipitation on

8 December 2009, for which the 08C level was about 1800,

1800, 2100, 2500, 2600, and 2800m for the KICX, KESX,

KFSX, KIWA,KYUX, andKEMX radars, respectively.

Note that these 08C level heights are consistent with the

histogram of the 08C levels from the VPR model ap-

proach (see Fig. 3c). For most rainy areas shown in this

figure, the radar beam has overshot the melting layer.

The measurements within the ice region led to under-

estimation of rainfall on the surface from the original

NMQ QPE product at lower elevations (Fig. 5c). After

the VPR-IE method was applied (Fig. 5d), the under-

estimation was mitigated, especially in areas 100 km east

of KESX and 50 km southeast of KFSX. Another ex-

ample is 28 February 2010, for which the 08C level was

2400–2600m within the area from 33.58 to 348N in lati-

tude and from 21138 to 21128W in longitude. KFSX’s

radar beam intercepted the melting layer in this area,

causing an overestimation of rainfall in the original

NMQ QPE as shown in Fig. 5g. The VPR-IE product

(Fig. 5h) reduced this apparent overestimation. On the

other hand, similar to the analysis in Figs. 5c and 5d, at

the further range (e.g.,.100 km) where the radar beam

has overshot the melting layer and samples in the ice

region, the VPR-IE method has increased the estimate

of rainfall, which was previously underestimated.

From the five events shown in Fig. 5, three statistical

indices have been calculated to evaluate the performance

of the three correction methods. Relative bias (RB; in

percent) is used to assess the systematic bias of radar es-

timations. The mean absolute error (MAE) measures the

average magnitude of the error. The root-mean-squared

FIG. 4. Scatterplots of 1-h radar precipitation estimates before

(black diamonds) and after (white circles) the corrections for all

five events combined using the (a) rainfall rate calibration method,

(b) rings-based range adjustment with inset extending values to

80mm, and (c) VPR-IE method. The black line is the 1:1 line.
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FIG. 5. Sequential 1-h radar precipitation accumulation (mm) estimates (left) before and (right) after adjustment using the VPR-IE

method: (a),(b) 8 Feb 2009; (c),(d) 8 Dec 2009; (e),(f) 22 Jan 2010; (g),(h) 28 Feb 2010; and (i),( j) 7 Mar 2010.
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error (RMSE) is another way to quantify the average

error magnitude, giving greater weights to larger errors.

MAE and RMSE are in units of millimeters for the

comparison of estimated rainfall amounts:

RB5

�
N

i51

R(i)2 �
N

i51

G(i)

�
N

i51

G(i)

3 100%, (6)

MAE5

�
N

i51

jR(i)2G(i)j
N

, (7)

RMSE5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
N

i51

jR(i)2G(i)j2

N

vuuut
. (8)

Here, R(i) and G(i) represent the ith matching pair of

rainfall amounts estimated with radar reflectivity and

observed by rain gauges, respectively, and N represents

the total number of data pairs for radar-based and rain

gauge data matching. The following two criteria have

been used for matching data: 1) the gauge location is

within one of the 0.018 3 0.018 radar grid cells used in

NMQ/Q2 and 2) both R(i) and G(i) are greater than

zero.

The statistics have been computed with hourly rainfall

estimates and are shown in Table 2 for all five events.

The Q2 columns denote the results calculated from the

original ground radar–only product of NMQ/Q2. The

best statistical performances among the three methods

are highlighted in bold. Generally speaking, the third

method (i.e., VPR-IE method) has the best overall

performance compared to the other three approaches.

The rings-based range adjustment (i.e., the secondmethod)

FIG. 5. (Continued)
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has the least improvements. This result is likely due to

the monotonic linear empirical relation for range ad-

justment [Eq. (5)], which is insufficient to simultaneously

correct for both overestimation in the melting layer and

underestimation with increasing range when sampling

in the ice region. However, it is interesting to see this

method performs the best for event #3 on 22 January

2010, which was a widespread stratiform event with a 08C
level from 2000 to 3000m, gradually increasing in altitude

from northwest to southeast within the analysis region.

The KIWA radar was not working during this case, and

ground radar observations mainly came from KICX,

KESX, KFSX, and KEMX radars. As a result, all ground

radar observations were above the melting layer and

were affected by beam overshooting alone rather than

underestimation combined with overestimation by

sampling in the bright band (Fig. 5e). Significant un-

derestimations of surface rainfall are indicated in Ta-

ble 2 (underestimated by 58.04%–85.9%) for all QPE

approaches. The MAE and RMSE values are high as

well. The VPR-IE does not show improvements over

the rings-based range adjustment in this particular

case where the variation of the 08C level from 2000 to

3000m. This result implies that one representative VPR

might not be sufficient to account for the variability of

the vertical structure of precipitation in this region, war-

ranting additional research.

Events #2 and #4 on 8December 2009 and 28 February

2010 demonstrate superior performance of the VPR-IE

correction method. Ground radar beam overshooting

was a major issue in the former event while the inter-

ception of themelting layer wasmore evident in the latter

event. Table 2 shows effective mitigation of both under-

estimation and overestimation, with the RB changing

from 239.5% to 212.58% and from 29.55% to 13.87%,

respectively. The estimation errors (MAE and RMSE)

are also reduced greatly. The simple rainfall rate cali-

brationmethod I improved the bias over the uncorrected,

radar-only method in both these cases, while the rings-

basedmethod II increased the bias up to 243% in event #4.

Systematic error of ground-based radar rainfall esti-

mation, related to the VPR features combined with the

geometric effects of the radar beam, creates the often-

noted radar range dependence (Bellon et al. 2005;

Krajewski et al. 2011). Figure 6 shows the range-dependent

multiplicative bias [(radar 2 rain gauge)/rain gauge

ratios] as a function of distance from the radar for events

#2 and #3. Considering the relative position of the rain

gauge network to the radar sites, the observations eval-

uated in this figure mainly come from the KIWA radar

for distances within 100 km of it and the KFSX radar. We

recall the 8 December 2009 event #2 corresponds to

a 08C-level height of 2500m, while the KIWA radar al-

titude is 421m. For the uncorrected QPE, the contami-

nation of the radar beam by the bright band leads to

bias values exceeding 0 around a range of 70 km, and the

overshooting of the radar beam in the ice phase at dis-

tances greater than 100 km causes the far range un-

derestimation (Andrieu andCreutin 1995). TheVPR-IE

using the TRMMPR information mitigates significantly

the range-dependent error. We recall that for the 22

January 2010 event #3 the KIWA radar data were not

available, so the range-dependent error is mainly for ob-

servations from the KFSX radar. Its altitude is 2261m

while the 08C-level height was around 2600m, causing

contamination of the radar beam by the bright band at

close ranges. The unadjusted radar QPE consistently

shows an overestimation relative to rain gauges up to

60 km, followed by an underestimation likely due to the

ice phase sampling. The VPR-IE using the TRMM PR

information mitigates this range-dependent error.

6. Summary and conclusions

In this study, we have demonstrated the effective in-

tegration of the Ku-band TRMM PR products (radar

reflectivity, precipitation type, and quantity at 4-km

horizontal and 250-m vertical resolutions) into theNMQ

system to improve the S-band ground-based radar rainfall

estimation. Our major interest focuses on mountainous

TABLE 2. Statistical results of the three TRMMPR–based correction approaches: I is the rainfall rate calibrationmethod, II is the rings-

based range adjustment method, and III is the VPR-IE method. The method with the best performance according to the statistic is

denoted in boldface.

E

RB (%) MAE RMSE

Q2 I II III Q2 I II III Q2 I II III

1 269.08 280.40 226.27 250.40 0.63 0.75 0.75 0.48 1.18 1.30 1.19 0.94
2 239.52 228.19 71.05 212.58 1.36 1.31 2.51 1.00 2.39 2.30 4.10 1.55

3 285.90 275.19 258.04 268.60 4.27 3.80 3.43 3.50 6.25 5.82 5.36 5.45

4 29.55 18.15 242.99 13.87 2.44 2.46 10.23 1.75 3.98 3.85 17.17 2.54

5 216.93 236.05 154.85 25.09 0.97 0.98 3.09 0.98 1.89 1.91 4.44 1.81
All 238.23 236.02 69.17 221.09 2.64 2.53 5.30 2.15 4.50 4.29 10.47 3.93
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regions where beam blockages, overshooting, and inter-

cepting the melting layer remain the major problems for

ground radar–basedQPE. This study proposes a VPR-IE

method to improve the surface rainfall estimate in the

Mountain States region by synergistically integrating ob-

servations from spaceborne TRMM PR into NEXRAD-

based radar products. With the physically based VPR

model, the TRMM 3D reflectivity profile (Ku band) is

used to derive a representative VPR at S band within a

specific region (e.g., a region of stratiform precipita-

tion). Surface rainfall estimates, which were previously

hampered by sampling within or above the melting

layer, can be greatly improved through the incorpora-

tion of the TRMM-observed VPR data. Recently, an

empirical conversion approach has also been introduced

to convert TRMM PR’s Ku-band VPR to S-band VPR

(Cao et al. 2013b). The empirical approach avoids the

nonlinear fitting to the physically based VPR model

and has computational efficiency for VPR-IE to be im-

plemented in real time.

The VPR-IE method has been evaluated with several

stratiform precipitation events in Arizona. Two other

statistically based correction methods, TRMM-based

rainfall calibration and the rings-based range adjust-

ment, have also been compared with the physically

based VPR method. The statistical analysis shows that

the VPR-IE method has the best overall performance

and provides much more accurate surface rainfall esti-

mates than the original radar QPE in the current NMQ

system for the study region. Although the evaluation is

based on a limited number of precipitation events, the

potential of the VPR-IEmethod has been demonstrated

to utilize spaceborne radar observations in improving

surface radar QPE, especially in mountainous regions,

was demonstrated. The proposed VPR-IE method can

be further improved to better account for the spatial

variability of precipitation and the temporal resolution

difference between TRMM and NMQ data. Also, the

U.S. National Weather Radar Network is being up-

graded to include polarimetric capabilities, which will

provide more microphysics information for QPE study.

Cao et al. (2013a) characterized the seasonal, spatial,

intensity-related, and type-related variability for the

PR’s VPR, as well as the heights of storm, freezing

level, and bright band. Using the PR-derived climato-

logical VPR information can solve the intermittent is-

sue of PR data and makes the VPR-IE method more

feasible. But there are still many issues, such as the

conversion fromKu-band to S-band reflectivity and the

spatiotemporal representativeness, which must be ad-

dressed using climatological VPR. These issues will be

addressed and reported on in future studies. Our ulti-

mate goal is to develop an automated VPR-IE scheme

by synergistically incorporating TRMM PR and to-be-

launched Global Precipitation Measurement (GPM)

Dual-Frequency PR into the NMQ system for enhancing

ground radar QPE products, particularly in the moun-

tainous regions of the United States.
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FIG. 6. QPE error [(radar 2 rain gauge)/rain gauge] in terms of range for the (left) 8 Dec 2009 case and (right) 22 Jan 2010 case.
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