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ABSTRACT

This study presents radar-based precipitation estimates collected during the 2-month U.S. Department of

Energy Atmospheric RadiationMeasurement Program (ARM)–NASAMidlatitude Continental Convective

Clouds Experiment (MC3E). Emphasis is on the usefulness of radar observations from the C-band and

X-band scanningARMprecipitation radars (CSAPRandXSAPR, respectively) for rainfall estimation products

to distances within 100 km of the Lamont, Oklahoma, ARM facility. The study utilizes a dense collection of

collocated ARM, NASA Global Precipitation Measurement, and nearby surface Oklahoma Mesonet gauge

records to evaluate radar-based hourly rainfall products and campaign-optimized methods over individual

gauges and for areal rainfall characterizations. Rainfall products are also evaluated against the performance

of a regional NWS Weather Surveillance Radar-1988 Doppler (WSR-88D) S-band dual-polarization radar

product. Results indicate that the CSAPR system may achieve similar point– and areal–gauge bias and root-

mean-square (RMS) error performance to a WSR-88D reference for the variety of MC3E deep convective

events sampled. The best campaign rainfall performance was achieved when using radar relations capitalizing

on estimates of the specific attenuation from the CSAPR system. The XSAPRs demonstrate limited capa-

bilities, having modest success in comparison with the WSR-88D reference for hourly rainfall accumulations

that are under 10mm. All rainfall estimation methods exhibit a reduction by a factor of 1.5–2.5 in RMS errors

for areal accumulations over a 15-km2 NASA dense gauge network, with the smallest errors typically asso-

ciated with dual-polarization radar methods.

1. Introduction

Understanding the properties of clouds and pre-

cipitation and simulating their impact on model pre-

dictive skill constitute a major challenge for numerical

weather prediction, global climate models (GCM), and

cloud-resolving models. The U.S. Department of En-

ergy (DOE) Atmospheric Radiation Measurement

Program (ARM) Climate Research Facility outfitted its

fixed and mobile global climate facilities with scanning

dual-polarized weather radars to better elucidate cloud

and precipitation evolution, dynamic and microphysical

processes, and longer-term precipitation monitoring

(e.g., Ackerman and Stokes 2003; Mather and Voyles

2013). Initial ARM priorities stress the development of

a suite of radar hydrological products that include quan-

titative precipitation estimation (QPE) and associated
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uncertainty quantification from radar-basedQPEmethods

(e.g., Doviak and Zrnic 1993; Bringi and Chandrasekar

2001). The development of these products is motivated by

a demand for high-quality rainfall-accumulation maps to

act as a key constraint for continuous climate-model-

forcing datasets (e.g., Xie et al. 2004, 2014, manuscript

submitted to J. Geophys. Res.). There is extensive support

for rainfall-accumulation products to evaluate multiple

scales of modeling capabilities for the capture of convec-

tive cloud life cycle, precipitation regime or diurnal be-

haviors, and diabatic-heating implications for organized

convective systems (Houze et al. 1989; Schumacher et al.

2004; Dai 2006; Milbrandt and Yau 2006; Matsui et al.

2010; Wapler et al. 2010; Bukovsky and Karoly 2011;

Dirmeyer et al. 2012; Varble et al. 2011; Iguchi et al.

2012; Del Genio et al. 2012; Caine et al. 2013; Guy et al.

2013).

The recent ARM radar deployment at the Southern

Great Plains (SGP) facility near Lamont, Oklahoma,

included the placement of a network of three X-band

scanning ARM precipitation radars (3-cm wavelength;

referred to as XSAPRs herein) and a surveillance C-band

scanning ARM precipitation radar (5-cm wavelength;

CSAPR herein). This deployment coincided with the

joint Midlatitude Continental Convective Clouds Ex-

periment (MC3E), a campaign funded by DOE ARM

and the National Aeronautics and Space Administration

(NASA) Global Precipitation Measurement (GPM)

mission (e.g., Jensen et al. 2010). The field campaign was

held from April to June of 2011, with these ARM radars

complemented by a suite of GPM ground observations

including a dual tipping-bucket rain gauge network that

surrounded the SGP site (e.g., Hou et al. 2014). These

NASA ground facilities further contributed to a heavily

instrumented north-central Oklahoma region that in-

cluded observations from the Oklahoma Mesonet (e.g.,

Shafer et al. 2000; Fiebrich et al. 2006) and the opera-

tional dual-polarization radars of the National Oceanic

and Atmospheric Administration (NOAA) Weather

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

(S band, 10-cm wavelength, and 70 km west of the ARM

facility; e.g.,Wilson andBrandes 1979;Whiton et al. 1998;

Fulton et al. 1998; Ryzhkov et al. 2005b). The MC3E

campaign and existing Oklahoma facilities provided

a unique backdrop for evaluating radar-rainfall methods

at these radar wavelengths.

A known trade-off for shorter-wavelength radar is

that radar rainfall estimation methods necessitate sup-

plementing conventional reflectivity factor Z estimators

with the use of differential phase FDP (or its product,

measurements of specific differential phaseKDP). These

dual-polarization phase measurements are immune to

partial attenuation in rain, radar miscalibration, and

partial beam blockages (e.g., Park et al. 2005b; Pepler

and May 2012; Vulpiani et al. 2012; Thurai et al. 2012).

Previous studies using shorter-wavelength radar have

demonstrated the practical advantages of these radars

for rainfall estimates within light-to-moderate rain and

in the Oklahoma environment (e.g., Matrosov et al. 2006;

Wang and Chandrasekar 2010; Borowska et al. 2011). For

deep convective precipitation common to Oklahoma,

shorter-wavelength radar rainfall estimates may be more

susceptible to error as a consequence of hail contami-

nation and significant attenuation in rain. Additional

measurement artifacts in deep convection may be as-

sociated with nonuniform beamfilling (NBF) and back-

scatter differential-phase delta contributions to observed

differential-phase and reflectivity-factor profiles (Hubbert

and Bringi 1995; Ryzhkov and Zrnic 1998; Ryzhkov 2007,

Giangrande and Ryzhkov 2008; Wang and Chandrasekar

2009; Otto and Ruschenberg 2011; Giangrande et al.

2013b).

This study builds on the literature for the optimization

of rainfall estimation from shorter-wavelength radars.

The performance of rainfall estimation techniques from

the XSAPRs and the CSAPR is investigated using the

MC3E campaign dataset. Traditional QPE uncertainty

quantification is performed with comparisons of hourly

radar and gauge accumulations. These point character-

izations provide a reference for comparing our findings

with previous rainfall estimation studies, although the

representativeness of gauge–radar comparisons may

sometimes be limited (because of systematic or random

instrument errors or spatial incompatibilities; e.g., Austin

1987; Anagnostou et al. 1999; Ciach and Krajewski 1999;

Krajewski and Smith 2002; Ciach et al. 2007; Seo and

Krajewski 2010).

Climate models at resolutions of current and near-

future generations of the Intergovernmental Panel on

Climate Change modeling capabilities (e.g., Solomon

et al. 2007) are coarse when compared with capabilities

of surface radar rainfall products. Similar to satellite-

platform discussions found in Villarini et al. (2008), it

is of interest to test the capabilities of radar rainfall

products for the capture of larger-scale mean or areal

rainfall properties. This is especially important to spatial

scales in better alignment with multigrid weather-

resolving models (,10–20km2) that are quickly making

a transition into current GCM gridbox (.25–100 km2)

scales that have similar temporal integration (e.g., hourly

or 3 hourly). The dense gauge network available during

the MC3E campaign is used to give information on the

quality of these areal precipitation measurements. Mean

areal rainfall estimates may also be aligned with the

strengths of differential-phase-based rainfall estimators.

To be specific, improvements in areal products may be
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expected since the noisiness in instantaneous or point

estimates of specific differential phase can be reduced

through spatial or temporal averaging (e.g., Ryzhkov and

Zrnic 1998;Giangrande andRyzhkov 2008;Gourley et al.

2010; Cifelli et al. 2011).

The paper has been organized as follows. The radars,

surface instrumentation, and dataset-processing methods

are provided in section 2. Section 3 lists the set of rain-

fall estimation methods matched to the Oklahoma envi-

ronment that will be evaluated by this study during

the MC3E campaign window. Section 4 presents the

results of rainfall methods according to traditional

point–area rainfall gauge references as well as ac-

cording to a function of areal-averaging integrations.

Discussion and a summary of key findings follow in

sections 5 and 6.

2. MC3E rainfall dataset and processing

a. The ARM radars: Dataset and processing

The network of CSAPR and XSAPR radars was lo-

cated in close proximity to the existing ARM SGP

Central Facility (CF) near Lamont (Fig. 1). During the

MC3E campaign, 15 precipitation events were sampled

(Table 1). The record included the datasets from two

XSAPRs [southwest (SW) and southeast (SE)]; the

limited coverage of each radar allowed observations of

rain during only eight of the campaign events, however.

A surveillance CSAPR system was typically functioning

simultaneously during this campaign and observed 12

of the events. In total, the MC3E dataset included ap-

proximately 40 h (;20 h per radar) of rain coverage

from the XSAPRs and 77 h from the CSAPR.

FIG. 1. Schematic of the radar system and gauge locations during the MC3E campaign.
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XSAPR and CSAPR platform specifications include

an azimuthal resolution of 18 and range resolution of

approximately 100m. The radar Z fields were corrected

for attenuation in rain by adapting an iterative ‘‘hot

spot’’ method as outlined in Gu et al. (2011) that uses

processed profiles ofFDP (e.g., Giangrande et al. 2013b).

Radar-system Z miscalibration offsets were believed to

be stable and to within 1–2 dBz during MC3E. For this

study, Z corrections were performed by taking advan-

tage of cross-calibration procedures between surface

disdrometers and the nearby WSR-88D Vance (Enid,

Oklahoma) Air Force Base (AFB) (KVNX) reference

(e.g., Ryzhkov et al. 2005a; Giangrande and Ryzhkov

2005). Additional quality checks were performed by

consulting the data collected withARMandNASAGPM

profiling radars located at the SGP CF during widespread

stratiform periods (e.g., Williams 2012; Giangrande et al.

2013a). All gauge locations were at a sufficient distance

from the radars and in regions having no evidence of near-

radar ground-clutter contamination for the low grazing

angle (0.58 tilt). Forwarm-seasonOklahomaMC3Eevents,

rainfall observations to within 100km of the radars at the

0.58 elevation angle displayed no evidence of significant

melting-layer contamination. Reflectivity Z was capped at

53dBz to mitigate hail contamination (e.g., Giangrande

and Ryzhkov 2008).

In addition to typical radar-measurement processing,

a calculation for the specific attenuation AH was per-

formed along each radial. Rainfall relations that capi-

talize on specific attenuation are assumed to be less

sensitive to variability in drop size distribution than

conventional relations. The method that was adopted in

this study capitalized on radials of attenuated Z and

filtered FDP following the formulation described in

Ryzhkov et al. (2014). This method was simple to apply

and avoided many known vulnerabilities of other so-

called ZPHI rainfall-rate methods (e.g., Testud et al.

2000; Tabary et al. 2011). For the rainfall applications

presented in this study, AH fields were computed by

assuming fixed ‘‘alpha’’ coefficients of alpha 5 0.06 and

alpha 5 0.2 at the C-band and X-band wavelengths,

respectively (e.g., Park et al. 2005a; Gourley et al. 2007;

Ryzhkov et al. 2014). Here, alpha is defined as the ratio

of the two-way path-integrated attenuation to the total

span of differential phase along the same path. This

factor may be interpreted as a bulk value for the ratio of

the specific attenuation and specific differential phase

AH/KDP (e.g., Ryzhkov et al. 2014). This factor alpha

(and its optimization) have been used for improved at-

tenuation correction (e.g., Bringi et al. 2001), but this

study does not address this role of alpha and its opti-

mization on rainfall estimation performance.

b. KVNX WSR-88D dataset

The KVNX Vance AFB WSR-88D underwent an

upgrade to dual-polarized capabilities in the months

leading up to the MC3E campaign. The KVNX dataset

used in this study was the gridded level-III products

from that radar that included dual-polarization radar

rainfall estimation fields. The record had no temporal

gaps during the MC3E campaign or blockages in the

direction of the SGP facility (15 events as in Table 1;

101 h of precipitation). This study focuses on the in-

stantaneous precipitation-rate ‘‘DPR’’ product that

used the dual-polarization QPE algorithm having a grid

resolution of 0.5 km2. Processing for these operational

DPR products follows the method of Ryzhkov et al.

(2005b). No additional event-based product calibration

TABLE 1. Listing of MC3E events, highlighting the number of hours recording usable precipitation as captured by the CSAPR and

XSAPR SE. Hours in parentheses reflect the available hours over the NASA GPM dense gauge network.

Event date Precipitation type KVNX CSAPR XSAPR SE

21 Apr 2011 Isolated convective cells 4 (0) 1 (0) 0 (0)

23 Apr 2011 Isolated convective cells 2 (0) 2 (0) 0 (0)

24 Apr 2011 Weak convection, widespread stratiform 15 (7) 15 (7) 2 (1)

25 Apr 2011 Elevated convective cells 14 (13) 12 (13) 3 (2)

26 Apr 2011 Isolated convective cells 3 (2) 3 (2) 2 (2)

27 Apr 2011 Widespread stratiform 10 (8) 10 (8) 2 (1)

1 May 2011 Widespread stratiform 10 (5) 9 (5) 0 (0)

10 May 2011 Weak convection, stratiform 2 (0) 0 (0) 1(0)

11 May 2011 Squall line, stratiform 8 (6) 0 (0) 3 (2)

18 May 2011 Weak convective line 6 (2) 0 (0) 2 (2)

20 May 2011 Squall line, trailing stratiform 15 (9) 10 (6) 5 (4)

23 May 2011 Strong isolated convection 4 (2) 2 (1) 0 (0)

24 May 2011 Strong isolated convection 10 (6) 8 (6) 0 (0)

25 May 2011 Isolated convective cells 5 (3) 3 (3) 0 (0)

31 May 2011 Weak convective line 3 (0) 2 (0) 0 (0)

Total 111 (63) 77 (51) 21 (14)

SEPTEMBER 2014 G IANGRANDE ET AL . 2133



or adjustment was performed to modify these products.

One known change to the operational code from the

Ryzhkov et al. (2005b) study was that the original

Oklahoma-tuned rainfall-rate R(Z, ZDR) relationship

(applied under light-to-moderate rain conditions: Z ,
40 dBz) was replaced with a ‘‘tropical’’ R(Z, ZDR) re-

lationship (e.g., Bringi and Chandrasekar 2001, section

8.1.1). Although this relation is labeled as tropical, the

relation has demonstrated solid performance as part of

blended relationships in Oklahoma studies during

events in which hail contamination on ZDR measure-

ments was not a factor (e.g., Gourley et al. 2010).

The decision to use the operational rainfall product

rather than reprocessing KVNX datasets was motivated

by the fact that level-III products were readily accessible

and are familiar to the wider weather and climate

community. Because the accuracy of operational dual-

polarization radar products was relatively unproven in

the literature, there was additional benefit to testing

these products separate from research-level counter-

parts (e.g., Cunha et al. 2013). We note that the KVNX

differential-phase-processing methods were not as rig-

orously inspected as those implemented on the ARM

datasets. These differences in differential-phase pro-

cessing may take the form of noisy and/or possibly un-

physical WSR-88D-based KDP estimates. In these

situations, the use of KDP could contribute to the occa-

sional negative rainfall-rate estimate and/or a subsequent

lower-quality accumulation. At short temporal or spatial

accumulation windows, these known processing issues

and associated outlier accumulations imply larger root-

mean-square (RMS) errors. For this study, our emphasis

was not to improve WSR-88D methods but only to il-

lustrate the quality of shorter-wavelength rainfall prod-

ucts against an operational reference.

c. MC3E gauge and disdrometer networks: Locations
and processing

The MC3E dataset provides a wealth of surface rain

gauge and disdrometer references as maintained by

several agencies. Figure 1 shows an overview map of the

Oklahoma MC3E domain. All MC3E gauge locations

that are within a 100-km distance from the SGP CF are

shown. The figure inset highlights the dense NASA

gauge network deployed in the area surrounding the

SGP CF during the MC3E campaign. In total, there

were 15 Oklahoma Mesonet gauges located within

100 km of the SGP CF facilities, 3 DOE ARM gauges,

and 16 NASA GPM dual rain gauge sites. Additional

details on NASA gauge operations can be found in

Tokay et al. (2010). Gauge datasets were aggregated

from 1- or 5-min rainfall records into hourly accumula-

tions that match to radar rainfall estimation products.

There aremultiple sources of errors for tipping-bucket

gauge measurements (e.g., Zawadzki 1973; Wilson and

Brandes 1979; Austin 1987; Ciach 2003; Sieck et al. 2007),

including errors found with gauges operated by the

Oklahoma Mesonet, ARM, and NASA GPM during

MC3E. In deep convective conditions, errors in gauge

accumulations associated with undercatchment due to

high winds and splashing may exceed 10% (e.g., Duchon

and Essenberg 2001; Duchon et al. 2014). In this study,

data quality of the OklahomaMesonet, NASAGPM, and

DOE ARM gauges is assured through continuous moni-

toring at those agencies. At hourly scales or longer, it is

assumed that tipping-bucket gauge time-sampling errors

are not as significant (e.g., Ciach et al. 2007).

d. Rainfall algorithm performance criteria

To evaluate the conventional and dual-polarization

radar rainfall algorithms, we computed several statistics

including fractional and absolute differences between

radar and gauge estimates (expressed in millimeters;

gauge rainfall is considered as reference). Point rainfall

estimates were characterized by the biasB5 hDi and the
RMS error (RMSE)5 (hjDj2i)1/2. Here,D5TR2 TG is

the difference between radar and gauge hourly totals for

any given radar–gauge pair, and the angle brackets im-

ply averaging over all such pairs. In a similar way,

a fractional bias (FB) and fractional RMS error

(FRMSE) were computed by dividing these quantities

by themean gauge accumulation hTGi. An absolute bias

was computed as jBj 5 hjDji. A standard calculation of

a Pearson correlation coefficient r was also performed.

For the purpose of this study, a radar ‘‘point’’ mea-

surement was defined by averaging the two radials and

five range gates (10 gates in total) that are nearest to

each gauge measurement (typically 0.5–1 km2). An ac-

cumulation threshold of 1mm was placed on the gauge

accumulations such that hours recording below this

threshold were removed from our point–gauge analyses.

This threshold ensured that at least four tips were re-

corded for each gauge observation within the hour. For

KVNX products, the rainfall estimate from the closest

grid box was the one selected. The performance for

point metrics was also segregated according to rainfall

accumulation totals in a way similar to that of Ryzhkov

et al. (2005b) to better explore bias and errors from

light-to-heavier rain conditions.

Error estimate comparisons were also performed for

‘‘areal’’ rainfall behaviors. Determining an appropriate

number of surface gauges to establish a ‘‘true’’ areal-

average rainfall behavior has been previously discussed

in studies such as Zawadzki (1973), Rodríguez-Iturbe
and Mejía (1974), and Villarini et al. (2008). During

the MC3E campaign, the GPM ground network was
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distributed over an approximately 15-km2 grid at close

distance to the radars. As in the estimates of Villarini

et al. (2008), this number of gauges for an hourly accu-

mulation in moderate precipitation may provide a good

representation of true rainfall behavior to within 20%

accuracy. Our emphasis was on hourly areal averages

calculated by taking the mean of the hourly GPM gauge

accumulations and then comparing these with the av-

eraged hourly radar estimates. Each valid hour required

a minimum of one gauge to have recorded four or more

tips. Additional evaluations of the performance of KVNX

areal rainfall estimates for 1- and 3-h temporal aggrega-

tions were considered over the GPM gauge network.

3. Rainfall algorithms

The conventional and dual-polarized radar rainfall

relations evaluated in this study are listed in Table 2.

The R(Z) and R(KDP) relations were compiled from

previous studies conducted in Oklahoma warm-season

and deep-convective rainfall at C band (e.g., Gu et al.

2011) and X band (e.g., Park et al. 2005a,b; Wang and

Chandrasekar 2010). These relations include formula-

tions for rainfall estimates as a function of specific at-

tenuation AH as proposed by Ryzhkov et al. (2014) for

temperature T 5 208C and fixed alpha coefficients as in

the previous section. Relationship forms that capitalize

on CSAPR or XSAPR ZDR measurements are avoided

in this study. This is a consequence of poormeasurement

quality associated with significant differential attenua-

tion in rain and inadequate ZDR correction procedures

for MC3E events. Standard relation forms as in Table 2

are as follows:

R(Z)5 aZb , (1)

R(KDP)5 cKd
DP, and (2)

R(AH)5 eA
f
H , (3)

whereZ in Eq. (1) is in linear units (mm6m23),KDP is in

degrees per kilometer, AH is in decibels per kilometer,

and coefficients a–f are replaced by associated values in

Table 2 for CSAPR and XSAPRs, respectively.

In addition to single-variable dual-polarization re-

lations, ‘‘synthetic’’ (also termed ‘‘hybrid’’ or ‘‘blended’’)

relationships for Oklahoma were tested (e.g., Ryzhkov

et al. 2005b). The idea of using the strengths of multiple

relations to optimize rainfall estimation [as suggested by

Chandrasekar et al. (1993), Cifelli et al. (2002), Matrosov

et al. (2005), Park et al. (2005b), and others] was further

explored byRyzhkov et al. (2005b,c) forOklahoma.Note

that theKVNX radar rainfall product adopts this synthetic

approach to rainfall estimation.According to this synthetic

algorithm approach, the choice between various optimized

dual-polarization rainfall relations was determined by

a radar reflectivity Z threshold used as a proxy for storm

intensity/regime. For S-band studies, Ryzhkov et al.

(2005b) recommend using R(Z, ZDR) relations in light-to-

moderate rain [e.g.,Z, 40dBz;R(Z), 12mmh21] andR

(KDP)-based relations in heavier rainfall (e.g., Z .
40dBz).At shorterwavelengths, the construction has been

simpler, placing less emphasis on Z fields as

R(Z),Z# 30 dBz, and

R(KDP), Z. 30 dBz , (4)

where Eq. (4) is used on CSAPR datasets (e.g., Park

et al. 2005a,b). For XSAPR datasets, R(Z) was used up

to Z # 35 dBz to better match the Park et al. (2005b)

study.

4. Performance of radar rainfall estimates

a. Point–gauge comparisons

Point comparison scatterplots for the campaign events

in Table 1 are provided in Figs. 2–5. The corresponding

rainfall statistics are found in Table 3. Figure 2 shows the

CSAPR performance as compared with the Oklahoma

Mesonet gauge network, GPM tipping-bucket rain

gauge sites, and gauge sites for 1) the conventionalR(Z)

method in Eq. (1), 2) a KDP-based method in Eq. (2),

3) the Ryzkhov et al. (2014)-type specific-attenuation-

based method in Eq. (3), and 4) a basic synthetic-type

rainfall method as in Eq. (4). Figures 3 and 4 provide the

corresponding rainfall estimation performances for the

two XSAPRs.

The performance of the KVNX rainfall product with

respect to campaign gauges is found in Figs. 5a and 5b.

Figure 5a shows this KVNX performance over the 823

gauge comparison points matched to the hours and

gauges observed by the CSAPR system. For Fig. 5b, the

KVNX performance is matched to the hours and gauges

as captured by the XSAPR SE (228 hourly point com-

parisons). The XSAPR SE andXSAPR SW results were

found to be nearly identical when compared with the

available MC3E KVNX reference. The remainder of

TABLE 2. Coefficients for selected rainfall algorithms employed for

this study.

Algorithm CSAPR XSAPR

R(Z) 0.017Z0.714 0.029Z 0.67

R(KDP) 25:1K0:777
DP 16:9K0:801

DP

R(A) 294:0A0:89
H 43:5A0:79

H
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this study will highlight the results from the XSAPR

SE dataset, which offered additional hours of gauge

sampling.

In addition to cumulative scatterplot and tabular

performances, Table 4 segregates the performance of

the rainfall algorithms according to the gauge accumu-

lation. Here, we partition rainfall into four intervals of

hourly accumulation having 1 , R , 5mm, 5 , R ,
10mm, 10 , R , 20mm, and R . 20mm. Results are

provided for KVNX according to the matching radar–

gauge paired samples, respectively.

b. Areal–gauge comparisons

Figures 5c, 5d, 6, and 7 show the areal rainfall per-

formance over the dense network of NASA GPM

gauges for the KVNX, CSAPR, and the XSAPR SE

products, respectively. A summary of areal performance

with respect to the tested algorithms is documented in

Table 5. Once again, the performance of the XSAPR

SWwas found to be nearly identical to that of the XSAPR

SE despite having a different viewing angle of the pre-

cipitation. This result provides additional confidence in the

FIG. 2. Scatterplot of point-estimate hourly radar–gauge results observed by the CSAPR over the available gauge network during the

MC3E period for an (a) R(Z), (b) R(KDP), (c) R(AH), and (d) R(synthetic) method.
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relative radar error characteristics for these specific cam-

paign events.

In addition to the point and areal hourly accumulation

performances, we consider the quality of areal rainfall

products collected over 3-h accumulation windows. Be-

cause these extended spatial–temporal 3-h areal averages

are not feasible for the ARM radars during MC3E

(sampling limitations), an additional check for 3-hourly

accumulations was performed using only the nearby

KVNX reference. Figure 8 provides scatterplots for the

areal performance of hourly versus regularly spaced 3-h

accumulation windows (63 individual hours having 35

associated 3-hourly windows).

5. Discussion

The performance of an unattenuated KVNX refer-

ence during MC3E was in line with previous expecta-

tions for Oklahoma warm-season events (e.g., Ryzhkov

et al. 2005b; Giangrande and Ryzhkov 2008; Vulpiani

et al. 2009). This campaign reference (e.g., RMSE 5
4.14mm; jBj5 0.5mm) did not benefit from case-specific

FIG. 3. As in Fig. 2, but for available gauges observed by the XSAPR SE radar.
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calibration to improve the relative performance in light-

to-moderate Oklahoma rainfall (e.g., Table 3). We find

a stable absolute bias on the order of 0.5mm for all ac-

cumulation windows (e.g., Table 4). KVNX products

overestimated rainfall at the lower accumulations and

underestimated accumulations at higher relative gauge

accumulations, however. These behaviors were consis-

tent with those of the constituent rainfall relations used

in the synthetic approach that makes a transition from

an R(Z, ZDR)-based method at lower rainfall rates to an

R(KDP) relation at higher rainfall rates. For this study,

RMSE performance improved by a factor of 2.5–3 for

areal rainfall accumulation averages at the 15-km2 scale.

Limited improvement may be attributed to the spatial

averaging that supports reduction of instantaneous nois-

iness and/or nonuniform beamfilling effects on KDP-

based estimates (e.g., Ryzhkov and Zrnic 1998; Ryzhkov

et al. 2005b).

The CSAPR rainfall products outperformed the

nearby KVNX reference product according to most

gauge reference metrics (e.g., Tables 3, 4). This favorable

showing may have been influenced by several factors that

FIG. 4. As in Fig. 3, but for the XSAPR SW radar.
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include 1) the closer proximity of the CSAPR system to

the matching gauge locations, 2) careful radar Z cali-

brations performed for each event, and 3) limited sam-

pling of extreme events that have accumulations

greater than 20mm and/or events associated with se-

vere attenuation in rain resulting in signal extinction at

Cband.CSAPR-basedmethods demonstrated a substantial

improvement in bias and RMSE at gauge accumulations

between 5 and 20mm.

This study highlights the success of single-parameter

Oklahoma-specific relations that are based on estimates

ofKDP, as well as those based on the relatively unproven

AH rainfall retrieval techniques. The CSAPR AH-based

rainfall estimates are the optimal selection for the MC3E

FIG. 5. Matched (top) point–gauge and (bottom) areal–gauge scatterplot results associated with the reference KVNXDPR radar product

for (a), (c) CSAPR and (b), (d) XSAPR SE conditions.
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datasets, showing superior RMSE (52.56mm) and min-

imal bias (e.g., jBj 5 0.38mm) performance over a wide

range of MC3E rainfall conditions (e.g., Fig. 2; Tables 3,

4). This result is encouraging since these methods require

very simple construction and negligible tuning. The result

gives further motivation for investigation of Ryzhkov

et al. (2014) techniques and efforts to include sensitivity

studies for the selection, control, and optimization of al-

pha coefficients and temperature constraints.

The Oklahoma-matched KDP-based relationship

demonstrated a sizable improvement over the KVNX

reference (e.g., RMSE 5 2.72mm and jBj 5 0.32mm).

For this dataset, the relation was less optimal in light-to-

moderate rain (e.g., gauge accumulations , 10mm;

Table 4) but was the preferable choice when considering

higher rain accumulations. These higher-accumulation

conditions were likely those consistent with the presence

of hail or attenuation hot-spot challenges known for AH

fields. This behavior was not surprising, matching with

theoretical rainfall performance discussions as pre-

sented in Ryzhkov et al. (2014).

For areal rainfall performance metrics, the CSAPR

relations demonstrated less of a relative improvement as

compared with KVNX (factor of 2–2.5 reduction in

RMSE). One simple explanation was that specific dif-

ferential phase was more reliably estimated from the

CSAPR than from typicalKVNXprocessing (minimizing

the need for noise reduction through spatial–temporal

averaging). For this study, the CSAPR synthetic methods

did not meaningfully outperform single-parameter re-

lations. The possible benefits of the synthetic approach

may have beenmasked, however, because of the removal

of light-rain conditions (problematic for phase-based

rainfall estimates) if using a 1-mm gauge accumulation

threshold.

A calculation for the linear correlation coefficient

between CSAPR radar products and gauge hourly ac-

cumulations gives additional confidence for the solid

TABLE 3. Algorithm performance for point–gauge estimates

for the KVNX, CSAPR, and XSAPR SE. Here, SYN indicates

synthetic.

Radar

algorithm Obs RMSE Bias FRMSE Fbias jBj
KVNX DPR

(CSAPR)

823 4.14 20.37 85.58 27.73 0.50

CSAPR R(Z) 823 5.04 20.26 104.13 25.41 0.54

CSAPR R(KDP) 823 2.72 0.47 56.15 9.76 0.32

CSAPR R(A) 823 2.56 0.36 52.88 7.53 0.38

CSAPR R(SYN) 823 2.74 0.12 56.52 2.43 0.33

KVNX DPR

(XSAPR SE)

228 4.14 20.04 56.16 20.61 0.34

XSAPR SE

R(Z)

228 11.20 26.13 151.86 283.09 1.48

XSAPR SE

R(KDP)

228 5.73 20.68 77.68 29.20 0.49

XSAPR SE

R(A)

228 7.53 22.87 102.10 238.98 0.65

XSAPR SE

R(SYN)

228 6.04 21.37 81.97 218.55 0.51

TABLE 4. As in Table 3, but for relationships as a function of total accumulation.

Radar algorithm 1–5mm 5–10mm 10–20mm .20mm 1–5mm 5–10mm 10–20mm .20mm

No. of obs Absolute bias

KVNX DPR 623 110 51 39 0.59 0.41 0.5 0.42

CSAPR R(Z) 623 110 51 39 0.49 0.39 0.4 0.9

CSAPR R(KDP) 623 110 51 39 0.41 0.32 0.18 0.23

CSAPR R(A) 623 110 51 39 0.43 0.26 0.29 0.5

XSAPR SE R(Z) 127 55 17 29 0.57 1.36 1.74 1.92

XSAPR SE R(KDP) 127 55 17 29 0.58 0.27 0.32 0.62

XSAPR SE R(A) 127 55 17 29 0.42 0.26 0.62 1.01

RMSE FRMSE

KVNX DPR 2.04 3.67 7.59 13.48 86.95 57.14 56.99 46.42

CSAPR R(Z) 2.05 3.95 6.1 19.38 87.43 61.45 45.81 66.74

CSAPR R(KDP) 1.69 2.89 3.23 8.5 72.39 45.01 24.28 29.27

CSAPR R(A) 1.54 2.44 4.14 7.79 65.8 37.98 31.06 26.84

XSAPR SE R(Z) 1.31 5.6 13.28 28.55 66.61 83.67 95.68 100.2

XSAPR SE R(KDP) 2.05 2.88 4.57 14.53 104.13 43.08 32.96 51.02

XSAPR SE R(A) 1.24 1.95 7.35 19.99 62.86 29.21 52.96 70.17

Bias Fbias

KVNX DPR 0.25 0.15 24.09 27.09 10.97 2.4 230.72 224.43

CSAPR R(Z) 0.63 1.41 21.65 217.5 27.04 22.06 212.4 260.27

CSAPR R(KDP) 0.67 1.37 0.64 25.51 28.63 21.44 4.86 218.98

CSAPR R(A) 0.51 0.83 0.12 210.13 21.8 13.04 0.91 234.9

XSAPR SE R(Z) 20.53 25.43 212.94 227.91 227.22 281.16 293.24 297.98

XSAPR SE R(KDP) 1.44 1.95 23.06 213.55 73.1 29.15 222.04 247.57

XSAPR SE R(A) 0.57 21.1 26.61 219.15 29.2 216.48 247.64 267.2
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ARM rainfall performance (r ’ 0.8–0.9). These corre-

lation values were slightly larger than those calculated

between the KVNX product and gauge references (r of

;0.79). Cross comparisons between the hourly CSAPR

point performances and the corresponding KVNX accu-

mulations highlighted a modest radar-to-radar estimate

bias. CSAPR consistently estimated higher accumulations

as compared with KVNX, while having RMSEs of similar

magnitude to hourly KVNX-to-gauge comparisons. Ad-

ditional linear correlation-coefficient calculations between

the various radar platform-based estimates showed mixed

results. The highest relative correlations (r of;0.74) were

found between the KVNX product and CSAPR R(KDP)

methods. The lowest correlations (r of ;0.51 and 0.59)

were found between the KVNX and R(AH) and R(Z)

products, respectively. Some uncertainty can be attributed

to low accumulations that do not favor KVNX or CSAPR

products.

XSAPR products were found to be vulnerable to at-

tenuation in rain through deep Oklahoma convective

cells. It was common to observe complete beam ex-

tinction in the direction of campaign gauges during

FIG. 6. As in Fig. 2, but for areal performance over available campaign NASA domain hours.
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several convective events (as in Fig. 9 for the 20 May

2011 squall line). In response, the corresponding esti-

mators demonstrated systematic negative biases (un-

derestimation) and higher relative RMSE. Although

XSAPR rainfall estimation performance improved

when capitalizing on dual-polarization variables, these

relations demonstrated bias and RMSE that reflected

a systematic rainfall underestimation (as compared with

KVNX andCSAPRperformance). Nevertheless, XSAPR

performance under light-to-moderate rain conditions

(absent significant attenuation in rain) was found to be

comparable to KVNX and CSAPR references. Areal

XSAPR estimates demonstrated the lowest factors of

improvement in RMSE (;1.5). Here, this result was ex-

pected since areal XSAPR averaging did not appear to

reduce systematic errors associated with pervasive atten-

uation in rain or complete beam extinction.

The ARM climate community places significant im-

portance on establishing the rainfall-product uncertainty

to larger scales. The authors suggest that the errors found

for Oklahoma events provide a reasonable example

of a worst-case challenge for a remote ARM radar de-

ployment. It is encouraging that radar point and areal

behaviors match well to the basic calculations of

FIG. 7. As in Fig. 3, but for areal performance over available campaign NASA domain hours.
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uncertainty for an unattenuated KVNX reference under

many circumstances (e.g., Table 4). For the future ARM

user, this argues that a well-calibrated extended areal

rainfall estimation product is likely an unbiased estimate

of the rainfall. As a function of the hourly accumulation,

our findings suggest an estimate accuracy that is often

only ithin 50% of gauge truth. Again, this performance

only considers shorter-wavelength methods in the

presence of significant attenuation in rain and in a chal-

lenging Oklahoma environment. Because these MC3E

results suggest a similar or improved level of performance

relative to that of the current KVNX, it may be the case

that this level of performance is close to the best that can

be achieved without event-specific tuning of coefficients.

Additional testing of possible error reduction over longer

temporal accumulation windows is illustrated by the

comparison of 1- versus 3-hKVNXperformance in Fig. 8.

These examples did not reveal a substantial improvement

in bias or RMSE when considering extended spatial–

temporal averaging, but expectation of a substantial im-

provement is likely unrealistic when sampling isolated

and intense deep-convective storms that quickly transit

over similar small-sized domains.

6. Conclusions

Radar QPE product development is motivated by

a growing demand for rainfall products as constraints to

continuous climate-model-forcing datasets and as ameans

to evaluate multiple scales of modeling capabilities. As

a reference for the potential quality of dual-polarized

rainfall products from shorter-wavelength radars, this

study explores rainfall products as collected during the

DOE ARM and NASA GPM MC3E campaign. This

campaign was undertaken in a challenging Oklahoma

environmentwherein these radars were complemented by

TABLE 5. As in Table 3, but for areal performance over NASA

gauge network.

Radar

algorithm Obs RMSE Bias FRMSE Fbias jBj
KVNX DPR

(CSAPR)

51 1.40 0.39 91.02 25.46 0.43

CSAPR

R(Z)

51 2.85 0.26 185.64 17.26 0.63

CSAPR R(KDP) 51 1.31 0.62 85.16 40.69 0.40

CSAPR R(A) 51 1.09 0.39 71.18 25.67 0.37

CSAPR R(SYN) 51 1.20 0.38 77.98 24.56 0.35

KVNX DPR

(XSAPR SE)

14 2.20 0.62 66.25 18.78 0.40

XSAPR SE

R(Z)

14 6.94 22.39 208.57 271.87 1.33

XSAPR SE

R(KDP)

14 3.51 0.40 105.39 11.88 0.59

XSAPR SE R(A) 14 4.56 20.81 136.98 224.24 0.65

XSAPR SE

R(SYN)

14 3.71 0.07 111.60 2.15 0.58

FIG. 8. (a) 1- and (b) 3-h areal comparison over all available MC3E campaign hours as viewed from the KVNX radar over the

NASA gauges.
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a unique suite of GPM ground and nearby KVNX radar

observation references. The findings of this study should

be applicable to other regions where deep-convective rain

occurs. The key findings of this study are as follows:

1) Solid rainfall performance was obtained from the

CSAPR-based rainfall retrievals as compared with

gauges and the nearby operational KVNX reference.

These products were shown to have an absolute bias

of less than 0.5mm and an RMSE of less than 4mm

for accumulations under 20mm.

2) During the MC3E campaign period for methods

tested, an optimal rainfall performance was observed

when using the CSAPR system and capitalizing on

rainfall relations designed around specific-attenuation

estimates. CSAPR rainfall relationships using specific

differential phase were also found to be preferable to

the reference KVNX. These relations were the opti-

mal campaign choice within heavier-rain conditions

having gauge accumulations greater than 10mm, pro-

vided these measurements were available (no beam

extinction).

3) XSAPR methods were shown to perform compara-

bly to KVNX and CSAPR methods for the Okla-

homa events having lower gauge accumulations of

less than 5–10mm. Significant attenuation in rain and

frequent extinction of the radar beam limited the

usefulness of XSAPR methods for higher gauge

accumulations of greater than 10mm.
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