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ABSTRACT

Precipitation events in which rainfall is generated primarily below the freezing level via warm-rain pro-

cesses have traditionally presented a significant challenge for radar and satellite quantitative precipitation

estimation (QPE) algorithms. It is possible to improve QPE in warm-rain events if they are correctly identified/

classified as warm rain prior to precipitation estimation.Additionally, it is anticipated that classification schemes

incorporating polarimetric radar data will be able to leverage precipitation microphysical information to better

identify warm-rain precipitation events. This study lays the groundwork for the development of a polarimetric

warm-rain classification algorithm by documenting the typical three-dimensional polarimetric characteristics

associated with midlatitude warm-rain precipitation events. These characteristics are then compared with those

observed in non-warm-rain events. Nearly all warm-rain precipitation events were characterized by lower

median values of Z, ZDR, and KDP relative to the non-warm-rain convective cases. Furthermore, droplet

coalescence was determined to be the dominant microphysical process in the majority of warm-rain events,

while in non-warm-rain stratiform events, evaporation and breakup appeared to be the dominant (warm)

microphysical processes. Most warm-rain events were also associated with sharp decreases in reflectivity,

with height above the freezing level coincident with low echo-top heights and freezing-level ZDR values

near 0, indicating limited ice- and mixed-phase precipitation growth processes. These results support the

feasibility of a future polarimetric warm-rain identification algorithm.

1. Introduction

Flooding caused by excessive precipitation poses a

significant threat to lives and property and consistently

ranks as one of the most destructive natural disasters

(Adhikari et al. 2010). A particular type of precipitation

event in which precipitation growth occurs primarily be-

low the freezing level through the collision–coalescence

process, often termed warm rain, can be especially dan-

gerous from a flooding perspective (Baeck and Smith

1998; Nicosia et al. 1999). The dangerous flooding po-

tential associated with warm-rain events is due to both

the relative efficiency of warm precipitation growth pro-

cesses and the tendency for radars and passive space-

borne sensors to produce poor and unreliable

precipitation estimates (Chen et al. 2011; Grams et al.

2014). These unreliable precipitation estimates severely

inhibit the ability of forecasters and emergencymanagersCorresponding author e-mail: Nick Carr, n.carr2@ou.edu
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to provide timely warnings of potential flooding events

(Vitale and Ryan 2013; Grams et al. 2014).

The tendency for radars to underestimate rainfall ac-

cumulations in warm-rain precipitation events is a con-

sequence of both the drop size distributions (DSD) and

the vertical structure of precipitation associatedwith these

events. Specifically, warm-rain events are characterized

by DSDs consisting of relatively high concentrations of

small drops (Squires 1956; Ulbrich and Atlas 2008) and

median droplet size increasing (below the freezing level)

toward the surface (Xu et al. 2008). These microphysical

characteristics are distinct from those typically observed

in midlatitude convective and stratiform precipitation

events, in which precipitation growth is dominated by

ice- andmixed-phase processes (i.e., processes occurring

above the freezing/melting level). It has been demon-

strated that radar quantitative precipitation estimation

(QPE) can be improved in warm-rain events if they are

accurately identified (as warm rain) prior to precipitation

estimation (Xu et al. 2008; Grams et al. 2014). Current

state-of-the-science radar precipitation classification al-

gorithms utilize a combination of single-polarization ra-

dar data and environmental data to identify warm-rain

precipitation (Grams et al. 2014). Although these algo-

rithms are an improvement over previous classification

methods, the limited precipitation microphysical infor-

mation available in single-polarization radar data limits

their effectiveness. Additional classification methods uti-

lizing satellite and lighting flash rate data are promising

but are currently limited by data availability (Zipser and

Lutz 1994; Petersen et al. 1999).

Polarimetric radar data can provide detailed in-

formation regarding the microphysical properties of pre-

cipitation, such as hydrometeor phase, size, shape, and

orientation (Zrnic and Ryzhkov 1999; Ryzhkov et al.

2005). Additionally, various microphysical processes have

been observed to result in distinct three-dimensional po-

larimetric signatures or ‘‘fingerprints’’ (Kumjian et al.

2012; Kumjian and Prat 2014). By analyzing these signa-

tures, it is often possible to discern the dominant pre-

cipitation microphysical processes at work in a particular

precipitation event. The polarimetric signatures and

characteristics associated with warm-rain precipitation

and warm-rain processes have been observed in limited

observational studies (Lang et al. 2010; Rutledge et al.

2013; Kumjian and Prat 2014) and numerical simulations

(Kumjian and Prat 2014). However, prior to the 2013

dual-polarization (dual pol) upgrade to the U.S.’s Next

Generation Weather Radar (NEXRAD) network, a

comprehensive evaluation of the polarimetric character-

istics associatedwithwarm-rain events has been infeasible.

This study capitalizes on the 2013 dual-pol upgrade to

the NEXRAD radar network to thoroughly document

the polarimetric characteristics associated with warm-

rain precipitation events occurring during the 2014

warm season (April–September inclusive) over the

eastern-central conterminous United States (CONUS).

First, potential warm-rain events are identified using a

conservative case selection procedure, which in-

corporates radar, rain gauges, and environmental data.

Following this case selection procedure, the three-

dimensional profiles of the polarimetric radar variables—

reflectivity factor at horizontal polarization ZH, differen-

tial reflectivity ZDR, cross-correlation coefficient rhv, and

specific differential phase KDP—are analyzed for the

selected cases. To assist in the analysis, the median po-

larimetric characteristics associated with each event are

mapped onto two special parameter spaces, developed

to highlight precipitation microphysical processes and

properties. Finally, the polarimetric characteristics of

the warm-rain events are compared with the polarimetric

characteristics of selected non-warm-rain events in order

to inform the development of future polarimetric warm-

rain classification schemes.

The polarimetric characteristics observed and docu-

mented in this study will help lay the groundwork for the

development of a polarimetric warm-rain classification

algorithm. It is anticipated that this microphysically

based classification algorithm could lead to significant

improvements in radar QPE. Additionally, this study

may provide an improved understanding of warm pre-

cipitation microphysics, which would be useful for more

general meteorological applications, including micro-

physics parameterizations in numerical weather pre-

diction (NWP) models and satellite QPE.

The study is organized as follows: Details regarding

data sources and the case selection procedure are pre-

sented in section 2. Section 3 details the three-

dimensional polarimetric characteristics associated

with the selected warm-rain precipitation events and

then compares these characteristics with those observed

in non-warm-rain events. Concluding remarks and sug-

gestions for future research are provided in section 4.

2. Data sources, case selection procedure, and
description of parameter spaces

a. Radar data

All radar data utilized in this study were obtained

from the National Climatic Data Center’s (NCDC) ar-

chive of NEXRAD Level II radar data. Along with the

base Level II parameters of Z, ZDR, and rhv, the fol-

lowing derived parameters were utilized in this study:

(i) Specific differential phase (KDP)was obtained from the

radial profile of FDP by applying a finite-differencing
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scheme on a smooth spline of FDP. The quantity

KDP was only calculated on radials with 20 consec-

utive range gates (;5 km in the radial direction)

meeting minimum Z (15 dBZ) and rhv (0.92)

thresholds. These thresholds were selected to limit

noise in the FDP field because of low radar signal

strength and/or nonuniform beamfilling.

(ii) Echo- and storm-top heights were obtained by

mapping the volumetric radar data onto a 1-km2

Cartesian grid and then determining the maximum

height at each grid point where reflectivity values

exceeded 18 (echo top) and 30 (storm top) dBZ.

(iii) Slopes of the vertical profiles of the polarimetric

variables were obtained via ordinary least squares

(OLS) linear regression between the polarimetric

variables and beam center height (assuming stan-

dard refraction).

(iv) Additional parameters, such as the values of the

polarimetric variables relative to the freezing level

or melting-layer bottom, were obtained by merging

the polarimetric data with the ancillary environ-

mental data detailed in section 2b.

The bulk of the analysis utilized the radar data in its

native polar (250m range–18 azimuth) coordinate sys-

tem. However, the data were gridded into 2D 1-km2

Cartesian grid cells for echo/storm-top calculation, and

the data were converted into a 3D 1-km Cartesian grid

when calculating the difference quantities associated

with the Kumjian–Ryzhkov parameter space (described

in section 2c).

b. MRMS products

TheMulti-RadarMulti-Sensor (MRMS) system is a set

of experimental radar products including high-resolution

(0.018, 2min) instantaneous rainfall rate mosaics available

over the CONUS (Zhang et al. 2016). MRMS integrates

information from all ground-based radars comprising the

WSR-88D and Canadian radar networks, mosaics re-

flectivity data onto a common 3D grid, and estimates

surface precipitation type and amount (Zhang et al. 2005;

Lakshmanan et al. 2007; Vasiloff et al. 2007). Addition-

ally, MRMS incorporates ancillary environmental data

and rain gauge information in its QPE algorithms.

The followingMRMS parameters were utilized in this

study:

(i) The radar with gauge bias correction (RWGBC)

hourly accumulation product is obtained by modify-

ing the radar-only hourly accumulation estimation

at each MRMS grid cell with a bias correction

obtained by considering the difference between ra-

dar and Hydrometeorological Automated Data Sys-

tem (HADS) gauge hourly accumulation estimates.

Specifically, the bias at each MRMS grid cell is

determined by interpolating the gauge–radar addi-

tive bias calculated at gauge sites using an inverse-

distance weighted interpolation scheme. Finally, the

RWGBC accumulation value at each grid point is

obtained by adding or subtracting the interpolated

bias to/from the MRMS radar-only accumulation

estimate at that grid cell.

(ii) The hourly radar–gauge ratio (RGR) is the ratio of

the radar and gauge hourly accumulation values at

gauge locations. RGR values ,1 indicate radar

underestimation relative to gauges, while values.1

indicate radar overestimation.

(iii) The surface precipitation type (SPT) is obtained at

each grid cell via an algorithm that incorporates

radar and environmental data to classify the dom-

inant precipitation type (i.e., convective, strati-

form, and tropical) in each MRMS grid cell

(Zhang et al. 2011; Qi et al. 2013).

(iv) MRMS melting-layer height parameters were also

included in the analysis. MRMS obtains the

freezing-level height directly from the Rapid Re-

fresh (RAP) model and defines the approximate

bounds of themelting layer by synthesizing theRAP

freezing-level height with the vertical profile of

reflectivity (VPR). While the MRMS melting-layer

heights are generally accurate, in this study, the

MRMSmelting-layer heights were occasionally cor-

rected using the polarimetricmelting-layer detection

algorithm detailed in Giangrande et al. (2008).

c. Microphysical parameter spaces

It has been demonstrated that by mapping polari-

metric radar data onto certain parameter spaces, it is

possible to obtain greater insight into the dominant

precipitation microphysical processes and properties

associated with a given precipitation event. Conse-

quently, the following parameter spaces were utilized to

aid in the analysis:

(i) A parameter space defined by an x axis of Z and a

y axis of ZDR was developed and utilized to examine

themicrophysical characteristics of precipitation first

by Zhang et al. (2006) over Florida and then by Cao

et al. (2008) over Oklahoma (this parameter space is

referred to as the CZ parameter space after its

developers). A benefit of this parameter space is that

the reference curves (derived using disdrometer

data) can be considered somewhat representative

of the typical Z–ZDR relationships in continental

(Oklahoma) and subtropical (Florida) locations. The

primary microphysical interpretation of this param-

eter space is that precipitation events in which most
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radar pixels lie below the reference curves are

characterized by smaller and/or higher concentra-

tions of drops than are typically seen in either the

midlatitude continental and/or subtropical locations.

This interpretation follows because Z is dependent

on both drop size and concentration, whereas ZDR is

not directly affected by drop concentration but is

highly proportional to drop size.

(ii) Finally, this study also utilizes a parameter space that

takes into account the vertical variation of the vari-

ablesZ andZDR, developed by Kumjian et al. (2012)

and referred to as the Kumjian and Ryzhkov (KR)

parameter space (after its principal developers). The

x axis of the KR parameter space is defined by the

difference in radar reflectivity (dZ; dBZ) between

the surface and the bottom of the melting layer

(considered to be the top of the liquid layer). The y

axis is defined by the difference in differential reflec-

tivity (dZDR) in decibels over the same vertical layer.

This parameter space is useful for discerning the

dominant warm microphysical process at work in a

precipitation event, and Fig. 1 illustrates the locations

of warm microphysical processes within the KR pa-

rameter space [refer to Kumjian et al. (2012) for a

more detailed description]. It is anticipated that in

warm-rain events, most points should lie in the first

quadrant because coalescence is most likely the

dominant warm microphysical process.

d. Case selection procedure

Prior to detailing the warm-rain case selection

procedure, it is important to note that the definition

of a warm rain in the context of this study is different

than the traditional definition of warm rain. Tradi-

tionally, warm rain has been defined as rain generated

from clouds–cloud systems located entirely below the

freezing level. While this (strict) definition rarely ap-

plies to midlatitude precipitation events, previous

studies have demonstrated that collision–coalescence

can in fact be the dominant precipitation growth

mechanism in intense midlatitude precipitation events

(Petersen et al. 1999; Vitale and Ryan 2013; Gochis

et al. 2015). Furthermore, in many of these events, ice-

phase hydrometeors were also present, making these

warm-rain events microphysically different than the

shallow warm-rain systems observed in the tropics

(Liu and Zipser 2009). Because the focus of this study

is on midlatitude applications, a warm-rain event is

herein defined as an event in which precipitation

growth occurs primarily below the freezing–melting

level via warm-rain processes. It is important to note

that, using this expanded definition, some pre-

cipitation events containing substantial quantities of

mixed- and ice-phase hydrometeors will be correctly

considered as warm rain.

While a number of warm-rain identification methods

have been developed for applications in the tropics

(Liu and Zipser 2009), most of these methods rely on

infrared (IR) cloud-top temperatures and are thus not

well suited for classifying precipitation events fitting

the less strict warm-rain definition provided above.

Other identification methods utilizing lighting flash

rates (see Petersen et al. 1999) or passive microwave

(PMW) satellite data are promising, but these data

FIG. 1. The locations of warm microphysical processes within the parameter space of dZ and

dZDR (in the liquid layer) developed by Kumjian et al. (2012).
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sources are currently too spatiotemporally intermittent

to generate the sufficiently large warm-rain case dataset

needed for a comprehensive study. Consequently, the

warm-rain case selection criteria utilized in this study

are largely based upon the results of the MRMS SPT

classification algorithm, which was developed specifi-

cally for midlatitude applications. Concretely, all sig-

nificant (in size and intensity) precipitation events

classified by MRMS as ‘‘tropical’’ (the term MRMS

uses for warm rain) were initially considered for the

polarimetric analysis.

A known issue with the MRMS tropical precipitation

identification algorithm (detailed inGrams et al. 2014) is

that it tends to overclassify precipitation as tropical

(Chen et al. 2013; Zhang et al. 2016). Therefore, to re-

duce the number of ‘‘false alarms’’ included in the

warm-rain dataset, the following additional case selec-

tion criteria were applied using the MRMS parameters

detailed in section 2b:

(i) Because the results of the MRMS SPT classifica-

tion algorithm dictate the form of the reflectivity–

rain rate (Z–R) relationship applied at a given

MRMS pixel, a large discrepancy between radar

precipitation estimates and gauge estimates po-

tentially indicates errors in the pixel’s SPT classi-

fication (although additional factors can influence

the quality of radar precipitation estimates). The

tropical Z–R relation is rather aggressive (i.e., re-

sults in a relatively large rainfall rate for a given

value of Z). Consequently, when MRMS in-

correctly classifies a grid cell as tropical, that cell’s

precipitation estimate will often be positively bi-

ased relative to gauge accumulations (Kirstetter

et al. 2015). Consequently, we require that the

mean MRMS RGR within the tropically classified

precipitation feature is ,1.05.

(ii) We also required that the majority of the tropically

classified precipitation features be located between

20 and 80km from a radar site. This requirement

was implemented to both improve low-level radar

sampling and also limit the effects of beam broad-

ening at far ranges.

(iii) The mean hourly RWGBC accumulation was re-

quired to be at least 10mm. This threshold was

implemented to both limit noise in the polarimetric

variables and also focus the analysis on significant

precipitation events.

After implementing the case selection procedure

outlined above, 49 warm-rain events were selected for

further analysis from all precipitation classified by

MRMS as tropical occurring over the eastern-central

(east of 1028W) CONUS from April to September

2014. The locations and months of occurrence of these

handpicked warm-rain cases are displayed in Fig. 2. It

can be observed from Fig. 2 that the chosen cases

demonstrate considerable spatiotemporal diversity,

including a landfalling tropical cyclone (Hurricane

Arthur) along with more ‘‘typical’’ midlatitude pre-

cipitation events.1

Precipitation events in which precipitation was likely

not generated primarily via warm-rain processes were

also selected for comparison purposes. These cases were

selected from the same spatiotemporal domain as the

warm-rain cases, and the basis for classification was once

again the MRMS SPT classification. We required that

MRMS classify the precipitation as nontropical, convec-

tive, or stratiform. The same distance (20–80km) and

minimum hourly accumulation (10mm) thresholds were

also enforced. There were many precipitation events

meeting the non-warm-rain selection criteria; however,

42 meteorologically (e.g., squall line, frontal, and wide-

spread stratiform) and geographically representative

non-warm-rain cases were subjectively selected for

comparison.

Certain warm-rain cases meeting the classification

criteria were occasionally further broken down into

precipitation features (PFs) primarily on the basis of

the low-level reflectivity field and the spatial distribu-

tion of the RGR. This step was performed to both limit

the impact of microphysical heterogeneity within the

precipitation field and remove areas of likely mis-

classified (by MRMS) precipitation from the analysis.

Figure 3 shows an example of a case in which a PF was

defined within a larger precipitation field. Figure 3a

demonstrates that the majority of the precipitation

occurring near the center of the map (located in the

central part of the state of Arkansas) was classified by

MRMS as tropical for this event. However, from

Fig. 3b, it is notable that, although the mean RGR in

the tropical precipitation region was ,1.05 (meeting

our criteria), most of the stratiform precipitation2 in

the western part of the figure was associated with

RGRs. 1.05 (meaning radar overestimated relative to

the gauge). Consequently, it is likely that this strati-

form precipitation was erroneously classified as tropi-

cal by MRMS, and therefore, we define the PF shown

by the red polygon in Fig. 3c and only perform polari-

metric analysis on this portion of the precipitation field.

1 A future, more detailed study on the three-dimensional po-

larimetric characteristics of Hurricane Arthur is anticipated.
2 Note that ‘‘warm stratiform’’ per MRMS’ classification meth-

odology is not stratiform with enhanced warm-rain processes

but rather is conventional stratiform occurring at surface

temperatures . 58C (refer to Fig. 10 in Zhang et al. 2016).
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It must be emphasized that despite the conservative

case selection procedure, there is no guarantee that

the selected warm-rain cases are warm-rain events,

and the converse is also true for the non-warm-rain

events. However, the case selection procedure was

designed to be intentionally conservative, and it will

be hereafter assumed that the selected events are

correctly categorized. Ideally, future studies will be

able to use the polarimetric characteristics docu-

mented in this study to identify warm-rain events more

objectively.

3. Analysis and results

a. Liquid-layer polarimetric characteristics

All radar pixels located below the melting-layer

bottom are considered as ‘‘liquid’’ pixels in the sub-

sequent analysis. Although this definition possibly er-

roneously classifies some pixels containing partially

melted hail and graupel as liquid, the impacts of hail

and graupel contamination are limited by imposing hail

caps (e.g., gates containing Z values.60 dBZ were not

included in the analysis). Additionally, this section

of the analysis focuses on warm-rain events, which

generally are not associated with environmental con-

ditions conducive to hail formation (Grams et al. 2014).

The number of liquid radar pixels (N) analyzed for

each case is a function of several factors, including the

size of the precipitation feature, the volume coverage

pattern (i.e., the scanning strategy) employed by the

radar operator, the depth of the liquid layer, the dis-

tance between the precipitation feature and the radar

site, and the number of pixels meeting the selection

criteria detailed in section 2a. Consequently,N for each

case varies from 3000 to 100 000 pixels with the median

N being 22 320 pixels.

The initial analysis focused on documenting polari-

metric characteristics associated with each individual

warm-rain event. Following this initial analysis, it was

determined that in the vast majority of cases, the pre-

cipitation event can be adequately described by its me-

dian polarimetric characteristics. This is largely due to

the manual precipitation feature selection procedure

described in section 2d, in which great care was taken to

group radar precipitation features on the basis of ho-

mogenous microphysical characteristics. The bulk of the

subsequent analysis therefore deals with the median

polarimetric characteristics associated with each pre-

cipitation event. It is anticipated that future studies may

FIG. 2. Locations of the selected warm-rain cases. The circle fill color corresponds to the month of occurrence, and Hurricane Arthur is

given a unique symbol.
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focus on specific warm-rain precipitation events in

greater detail [e.g., as is done in Gochis et al. (2015)].

Figure 4 displays histograms of the median liquid-

layer Z, ZDR, and KDP values for the warm-rain cases,

and Table 1 provides associated descriptive statistics. It

is evident that there is considerable variation between

cases in the median polarimetric parameter values, with

median Z values ranging from 32 to 45dBZ, ZDR values

ranging from 0.1 to 1.6 dB, andKDP values ranging from

0.08 to 1.28km21.

Figure 5 displays the median Z and ZDR values asso-

ciated with each case relative to the Florida and Okla-

homa reference curves. From this figure, it is clear that

the majority of the warm-rain cases are characterized by

lower ZDR values than would be expected for a given Z

value in a continental region, highlighting the likely

presence of large concentrations of smaller-than-

average drops. Only 6 out of 49 cases have median

Z–ZDR values above the Oklahoma–continental curve,

and the majority of the cases (29) are also located below

the Florida–subtropical curve. Surprisingly, several of

the northern cases (occurring at latitudes . 408N) were

located well below the Florida curve, implying that

precipitation with tropical microphysical characteristics

can be observed well into the midlatitudes.

b. Vertical variation in polarimetric characteristics

Figure 6 displays the median vertical polarimetric

profiles for each case, along with the average warm-rain

profile obtained via a weighted (by number of radar

pixels) average of all the cases, and the final columns of

Table 1 provide associated descriptive statistics re-

garding the vertical profiles of the polarimetric vari-

ables. From these data, it is evident that, in general,

warm-rain events are characterized by negative slopes of

Z below the melting level. This result is expected, as all

FIG. 3. An example of a situation in which a PF was defined within a broader precipitation field. The red polygon denotes the portion of

the PF that was deemed to be correctly classified as tropical and thus included in the analysis. (a) The MRMS SPT classification for

a particular volume scan. (b) The hourly RGR, in which ‘‘warm’’-colored circles represent gauges where the radar underestimated

precipitation. (c) The low-level reflectivity field for the same event.
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selected cases were classified as tropical by MRMS, and

the MRMS tropical classification is highly contingent on

the slope of the radar-averaged VPR below the melting

level being 0 or negative (Grams et al. 2014). What is

surprising is that despite this criterion, 11 of the 49 cases

were actually associated with positive VPR slopes below

the melting–freezing level, and 7 cases were associated

with positive slopes .1 dBZkm21, implying significant

decreases in reflectivity toward the surface. This result is

partially due to the fact thatMRMS calculates the slopes

of the vertical profiles using a different method (maxima

search) than the regression-based technique employed

in this study but also occurs because the VPR MRMS

uses in its SPT classification is the average VPR of all

MRMS pixels between 20 and 80km of the radar site,

while this study calculates VPRs for specific pre-

cipitation features. Note that, although we only in-

corporated radar data fairly close to radars (20–80km

from the radar site) in the analysis, it is possible that

some of the observed noise in the vertical profiles shown

in Fig. 6 (particularly rHV and KDP) results from the

blending of radar data obtained at different ranges/tilts

FIG. 4. Histograms of themedian polarimetric variables (a)Z, (b)ZDR, and (c)KDP associated with each warm-rain

case. The (unweighted) median value for all cases in aggregate is provided above each histogram.

TABLE 1. Descriptive statistics of the polarimetric variables for the selected warm-rain events: median, mean, and 25th and 75th

percentiles.

Statistic Median Mean 25th 75th Min Max

Median liquid Z (dBZ) 36.75 37.06 6 39.12 32 45

Median liquid ZDR (dB) 0.8 0.77 0.5 1.1 0.1 1.6

Median liquid KDP (8 km21) 0.2 0.25 0.1 0.3 0.0 1.2

Pixels below the CZ Oklahoma curve (%) 76 71 59 86 25 99

Pixels below the CZ Florida curve (%) 66 61 45 80 16 98

Slope Z liquid phase (dBZ km21) 20.6 20.31 21 0.0 22.3 2.6

Slope ZDR liquid phase (dB km21) 0.0 20.06 20.1 0.0 0.1 20.2

Slope KDP liquid phase (8 km22) 0.0 20.04 20.1 0.0 20.2 0.1

Slope Z ice phase (dBZ km21) 22.85 22.89 23.43 21.88 26.9 20.6

Median ZDR at freezing level (dB) 0.12 0.18 0.0 0.44 20.25 0.94
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(and thus with different resolution volumes and degrees

of beamfilling) in the creation of vertical profiles.

Also notable is that themedian slopes ofZDR andKDP

in the liquid layer are approximately 0, although the

mean slopes are slightly negative (20.06 dBkm21

and 20.048km22, respectively). The near-zero average

slopes likely result from the very low median values of

the polarimetric variables in the majority of warm-rain

cases (Fig. 4). Despite the near-zero overall slopes of

ZDR, an examination of the KR parameter space reveals

that the vast majority (42) of cases are associated with

positive (median) dZDR values (Fig. 7). Figure 7 also

indicates that the vast majority of the cases (41) are lo-

cated in quadrant I of the KR parameter space, corre-

sponding to coalescence being the dominant warm

microphysical process. It is also notable that only one

warm-rain case lies in quadrant II (evaporation domi-

nant) of the KR parameter space, highlighting the moist

low-level environments typically associated with warm-

rain precipitation events (Grams et al. 2014).

The vertical polarimetric profiles above the freezing

level were also analyzed to discern the relative signifi-

cance of ice- and mixed-phase processes in warm-rain

events. Table 1 also includes descriptive statistics re-

garding the average polarimetric quantities above the

freezing level, and Fig. 8 displays histograms of the dif-

ference between median echo–storm-top heights and

the environmental freezing level. Because of the con-

siderable variation between cases in freezing-level

FIG. 5. Median Z and ZDR values in the liquid layer for each

warm-rain event plotted in the CZ parameter space; solid and

dashed lines represent the Oklahoma and Florida average curves,

respectively.

FIG. 6. Vertical profiles of the polarimetric variables (a) Z, (b) ZDR, (c) rhv, and (d) KDP for the selected warm-rain events. For each

variable, the individual case–median vertical profiles are displayed as dotted lines, while the solid line represents the median profile for all

cases aggregated.
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height (which ranged from 3.6 to 5 km), the normalized

quantity echo-top (storm top) height minus the freezing-

level height is analyzed instead of ‘‘raw’’ echo/storm-top

heights.

These results demonstrate that in warm-rain events,Z

tends to decrease rapidly with height above the freezing

level, indicating limited quantities of supercooled water

and/or large frozen hydrometeors. Similarly, median

ZDR values at the freezing level are quite low (on

average around 0.12 dB), also implying limited quanti-

ties of supercooled water (the dominant contributor to

these variables above the freezing level). However, it

should be noted there are four cases with ZDR values at

the freezing level.0.5 dB, likely indicating the presence

of significant quantities of supercooledwater and at least

moderately intense updrafts.

Figure 8 shows that, with the exception of two cases,

the median echo-top heights (18 dBZ) were located

FIG. 7. Median dZ and dZDR values for each case plotted in the KR parameter space.

FIG. 8. Histograms ofmedian (a) echo-top (18 dBZ) heightsminus freezing-level height and (b)

storm-top (30 dBZ) heights minus freezing-level height for the midlatitude warm-rain cases.

706 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 56

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/27/21 05:05 PM UTC



above the environmental freezing level; however, storm-

top heights (30 dBZ) were located above the freezing

level in only 10 out of 49 cases (Fig. 8b). The existence of

echo tops above the freezing level points to the presence

of at least some hydrometeors (most likely supercooled

water or large solid hydrometeors) above the freezing

level. However, the limited number of storm tops lo-

cated above the freezing level implies that these

hydrometeors were likely present in limited concen-

trations and/or were fairly small. Furthermore, there is

also evidence of a bright band in many of the vertical

profiles (Fig. 6), providing additional evidence of

coupling between precipitation growth processes

above and below the freezing level, as is generally

hypothesized to occur in midlatitude warm-rain pre-

cipitation events (Petersen et al. 1999; Vitale and

Ryan 2013).

c. Comparison with non-warm-rain cases

The previous section documented the polarimetric

characteristics associated with midlatitude warm-rain

events, and this section compares these characteristics

with those observed in non-warm-rain events. This

comparison is important in determining the potential

utility of a polarimetric warm-rain classification algo-

rithm. The non-warm-rain events analyzed in this sec-

tion are further divided into non-warm-rain stratiform

(NWRS) and non-warm-rain convective (NWRC)

events solely on the basis of their MRMS SPT classifi-

cation. Figure 9a displays the warm-rain and non-warm-

rain case medians plotted in the CZ parameter space,

and Table 2 shows the median percentages of pixels ly-

ing below the two reference curves. It is clear from

Fig. 9a and Table 2 that the majority of warm-rain case

medians are located below both reference curves (cor-

responding to higher concentrations of smaller drops),

while the majority of NWRC events tend to lie above

both curves. Furthermore, a few of the NWRC con-

vective events lying below both curves have median Z

values of around 50 dBZ, likely implying hail contami-

nation (which, depending on the size and density of the

hail, could also result in depressed ZDR values). Future

studies will likely utilize a more conservative hail cap

(60dBZ was employed in this study) to better mitigate

this phenomenon. Although the NWRS events also tend

to lie above the reference curves, separation between

NWRS and warm-rain events on the basis of CZ pa-

rameter space is somewhat more tenuous.

Figure 9b displays the locations of the selected cases in

the KR parameter space, and from this figure, it is ob-

vious that the vertical variation of Z and ZDR in NWRS

events is quite distinct from that observed in NWRC and

warm-rain events. Specifically, all NWRS events lie in

quadrants II (evaporation dominant) and III (breakup

dominant), while most of the warm-rain events lie

in quadrants I (coalescence dominant) and IV

(coalescence–breakup balance). This result is not un-

expected given that precipitation growth in stratiform

events is believed to occur primarily above the freezing

level, initially via vapor deposition and then via aggre-

gation nearer to the freezing level (Houze 1997). Con-

sequently, since the primary stratiform precipitation

growth processes occur above the freezing level, below

the freezing level, the dominant microphysical processes

are not growth processes at all but rather size-reduction

processes such as evaporation or breakup.

An interesting observation from Fig. 9b is that most

(25 of 27) NWRC events lie in quadrant I of the KR

parameter space. Although a similar result was observed

in Kumjian and Prat (2014), the precipitation events

analyzed in that study occurred over the tropical Indian

Ocean, and the authors anticipated that the dominant

warm microphysical process in midlatitude continental

convective events would be breakup caused by the

larger initial droplets formed from the melting of large

hail and graupel. One hypothesis to explain the apparent

significance of the coalescence process in NWRC events

is that the large raindrops resulting from the melting of

hail and graupel act as large collector drops and help

initiate the coalescence process. This would represent a

coupling between precipitation growth processes above

and below the freezing level. Another explanation is

that the melting of hail and graupel within the primarily

liquid layer produces similar polarimetric signatures as

coalescence.

Some support is lent to this second hypothesis, via

inspection of the median vertical profiles of Z and ZDR

in NWRC precipitation (Fig. 10). It appears that initially

the melting of graupel and hail may contribute to en-

hanced Z and ZDR within the liquid layer because of

changes in the dielectric constant and aspect ratio;

however, nearer to the surface, when this process is

mostly completed, Z and ZDR begin to decrease, sig-

naling that perhaps droplet breakup (or the further de-

crease in size of melting hailstones caused by shedding)

is the dominant microphysical process (Ryzhkov et al.

2013; Ortega et al. 2016). This nonmonotonic vertical

variation of Z and ZDR within the liquid layer limits the

utility of the KR parameter space, which relies upon

simple differences of Z–ZDR between two layers. Fur-

thermore, unlike in primarily stratiform precipitation,

where the melting layer is generally narrow (usually on

the order of about 500m) and well defined, in convective

precipitation events, the melting layer is much more

ambiguous and broad. This likely implies that our as-

sumption that all hydrometeors below our estimated
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melting-layer bottom are purely liquid does not hold in

precipitation events characterized by large rimed

hydrometeors.

Table 2 highlights some additional differences between

warm-rain and non-warm-rain events. Not surprisingly,

NWRC events are typically associated with the highest

median values of all the polarimetric variables. Further-

more, NWRC events are associated with higher storm

tops relative to the freezing level (in both warm-rain and

NWRS events, the storm tops tend to be located below

the freezing level, while the storm tops tend to be over

2km higher than the freezing level in NWRC events)

and a slower decrease in reflectivity with height above the

freezing level. NWRS events have generally similar

liquid-layer polarimetric characteristics as non-warm-

rain events; however, notably in NWRS events,

FIG. 9. (a) Median Z and ZDR values in the liquid layer for all non-warm-rain events plotted in the CZ parameter space and colored

using the MRMS SPT classification. The blue and green curves represent the Oklahoma and Florida average curves, respectively. (b) As

in (a), but for the KR parameter space.
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reflectivity decreases toward the surface below the

melting layer (i.e., the slope of Z is positive in the liquid

layer), implying that evaporation and/or breakup are the

dominant warm microphysical processes.

4. Conclusions and future research directions

The primary aim of this study was to document the

three-dimensional polarimetric characteristics associ-

ated withmidlatitude precipitation events in order to lay

the groundwork for the development of a polarimetric

and therefore microphysically based warm-rain classifi-

cation algorithm. The results of this classification

scheme could then be utilized to improve radar QPE. To

accomplish this goal, the polarimetric characteristics of

49 carefully selected warm-rain precipitation events and

42 non-warm-rain events were analyzed using Level II

NEXRAD data and MRMS data. The analysis focused

on precipitation events occurring over the CONUS

east of 1028W during the 2014 warm season (April–

September). Utilizing radar, rain gauges, and environ-

mental data, warm-rain and non-warm-rain precipitation

events were identified and partitioned. Significant results

from the polarimetric analysis of the warm-rain events

are outlined below:

1) Considerable diversity was observed in the polarimet-

ric characteristics associated with the warm-rain

events, which is not unexpected given the large

spatiotemporal diversity of the dataset (Fig. 2). How-

ever, the majority of warm-rain cases were character-

ized by median liquid-layer Z values ;(35–40)dBZ,

ZDR values ;(0.5–1) dB, and median KDP values of

approximately 0.18–0.58km21, implying the presence

of relatively small drops. Furthermore, when the

cases are mapped in the CZ parameter space, it is

TABLE 2. Medians of selected polarimetric parameters for warm-rain, NWRC, and NWRS events.

Warm rain NWRC NWRS

Median liquid Z (dBZ) 36.75 42.5 33.5

Median liquid ZDR (dB) 0.8 1.4 0.85

Median liquid KDP (8 km21) 0.2 0.5 0.2

Pixels below the CZ Oklahoma curve: median (%) 76 47 54

Pixels below the CZ Florida curve: median (%) 66 38 43

Median slope Z liquid phase (dBZ km21) 20.6 20.15 0.95

Median slope Z ice phase (dBZ km21) 22.85 21.45 22.7

Median ZDR at freezing level (dB) 0.12 0.15 0.09

Median storm-top height–freezing level (km) 20.3 2.2 20.33

FIG. 10. Median vertical profiles of (a) Z and (b) ZDR for each of the three primary precipitation classification categories.
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evident that the majority of cases were characterized

by higher concentrations of smaller drops than would

be expected for midlatitude precipitation.

2) Regarding the vertical profiles of the polarimetric

variables, the majority of cases were associated with

negative VPR slopes below the freezing level. The

vertical slopes of ZDR and KDP below the freezing

level were approximately zero. This result was

somewhat surprising, as it was expected that both

ZDR and KDP would increase toward the surface in

precipitation characterized by enhanced precipita-

tion growth via collision–coalescence. Despite the

near-zero slopes of the polarimetric variables, the

vast majority of cases were characterized by co-

alescence being the dominant warm microphysical

process as determined using the KR parameter space

(Fig. 7).

3) The magnitude and relative significance of precipita-

tion growth processes above the freezing level also

varied significantly between warm-rain cases. Almost

all warm-rain cases displayed at least some evidence of

ice- and mixed-phase precipitation growth processes,

as evidenced by median echo tops above the freezing

level, median ZDR values.0 at the freezing level, and

indications of a melting layer in the median polarimet-

ric profiles. However, the majority of cases were

characterized by a,23dBZkm21 decrease in Z with

height above the freezing level, low freezing-levelZDR

values near 0.1dB, echo tops 1–3km above the freez-

ing level (Fig. 8), and storm tops below the freezing

level. These results imply limited quantities and sizes

of ice-phase hydrometeors and supercooled water and

likely indicate relatively limited precipitation growth

processes above the freezing level.

The final component of the study compared the po-

larimetric characteristics associated with the warm-rain

events with those observed in 42 non-warm-rain strat-

iform and convective cases. Based on this comparison,

it does appear possible to distinguish warm-rain events

and non-warm-rain events using polarimetric data.

Specifically, non-warm-rain convective events and

warm-rain events can be largely separated using the CZ

parameter space, and non-warm-rain stratiform events

and warm-rain events can be separated using the KR

parameter space. These results imply that the average

liquid-layer microphysical characteristics (i.e., high

concentrations of small drops) associated with warm-

rain events are distinct from those observed in non-

warm-rain convective events (low concentrations of

large drops), while the dominant warm microphysical

processes (i.e., collision–coalescence) associated with

warm-rain events are distinct from those observed in

non-warm-rain stratiform events (evaporation and

breakup).

Although the current state-of-the-science warm-rain

identification algorithm (MRMS’ SPT algorithm) in-

corporates information regarding the slope of the VPR

to identify warm-rain precipitation (and therefore is

somewhat microphysically based), it has been demon-

strated that this type of VPR is not unique to warm-rain

precipitation and specifically is occasionally present in

non-warm-rain convective (particularly when convec-

tion is decaying) precipitation events. A polarimetric

algorithm, which can better identify the DSDs associ-

ated with non-warm-rain convective precipitation,

would thus be particularly useful in limiting classifica-

tion false alarms, which often result in significant QPE

overestimation.

This study is only the first step in the development of a

polarimetric warm-rain identification algorithm as we

are not aware of any comprehensive study documenting

and quantifying the three-dimensional polarimetric

characteristics associated with midlatitude warm-rain

events. The next step in the development of a warm-rain

classification algorithm will involve performing the

above analysis for another warm season to significantly

increase the number of warm- and non-warm-rain cases.

This larger sample size can then guide the optimal sta-

tistical classification method (e.g., neural network, ran-

dom forest, fuzzy-logic, and Bayesian multidimensional

regression) and also which radar and/or environmental

parameters should be incorporated in the chosen model.

Additionally, because of the noise inherent in the po-

larimetric variables, steps would have to be taken to

translate the results of this study (which focused on

precipitation features that spanned tens of kilometers)

to an algorithm that could operate on smaller scales (the

currentMRMS pixel size is 1 km2). The specifics of these

steps are beyond the scope of this preliminary study,

and algorithm development should not be performed

until more data are analyzed and the analysis pro-

cedure is refined. The final step in the classification

scheme would be determining how to evaluate its ac-

curacy. This task is particularly challenging in this

context because no strict validation dataset exists.

However, it may be possible to utilize ancillary data

such as lightning and satellite data in conjunction with

radar–gauge QPE comparisons to evaluate the results

of the classification algorithm.
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