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ABSTRACT

TRMM PR 2A25, version 7 (V7), retrievals of reflectivity Z and rainfall rate R are compared with

WSR-88D dual-polarimetric S-band radar data for 28 radars over the southeastern United States after

matching their horizontal resolution and sampling. TRMMKu-band measurements are converted to S-band

approximations to more directly compare reflectivity estimates. Rain rates are approximated fromWSR-88D

data using the CSU–hydrometeor identification rainfall optimization (HIDRO) algorithm. Tropics-wide

TRMMretrievals confirmprevious findings of a low overlap fraction between extreme convective intensity, as

approximated by the maximum 40-dBZ height, and extreme near-surface rain rates. WSR-88D data also

confirm this low overlap but show that it is likely higher than TRMM PR retrievals indicate. For maximum

40-dBZ echo heights that extend above the freezing level, mean WSR-88D reflectivities at low levels are

approximately 2 dB higher than TRMM PR reflectivities. Higher WSR-88D-retrieved rain rates for a given

low-level reflectivity combine with these higher low-level reflectivities for a givenmaximum 40-dBZ height to

produce rain rates that are approximately double those retrieved by the TRMM PR for maximum 40-dBZ

heights that extend above the freezing level. TRMM PR path-integrated attenuation, and WSR-88D specific

differential phase, differential reflectivity, and hail fraction indicate that the TRMMPR 2A25V7 algorithm is

possibly misidentifying low–midlevel hail and/or graupel as greater attenuating liquid, or vice versa. This

misidentification, coupled with underestimation of path-integrated attenuation caused by nonuniform

beamfilling and higher rain rates produced by specific differential phase (KDP)–R than Z–R relationships,

results in low-biased 2A25V7 rain rates in intense convection.

1. Introduction

The Tropical Rainfall Measuring Mission (TRMM), a

joint effort between theNationalAeronautics and Space

Administration (NASA) and the Japanese Aerospace

Exploration Agency (JAXA), provides scientists with

tropics-wide precipitation retrievals from its launch in

November 1997 through September 2014. To assess

TRMM’s accuracy, four TRMM ground validation

(GV) sites were established throughout the tropics and

subtropics (Marks et al. 2000; Amitai et al. 2002; Wolff

et al. 2005), providing both instantaneous and monthly

precipitation products. Using these sites and rain gauge

networks, intensive validation efforts have been per-

formed for TRMM rainfall estimates. These GV efforts

have shown that TRMM Precipitation Radar (PR) is

within 1 dB of ground radar measurements in cases of

minimal attenuation, and in cases of higher attenuation,

accurate estimates of path-integrated attenuation (PIA)

can be retrieved (Bolen and Chandrasekar 2000). The

TRMMPR 2A25 rainfall algorithm uses a PIA estimate

to adjust themeasured reflectivity profile in cases of high

attenuation. Kirstetter et al. (2012) found that version 7

(V7) of the 2A25 rainfall algorithm was superior to

previous versions with improved rain-rate estimates

over land.

Despite overall good agreement between TRMM re-

trievals and ground observations, TRMM PR’s 2A25

rain-rate algorithm (Iguchi et al. 2000) is imperfect and

potentially biased for some situations, especially for

precipitation with severe convective intensity (Iguchi

et al. 2009; Kozu et al. 2009). At the surface, TRMM PR

attenuation-corrected reflectivities are less than measured

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

reflectivities, and in especially heavy convective

precipitation, TRMM PR calculated rain rates were

19% less than those retrieved by WSR-88D (Liao and

Meneghini 2009). One source for error is attenuation

correction. The TRMM PR is a Ku-band radar, operating
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at a frequency of 13.8GHz, and is therefore susceptible

to significant attenuation, especially from liquid and

partially melted hydrometeors. To mitigate the in-

fluences of attenuation, the TRMM PR 2A25 algorithm

enacts an attenuation correction within the 2A25V7

algorithm (Iguchi et al. 2009), utilizing the Hitschfeld–

Bordanmethod (Hitschfeld and Bordan 1954) in instances

of low attenuation and the surface reference technique

(SRT; Iguchi and Meneghini 1994; Meneghini et al. 2000)

in instances of high attenuation to calculate the PIA

for a given column of measured reflectivity. When ap-

plying the attenuation correction, which assumes hy-

drometeor phase and size distributions, errors can arise

if the 08C height is misrepresented (Iguchi et al. 2009).

With an incorrect assumption of themelting-level height

comes themisidentification of true particle phase. This is

especially a problem when the assumed melting level is

higher than the true melting level, resulting in ice par-

ticles being identified as liquid, which attenuates sig-

nificantly more than ice does. This leads to improper

parameters used in rain-rate calculations, and because

ice particles attenuate less than liquid, a higher attenu-

ation is estimated than what actually occurs at that point

in the column, leaving less PIA to distribute within the

remainder of the column. As previously stated, high

attenuations are resolved via the SRT method, and

produce an uncertainty in the calculated rain rate (Iguchi

et al. 2009) stemming from potential misidentification of

the melting level, inaccurate PIA estimates, and improper

reflectivity–rain rate (Z–R) power-law coefficients. This

issue is common when the storm tops are high (Kozu et al.

2009; Iguchi et al. 2009). It follows that convectively in-

tense, tall systems are prone to erroneous rain rates be-

cause of large PIA and uncertain water-phase profiles

(Iguchi et al. 2009). There is thus no question that the

TRMMPR algorithm is imperfect, especially in extreme

convection and precipitation, but the extent to which it

may be biased as a function of convective intensity is

still unclear.

This uncertainty impacts findings such as those

established in Hamada et al. (2015), a study that in-

vestigates the correlation between systems with extreme

near-surface rain rate and those with extreme maximum

40-dBZ echo height, where maximum 40-dBZ echo

height is used as a proxy for convective intensity (Zipser

and Lutz 1994; Zipser et al. 2006). Hamada et al. (2015)

discovered that little overlap exists between the

‘‘tallest’’ and ‘‘rainiest’’ thunderstorms. Because their

study focuses on only the precipitation features (PFs)

with the top 0.1% (99.9th percentile) most extreme PR

pixel rain rates and maximum 40-dBZ heights, potential

attenuation-correction errors, as well as errors in the

power-law coefficients of the Z–R rain-rate calculation,

could bias the magnitude of this overlap. If rain rates

are being significantly underestimated because of

an attenuation-correction bias, then the reported di-

chotomy between the tallest and rainiest storms may be

exaggerated. This potential issue serves as the primary

motivation for this study, investigating the overlap be-

tween extreme convective intensities and extreme pre-

cipitation rates. These extremes are often associated

with severe weather systems, such as supercells and

flooding events, which can have devastating societal

impact. It is thus important to explore the ability of

satellite observations tomeasure these extremes to work

toward more accurately detecting extreme events,

especially considering the scarcity of ground radar

networks in many regions of the world where there is a

strong reliance on satellite observations.

The accuracy of TRMM PR–retrieved reflectivities

and rain rates can be investigated through comparison

with radar observations from WSR-88Ds, which are

S-band radars operating at 2.7–3GHz, and are thus

minimally impacted by attenuation in precipitation. The

WSR-88Ds have dual-polarization, which provides ad-

ditional information on hydrometeor characteristics

that are not retrievable by TRMM, such as particle

number and shape, through specific differential phase

(KDP) and differential reflectivity (ZDR). The use of

KDP and ZDR allows for more informed rain-rate cal-

culations, as opposed to sole usage of Zh. KDP provides

information on the rainwater content in conditions

with hail contamination or signal attenuation that are

common in intense convection, and is thus superior

to reflectivity for retrieving intense rain rates (e.g.,

Chandrasekar et al. 2008; Istok et al. 2009). ZDR, on the

other hand, expresses the difference in the horizontal

(Zh) and vertical (Z
y
) pulse power returns to the radar,

where a positive ZDR value indicates the presence of

hydrometeors that are wider than they are tall, and a

negative ZDR indicates the opposite. ZDR aids rain-

rate retrievals in conditions with significant numbers of

oblate raindrops that produce greater Zh returns than

Z
y
returns, producing an overestimate of rain rate if Zh

is used alone, as in traditional Zh–R relationships such

as those used for the TRMM PR 2A25 algorithm (e.g.,

Chandrasekar et al. 2008; Istok et al. 2009). In this

study, the CSU–hydrometeor identification rainfall

optimization (HIDRO) algorithm (Cifelli et al. 2011) is

used to estimate rain rate from WSR-88D observa-

tions. The CSU–HIDRO algorithm has minimal bias in

heavy rain and hail (Cifelli et al. 2011), and uses a logic

chart depicted here in Fig. 1 (adapted from Fig. 3 of

Cifelli et al. 2011) that incorporates Zh, ZDR, KDP,

and particle identification (PID) to decide which rain-

rate relationship (Zh–R, Zh–ZDR–R, R–ZDR–KDP,
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or R–KDP) to use in different situations. PID is de-

termined via a fuzzy-logic method that utilizes a tem-

perature profile with a series of thresholds and ranges

for a number of radar-retrieved variables, including,

but not limited to, Zh, ZDR, KDP, and correlation

coefficient (RHO) to estimate the most likely particle

type (Kessinger et al. 2003).

This work investigates relationships between maxi-

mum 40-dBZ echo heights, near-surface rain rates, and

near-surface reflectivities to evaluate the robustness of

the overlap magnitude between extreme convective

intensity and extreme rain rates found in Hamada et al.

(2015). This is done by analyzing overlap relationships

in both TRMM PR and WSR-88D retrievals over the

southeastern United States. Differences in TRMM and

WSR-88D perspectives that indicate potential TRMM

PR retrieval biases are investigated using WSR-88D

KDP, ZDR, and PID observations, as well as TRMM

PR 2A25 PIA estimates in an attempt to partially

explain potential biases. Data and methods used are

described in section 2, with results of TRMM PR ob-

servations between 368N and 368S in section 3. A

focused comparison of TRMM PR observations with

WSR-88Dobservations in the southeasternUnited States

(SEUS), as well as an investigation of WSR-88D KDP,

ZDR, and hail fraction, and TRMM PR 2A25 PIA esti-

mates, is found in section 4. Conclusions are provided in

section 5.

2. Data and methods

a. Data

TRMM PR retrievals observed between 368N and

368S are saved in the form of columns with 80 vertical

levels spaced at 250m between mean sea level and

19.75 km. TRMM PR column observations are only

truly vertical at nadir, and therefore columns are in-

terpolated to a vertical coordinate from the slant path

coordinate to ensure consistency in height across the

dataset at all 80 height levels. The horizontal resolution

of these columns is ;4.5-km postorbit boost, which

occurred in August 2001. These data are archived in a

number of collections, and for this study, were ac-

cessed from the University of Utah PF database (Liu

et al. 2008).

The National Oceanic and Atmospheric Administra-

tion (NOAA) WSR-88D network over the SEUS does

not suffer from coverage gaps to the extent that the

southwestern United States does, and exhibits more

frequent andmore convectively intense systems than the

southwestern United States (NWS Radar Operations

Center 1991). Therefore, 28 radars (Table 1) from the

SEUS are chosen for comparison with TRMM PR ob-

servations.WSR-88D hourly scans were accessed via the

online archived inventory provided by the National

Climatic and Data Center (NCDC) for June through

August 2013. WSR-88Ds operate multiple scanning

FIG. 1. Flowchart depicting the CSU–HIDRO algorithm logic. Adapted from Fig. 3 in Cifelli et al. (2011).

JUNE 2018 G INGREY ET AL . 1355

Unauthenticated | Downloaded 08/20/22 12:45 PM UTC



strategies dependent on the current conditions at the

radar. Because potential TRMM PR errors in deep

convective systems are of primary concern, only

WSR-88D data from convective volume coverage

patterns (VCPs) 11, 211, 12, and 212 are utilized,

which contain more upper-tilt elevation angles than

other VCPs, which are used in nonconvective situa-

tions. While these data include stratiform columns,

the focus of this study is on extreme rain rates and

deep convective intensities with intense deep con-

vection characterized by maximum 40-dBZ echo

heights higher than the 08C level. These columns are

unlikely to be stratiform. In addition, no explicit

convective–stratiform separation is applied since a

potential TRMM PR bias would bias the separation

and make comparisons with WSR-88D data more

difficult to interpret.

b. Methodology for comparison

TRMM PR 2A25V7 data columns and WSR-88D

data columns are obtained using different observing

strategies. WSR-88Ds are constantly operating over

their domain, aside from when they are shut down for

maintenance or experience temporary failure. TRMM

PR, however, captures a nearly instantaneous snapshot

of individual systems as it orbits overhead. Therefore, for

an objective comparison, individual columns of TRMM

PR andWSR-88D reflectivity with computed near-surface

rain rate are utilized. Rather than attempting to match

TRMM and WSR-88D observations in space and

time, ;700 000 data columns with at least 20 dBZ at

1.5-km altitude observed by TRMM PR during the

months of June, July, and August (JJA) from 2002

through 2014 are assumed to be representative of the

population of SEUS JJA precipitation events and are

compared with an equally robust number of data

columns observed by WSR-88D during JJA 2013 over

the SEUS accounting for geographical sampling dif-

ferences. Of these columns, over 100 000 in TRMM

andWSR-88D datasets contain 40-dBZ echoes. WSR-

88Ds are well calibrated with an uncertainty of 61 dB

(Melnikov et al. 2017).

1) TRMM DATA PROCESSING

A database of TRMM PR 2A25 data columns is cre-

ated by filtering V7 data for the ensuing conditions. JJA

months are selected since systems during these months

are predominantly convective over the SEUS with el-

evated melting levels, and postboost years (2002–14)

are used to maintain consistent horizontal resolution.

Second, columns must have a reflectivity of 20 dBZ

or greater at 1.5-km altitude, indicating likely pre-

cipitation at the surface. 1.5-km altitude above mean

sea level is used to represent ‘‘near surface’’ in this

study to maximize TRMM data retention (some col-

umns do not have data below this level), avoid ground

clutter issues, and maintain full vertical profiles for the

WSR-88D out to 80 km away from the radars. TRMM

PR columns must occur within 80 km of one of the

WSR-88D instruments listed in Table 1 to be included

in analyses, which avoids geographical biases resulting

from TRMM’s uniform observing at a given latitude

relative to WSR-88D’s nonuniform observing caused

by irregularly spaced radars. For each column that

meets these criteria, the following TRMM 2A25V7

variables are saved: reflectivity at all 80 vertical

levels, retrieved rain rate at 1.5-km altitude, PIA, time,

date, latitude, longitude, and the WSR-88D to which

it corresponds.

The TRMMPR operates at Ku band at a frequency of

13.8GHz, while the WSR-88D operates at S band at a

frequency of 2.7–3GHz. Therefore, to conduct fair

TABLE 1. Locations (city, state) of the 28 WSR-88Ds used in this study. AFB 5 Air Force Base.

Radar Location Radar Location

KBMX Birmingham, AL KJAX Jacksonville, FL

KCAE Columbia, SC KJGX Robins AFB, GA

KCLX Charleston, SC KLCH Lake Charles, LA

KDGX Jackson, MS KLIX New Orleans, LA

KDYX Dyess AFB, TX KLZK Little Rock, AR

KEOX Fort Rucker, AL KMOB Mobile, AL

KEVX Eglin AFB, FL KMXX Montgomery–Maxwell AFB, AL

KFDR Frederick, OK KNQA Memphis, TN

KFFC Atlanta, GA KPOE Fort Polk, LA

KFWS Dallas–Fort Worth, TX KSHV Shreveport, LA

KGRK Fort Hood, TX KSRX Fort Smith, AR

KGSP Greenville–Spartanburg, SC KTLH Tallahassee, FL

KGWX Columbus AFB, MS KTLX Oklahoma City, OK

KHTX Huntsville–Hytop, AL KVAX Moody AFB, GA
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comparisons of reflectivity retrievals between TRMM

PR and WSR-88D, a second dataset of TRMM PR re-

flectivity converted to estimated S-band equivalent

values is saved. This conversion is conducted following

Cao et al. (2013) by first calculating an S–Ku reflectivity

difference, and then adding this value to the initial

TRMM Ku-band retrievals. Separate conversions are

applied to distinctive ice and rain regions within the

vertical reflectivity profile, as Ku band retrieves higher

reflectivities than S band in the rain region, and lower in

the ice region when very large particles are present,

because of Mie scattering effects at Ku band for particle

diameters that are Rayleigh scatterers at S band. Be-

cause of these effects, conversion algorithms in each

region are determined via simulations using assumed

microphysical models for corresponding hydrometeor

phase. Conversions are not calculated for the melting

level, considered to be between 3.5- and 5-km altitude

during a typical SEUS summer. These conversions

have the potential to be biased should the actual hy-

drometeor profiles be different from what is assumed

by Cao et al. (2013) in the generation of these con-

versions. This conversion creates a database of

S-band equivalent TRMM PR reflectivities for more

appropriate comparison with WSR-88D S-band re-

flectivities (TRMM-S).

2) WSR-88D DATA PROCESSING

WSR-88D radial data are gridded to comparable

TRMMPRhorizontal grid spacing using Radx software,

developed by the National Center for Atmospheric

Research (https://github.com/NCAR/lrose-core, https://

www.eol.ucar.edu/content/lidar-radar-open-software-

environment). Radial scans are first interpolated to a

horizontal grid spacing of 1.125km and vertical grid

spacing of 250m, but are then horizontally averaged

while conserving equivalent horizontal reflectivity to

match TRMM PR’s horizontal resolution of 4.5 km.

The initial gridding produces a 1603 1603 80 grid of

reflectivity, RHO, latitude, and longitude. The same

scans are additionally processed at 1.5-km altitude to

produce a corresponding 160 3 160 grid of rain rate,

KDP, ZDR, PID, latitude, and longitude. Rain-rate

calculations are completed using the aforementioned

CSU–HIDRO algorithm, which is shown to have mini-

mal bias in heavy rain and hail events in Cifelli et al.

(2011). While the TRMM PR applies a Zh–R relation-

ship with variable coefficients that depend on prescribed

drop-size distributions (Kozu et al. 2009), the CSU–

HIDRO algorithm uses Zh, PID, KDP, and ZDR to

select from the following rain-rate relationships (Ryzhkov

and Zrnić 1995; Brandes et al. 2001, 2002) at each grid

point, as illustrated in Fig. 1:

R(Z
h
)5 0:017(Z

h
)0:7143 , (2.1)

R(KDP)5 40:5(KDP)0:85 , (2.2)

R(KDP,ZDR)5 90:8(KDP)0:93
3 1020:169(ZDR), and

(2.3)

R(Z
h
, ZDR)5 6:7E2 3(Z

h
)0:927

3 1020:343(ZDR) .

(2.4)

As seen in Fig. 1, the CSU–HIDRO algorithm does not

retrieve a rain rate when the PID indicates hail or

graupel. In rain–hail or rain–graupel mixtures, rain rate

is only calculated using Eq. (2.2) if KDP is greater than

or equal to 0.38km21. It is worth noting that each of

these rain-rate relationships and radar variables carry

uncertainties that can impact results. The sensitivity

of results to variable and coefficient values in the

CSU–HIDRO algorithm, the usage of a range of other

possible rain-rate relationships, and changes in data

resolution is left for future work.

Before these high-resolution gridded variables are av-

eraged down to match the 4.5-km horizontal grid spacing

of TRMM PR, the data are quality controlled based on

the following criteria. First, the grid points at 1.5-km

altitude are filtered to remove nonmeteorological

returns. Nonmeteorological returns are determined us-

ing both the PID and the correlation coefficient. One of

16 PIDs are chosen for each grid point via a serious of

conditional thresholds and ranges for estimated tem-

perature and a number of radar-retrieved variables, in-

cluding Z, ZDR, KDP, and RHO. There are three

nonmeteorological classifications for PIDS: flying in-

sects, second trip echoes, and ground clutter. Grid points

with these classifications, as well as their corresponding

column in the 1603 1603 80 grid, are set to null values.

The correlation coefficient is also used to discern valid

returns, as values less than 0.7 are indicative of insects,

ground clutter, or rare cases of significant attenuation

caused by lengthy radar beam paths through hail re-

gions, and therefore these points as well as their corre-

sponding columns are set to null values. This limits the

possibility that reflectivity and retrieved rain rate at

1.5-km altitude are biased because of invalid values.

To degrade the high-resolution 1.5-km altitude

1.125-km grids to 4.5 km, variables in each 4 3 4 set of

1.125-km-spaced grid points are averaged to produce a

value for the new grid point on the 4.5-km grid. 1.125-km

grid points that do not contain valid echoes are set as

null values. Reflectivity is converted from logarithmic

dBZ units to equivalent reflectivity factor Ze with linear

units of mm6m23 before averaging, and is converted

back to dBZ units after averaging is completed. Aver-

aging using Ze accounts for nonuniform beamfilling in a

JUNE 2018 G INGREY ET AL . 1357

Unauthenticated | Downloaded 08/20/22 12:45 PM UTC

https://github.com/NCAR/lrose-core
https://www.eol.ucar.edu/content/lidar-radar-open-software-environment
https://www.eol.ucar.edu/content/lidar-radar-open-software-environment
https://www.eol.ucar.edu/content/lidar-radar-open-software-environment


method that is consistent with the coarser resolution

(4.5 km) of TRMM PR. For example, a 4.5-km grid box

containing finer-scale (1.125-km) echoes with non-

echoes will yield an echo of similar magnitude to that

retrieved at the coarser resolution of TRMM PR. Dur-

ing degradation, hail fractions in each 4.5-km grid box

are defined as the fraction of the sixteen 1.125-km-

spaced grid points within the 4.5-km grid box that in-

clude graupel or hail identified by the PID. The hail

fraction provides information on the extent that other

retrieved variables may be affected by ice contamina-

tion at 1.5-km altitude.

EveryWSR-88D exhibits a ‘‘cone of silence’’ centered

on the radar where the radar does not observe the entire

troposphere with the altitudes not observed being

dependent on range from the radar. To assure that

WSR-88D columns contain data between 1.5- and

15-km altitudes, columns are only saved for comparison

if they exist within an annulus ranging from 40 to 80km

from the radar location. As with TRMM, columns are

retained only if they exhibit a reflectivity of 20 dBZ or

greater at 1.5-km altitude.

Once all columns have been saved for both the

TRMM PR and WSR-88D datasets, there exists a dif-

fering number of total columns in each dataset for each

WSR-88D. To avoid potential biases due to the differing

sample sizes of the datasets, the saved columns in the

larger of the two datasets are randomly sampled down

to the size of the smaller dataset for each radar. Once

this subsampling at each of the 28 radars is completed,

there exists a set of TRMM PR columns, TRMM-S

columns, and WSR-88D columns that are ready for

comparison, which are referred to as the TRMM-Ku,

TRMM-S, and WSR-88D datasets, respectively.

3. Relationships between extreme rain rates and

convective intensities across the tropics and

subtropics

a. TRMM PR–observed precipitation features

Using the maximum height of the 40-dBZ echo as a

proxy for convective intensity (e.g., Zipser et al. 2006),

the overlap fraction between the most convectively in-

tense TRMM PR PFs and those with the highest near-

surface pixel rain rates is shown as a function of location

in Fig. 2. The use of the 99th percentile narrows systems

to those that are especially extreme, without overly re-

stricting the number of systems being examined, and an

overlap fraction of 1 indicates that in a given location,

the PFs that fall within the 99th percentile of convective

intensity are the same PFs that fall in the 99th percentile

of near-surface pixel rain rates. This overlap perspective

follows a methodology similar to that used in Hamada

et al. (2015), and supports their finding that the PFs with

the tallest 40-dBZ echo heights are rarely the features

with the highest near-surface rain rates, with overlap

fractions mainly ranging from 0.05 to 0.4 over land. The

overlap fractions over the ocean are higher, generally

ranging from 0.3 to 0.6 over regions with significant

rainfall. The highest overlap fractions, up to approxi-

mately 0.75, exist in relatively dry subtropical regions of

atmospheric subsidence, which are regions of stratocu-

mulus and trade cumulus, with deep convection not only

being relatively rare, but also possessing a narrower

range of convective intensity than most other regions,

especially land regions. This overlap contrast between

land and ocean may be related to the existence of

more intense convection over land than over ocean

(Zipser et al. 2006). However, part of this contrast may

also result from significant TRMM PR attenuation and

FIG. 2. Fraction of the number of TRMM-observed precipitation features in each 58 3 58 box from 2002 to 2014 that contain both a 99th-

percentile 40-dBZ echo height and a 99th-percentile near-surface rainfall rate.
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imperfect assumptions regarding attenuation correction

and Zh–R relationships used in intense continental

deep convection, which was not addressed in Hamada

et al. (2015).

Despite lower overlap fractions, there are many re-

gions over land that express nonnegligible numbers of

systems that are both in the 99th percentile of convective

intensity and rain rates for that given region. The SEUS

from 258 to 368N and from 808 to 1008W exhibits frac-

tions from 0.1 to 0.4, making it a region that appears

representative of overlap fractions in other land regions

across the tropics and subtropics. This, coupled with

the extensive geographical coverage of the WSR-88D

dual-polarimetric S-band radar network, provides an

opportunity for validating TRMM PR observations of

convectively intense and extreme rain-rate systems

with possible implications for interpretation of TRMM

PR rainfall estimates across the entire tropics and

subtropics.

b. Individual TRMM PR–observed columns

The same calculation of overlap fraction is shown in

Fig. 3; however, rather than examining the overlap

fraction of PF characteristics, we examine the overlap

fractions of characteristics within individual TRMM

PR–observed data columns in each 58 3 58 box. Later

comparisons between TRMM PR and WSR-88D re-

quire the use of vertical columns rather than PFs be-

cause of the differing observing geometries of the two

radars. Figure 3 shows the overlap fractions of the 99th-

percentile maximum 40-dBZ heights and near-surface

rain rates throughout the tropics and subtropics. Over-

lap fractions are much lower (not exceeding 0.5 over

land) than those retrieved from the PF perspective

(Fig. 2), indicating that it is very uncommon for the same

vertical column observed by TRMM PR (;20km2 in

horizontal area) to exhibit extremes in both convective

intensity and rainfall rate over both land and ocean. PFs

in Fig. 2 are a collection of contiguous adjacent columns,

and therefore, it is much more likely that a feature than

an individual columnwill contain columns that are in the

top percentiles of both variables. Figure 3 shows that at

the 99th percentile, the SEUS domain exhibits overlap

fractions comparable to most other land and ocean

areas, and thus, even from the column perspective, it

remains a good location with a robust dataset for vali-

dating TRMM PR vertical column observations.

4. Evaluation of TRMM-retrieved relationships

over the SEUS

a. Relationships between convective intensity and rain

rate

Comparisons focus on three variables—reflectivity at

1.5-km altitude, rain rate at 1.5-km altitude, and the

maximum height of the 40-dBZ echo in each column—

for three datasets: TRMM-Ku, TRMM-S, and WSR-

88D. The average 1.5-km altitude reflectivity for a given

maximum 40-dBZ height is shown for each dataset,

where only data from columns with a maximum 40-dBZ

height of at least 1.5 km are shown in Fig. 4. For maxi-

mum 40-dBZ heights below the melting level, typically

at 4–5-km altitude, all three datasets have similar 1.5-km

altitude reflectivities of 40–42dBZ, with WSR-88D ob-

serving slightly higher values than TRMM-Ku and

TRMM-S. However, for maximum 40-dBZ echoes

above 5-km altitude, differences occur between the

WSR-88D and TRMMPR datasets.While reflectivity at

1.5 km increases with maximum 40-dBZ height at a

similar rate across the three datasets, the WSR-88D

1.5-km altitude reflectivities are approximately 2 dB

FIG. 3. As in Fig. 2, but for columns calculated using the same method as in Fig. 2.
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higher than those of TRMM-Ku and TRMM-S for a

given maximum 40-dBZ height. This offset between

TRMM and WSR-88D forms quickly between 5 and

7km maximum 40-dBZ echo heights and then remains

approximately constant with increasing maximum

40-dBZ height, with the conversion of TRMM-Ku to S

band having no effect. Interestingly, TRMM-S 1.5-km

reflectivities are greater than TRMM-Ku 1.5-km re-

flectivities when maximum 40-dBZ heights remain be-

low;5 km.While the Ku- to S-band conversion runs the

risk of misidentifying low-level hail as rain, particle

misidentification would not explain the differences be-

tween TRMM PR and WSR-88D for these limited

maximum 40-dBZ heights since these systems are not

likely to have hail. Additionally, Ku-band reflectivities

that are at or slightly greater than 40dBZ will be less

than 40 dBZ at S band, and thus will be excluded from

TRMM-S samples in Fig. 4. It is therefore possible for

TRMM-S reflectivities to be greater than TRMM-Ku

when maximum 40-dBZ heights are limited because

TRMM-Ku and TRMM-S samples are not equivalent.

This result shows that when 40-dBZ echoes extend into

ice regions, indicative of graupel or hail presence,

TRMM PR low-level reflectivity is systematically lower

than that measured byWSR-88D, which can impact rain

rates retrieved by TRMM PR and WSR-88D.

WSR-88D data for this study come from JJA of

2013, while TRMMPR data come from JJA of 2002–13.

To show that 2013 is not an anomalous year in our

dataset, TRMM-Ku data for JJA 2013 alone are shown

in Figs. 4–6 as a dashed line, which is consistent with the

12-yr TRMM PR dataset (solid black) for maximum

40-dBZ echo heights below 10 km. Thus, differences

between TRMM PR and WSR-88D for maximum

40-dBZ heights below 10 km appear to be robust, while

above 10-km altitude, small 2013 sample sizes prevent

assessment of robustness, although it is likely that 2013

WSR-88D statistics of 1.5-km reflectivity are not

anomalous, since they show a similar change with max-

imum 40-dBZ echo height as TRMM PR 2002–13 sta-

tistics. Therefore, JJA 2013 is deemed to have sufficient

and representative data to represent WSR-88D column

statistics and be comparable to 2002–13 TRMM data.

The average rainfall rate for a given reflectivity at

1.5-km altitude is shown in Fig. 5, with no requirement

placed on maximum 40-dBZ height. All three datasets

have similar rain rates as a function of reflectivity below

;33dBZ. However, above 33dBZ, the rain rates as a

function of reflectivity begin to diverge with WSR-88D

increasing themost quickly with reflectivity, followed by

TRMM-S and finally TRMM-Ku. This results in an in-

creasing gap between the calculated rain rate from

WSR-88D and TRMMPR as 1.5-km altitude reflectivity

increases. This gap is especially prevalent at 1.5-km al-

titude reflectivities near 50 dBZ, with mean WSR-88D

1.5-km rain rates of ;60mmh21 and mean TRMM-Ku

rain rates of only;40mmh21. These differences can be

attributed to the different methods that WSR-88D and

TRMMPR use to calculate rain rate.Where the TRMM

FIG. 4. Solid lines represent the average reflectivity at 1.5-km

altitude for a given bin of maximum 40-dBZ echo height. TRMM

data exclusively from 2013 are shown as a black dashed line. The

vertical dashed lines represent the standard error of the mean for

each dataset. A minimum 40-dBZ height threshold of 1.5 km is

placed on the datasets and the sample sizes for each dataset are:

TRMM-Ku (solid black) 130 560, TRMM-S (blue) 105 284, WSR-

88D (red) 124 873, and TRMM-Ku 2013 (dashed black) 12 708.

FIG. 5. As in Fig. 4, but for the average rainfall rate at 1.5-km

altitude for a given bin of reflectivity at 1.5 km. These samples are

not restricted by a threshold on the maximum 40-dBZ height of

a column. Therefore, TRMM-Ku (solid black), TRMM-S (blue),

and WSR-88D (red) datasets have 700 594 samples. The TRMM-

Ku 2013 (dashed black) dataset has 77 117 samples.
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PR V7 2A25 algorithm uses Zh–R relationships to cal-

culate rain rates at all reflectivities (Iguchi et al. 2009),

WSR-88D commonly uses R(KDP, ZDR) or R(KDP)

relationships, where ZDR and KDP provide informa-

tion on raindrop oblateness and number concentration

that cannot be retrieved by TRMM PR. The increase in

1.5-km altitude rain rates for WSR-88D changes slope

above 50dBZ while TRMM rain rates continue to in-

crease exponentially. This change in the WSR-88D rain

rate–reflectivity relationship is indicative of the algo-

rithm’s response to potential hail contamination and

raindrop asphericity, which is further investigated in

section 4.

The average 1.5-km altitude rain rate for a given

maximum 40-dBZ height is shown for each dataset,

where only data from columns with a maximum 40-dBZ

height of at least 1.5 km are shown in Fig. 6. WSR-88D

rain rates at 1.5-km altitude are consistently higher than

TRMM-S and TRMM-Ku for all maximum 40-dBZ

echo heights. TRMM-Ku and TRMM-S average rain

rates show a slight upward trend for maximum 40-dBZ

heights above the melting level. WSR-88D trends simi-

larly to TRMM-S and TRMM-Ku below the melting

level (comparable to Fig. 4); however, above 5-km alti-

tude, the factors causing the differences between

TRMM PR and WSR-88D shown in Figs. 4 and 5

compound to produce large differences in WSR-88D

and TRMM PR mean rain rates as a function of maxi-

mum 40-dBZ height. Average rain rate increases from

approximately 22 to 48mmh21 as maximum 40-dBZ

height increases from 4 to 14km in the WSR-88D

dataset, while TRMM-S only increases from approxi-

mately 15 to 24mmh21 over the same range of maxi-

mum 40-dBZ heights.

Mean and median vertical reflectivity profiles for in-

tervals of maximum 40dBZ are shown in Fig. 7.When the

maximum 40-dBZ height is below the 5-km altitude

(Fig. 7a), there is good agreement in the average and

median reflectivity profiles across the three datasets,

consistent with how each of the datasets vary similarly

below 5-km altitude in Fig. 4. Once maximum 40-dBZ

echo heights extend to between 5 and 6km, an offset be-

tween reflectivities in the different datasets appears in the

rain region, with WSR-88D reflectivities higher than

TRMM-Ku and TRMM-S reflectivities (consistent with

Fig. 4). Mean and median profiles for more convectively

intense columns with maximum 40-dBZ heights between

10 and 15km, WSR-88D exhibits reflectivities that are

5dB greater in rain regions and 2dB greater in ice re-

gions than TRMM-S. As illustrated in Fig. 7c, TRMM-Ku

reflectivities are greater by approximately 2dB than

TRMM-S below 4-km altitude, in the rain region, and are

less than TRMM-S by approximately 1dB in assumed ice

regions between 5 and 10km, which is caused by Mie

scattering at Ku band. The growth of the offset between

WSR-88D and TRMM-S mean and median reflectivity

profileswith increasingmaximum40-dBZheight indicates

that TRMM PR 2A25V7 retrievals may be becoming

increasingly biased toward lower reflectivity and rain rate

as graupel and hail content increase in the column.

Variable filled joint histograms further comparing

these three variables across the datasets are shown in

Figs. 8–10. Figure 8 shows median 1.5-km altitude re-

flectivity as a function of the maximum 40-dBZ height

and 1.5-km altitude rain rate. One of the notable differ-

ences between the WSR-88D dataset (Fig. 8a) and the

TRMM-S dataset (Fig. 8b) is the shape of the joint dis-

tribution between maximum 40-dBZ height and 1.5-km

altitude rain rate. Both datasets express their highest rain

rates formaximum40-dBZ heights near or just above the

08C level, between 4- and 6-km altitude.However,WSR-

88D extends to higher rain rates (up to ;120mmh21)

than TRMM PR (up to ;90mmh21), has higher rain

rates for its most extreme maximum 40-dBZ height (30–

45mmh21 as compared with 0–20mmh21), and does not

exhibit as steep a drop in extreme maximum 40-dBZ

heights as rain rates increase. The highest probability of

extreme maximum 40-dBZ heights corresponding with

relatively low rain rates at 1.5-km altitude is consistent

with Fig. 3, where the most convectively intense col-

umns do not correspond with the most intense rain

rates. Because of their unique distribution shapes, the

overlap fractions between the 90th, 95th, and 99th

percentiles of the maximum 40-dBZ echo height and

1.5-km altitude rain rate vary in Table 2, with WSR-

88D having greater overlap fractions in all percentiles,

;50% higher overlap fraction than TRMM-S at the

FIG. 6. As in Fig. 4, but for the average rainfall rate at 1.5-km

altitude for a given bin of maximum 40-dBZ echo height.
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FIG. 7. Mean (dashed lines) and median (solid lines) vertical

reflectivity profiles for systems with maximum 40-dBZ echo

heights between altitudes of (a) 0 and 5 km, (b) 5 and 6 km, and

(c) 10 and 15 km for each of the three datasets: TRMM-Ku (black),

TRMM-S (blue), and WSR-88D (red). The respective sample size

of each dataset is listed in each panel.

FIG. 8. Joint histograms of maximum 40-dBZ echo height and

1.5-km altitude rain rate color filled with the median 1.5-km

altitude reflectivity in each bin for (a)WSR-88D and (b) TRMM-s,

and (c) the difference between (a) and (b). A minimum 40-dBZ

height threshold of 1.5 km is placed on the datasets, and the re-

spective sample size for each dataset is listed above each figure.

Black overlaid lines represent the 90th, (solid), 95th (dashed), and

99th (dot-dashed) percentile thresholds for each variable. Solid

black contours represent the sample size within each 2D bin.
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FIG. 9. As in Fig. 8, but reflectivity at 1.5-km altitude and color

filled with median rain rate at 1.5 km, and (c) the difference in

WSR-88D and TRMM-S rain rate.

FIG. 10. As in Fig. 8, but for rain rate and reflectivity at 1.5-km

altitude, color filled with median maximum 40-dBZ height in

each bin.
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95th percentile, where the overlap fractions of WSR-

88D and TRMM-S are 0.23 and 0.16, respectively.

At a given rain rate under ;30mmh21, the median

WSR-88D and TRMM-S 1.5-km altitude reflectivities

remain fairly constant with increasingmaximum 40-dBZ

echo height above the melting level; however, a gradi-

ent appears for WSR-88D as rain rates increase above

40mmh21. WSR-88D 1.5-km altitude reflectivity con-

tinues to increase with increasing maximum 40-dBZ

height for a given rain rate in this region, but for the

TRMM-S datasets, 1.5-km altitude reflectivity remains

approximately constant with increasing maximum

40-dBZ echo heights above 7 km for a given rain rate.

Additionally, Fig. 8c shows that TRMM-S median

1.5-km altitude reflectivities are consistently higher for a

given maximum 40-dBZ height and 1.5-km rain rate

than those from WSR-88D, with the largest magnitude

difference [(6–8) dBZ greater] for rain rates above

60mmh21 and maximum 40-dBZ heights above 5 km.

Figure 9 shows the relationship between maximum

40-dBZ height and 1.5-km altitude reflectivity color

filled with median 1.5-km altitude rain rate. Both da-

tasets exhibit a similar shape in their joint distributions.

However, WSR-88D (Fig. 9a) expresses a peak in the

probability of extreme maximum 40-dBZ echo heights

at greater 1.5-km altitude reflectivities, between 46 and

52 dBZ, than TRMM-S (Fig. 9b), which has highest

probabilities between 40 and 50 dBZ. Because of this,

Table 3 shows that the overlap fractions of extreme

maximum 40-dBZ heights and extreme 1.5-km altitude

reflectivities are once again higher for WSR-88D

(35% overlap at the 95th percentile) than TRMM-Ku

(11% overlap at the 95th percentile) and TRMM-S

(55% overlap at the 95th percentile). For TRMM-S,

rain rates at a given reflectivity are nearly constant or

decrease as maximum 40-dBZ echo height increases,

whereas they increase slightly within the WSR-88D

dataset. With an exception for 1.5-km altitude re-

flectivities greater than 52 dBZ, the difference in rain

rates (Fig. 9c) between WSR-88D and the TRMM-S

dataset reveals that WSR-88D has generally higher

retrieved rain rates than TRMM-S for a given maxi-

mum 40-dBZ height and 1.5-km reflectivity. This is

especially true for maximum 40-dBZ heights greater

than 5 km with 1.5-km reflectivities between 30 and

44 dBZ, where WSR-88D rain rates are a fraction of

30%–90% higher.

Figure 10 shows the relationship between 1.5-km al-

titude reflectivity and 1.5-km altitude rain rate color fil-

led with themedian of themaximum 40-dBZ echo height

in each bin. There exists a notable difference in the shape

of the joint distributions between the WSR-88D dataset

(Fig. 10a) and TRMM-S (Fig. 10b) datasets. While both

datasets exhibit an increase in rain rate with increasing

reflectivity, WSR-88D hasmuchmore variable rain rates

for a given reflectivity and a much wider range of re-

flectivities for a given rain rate than the TRMM-S data-

sets. For example, for a 1.5-km altitude rain rate of

20mmh21, WSR-88D 1.5-km reflectivity ranges from

;(25–52) dBZ, as opposed to;(35–49) dBZ forTRMM-S.

This results in TRMM-Ku and TRMM-S possessing higher

overlap fractions in Table 4 between extreme low-level rain

rates and reflectivities, 0.67 and 0.66, respectively, at the

95th percentile, than WSR-88D, which has an overlap

fraction of approximately 0.23 at the 95th percentile. The

datasets also differ in their maximum 40-dBZ echo heights

for a given reflectivity–rain-rate bin. In the WSR-88D

dataset, for a given 1.5-km altitude reflectivity, as rain

rate increases, so does the maximum 40-dBZ echo

height. However, in the TRMMand TRMM-S datasets,

the opposite is true. Thus, in the TRMM datasets, rel-

atively weak convection, as judged by the maximum

height of the 40-dBZ echo, will have a higher mean

1.5-km altitude rain rate for a given 1.5 km reflectivity

than relatively intense convection, while the opposite

is true for WSR-88D. This contrast can be seen in the

difference plot (Fig. 10c), where WSR-88D maximum

40-dBZ heights for a given 1.5-km reflectivity are be-

tween 10% and 25% higher for more intense 1.5-km

altitude rain rates and between 5% and 25% lower for

weaker rain rates.

b. PIA, KDP, ZDR, and hail fraction analysis

TRMM PIA, and WSR-88D hail fraction, KDP, and

ZDR are examined in an effort to identify potential

sources for the differences detailed in section 4a.

Figure 11 shows joint histograms of maximum 40-dBZ

echo heights and 1.5-km altitude reflectivity for

TABLE 2. Percentage of overlap of each dataset that exists

in the 90th, 95th, and 99th percentiles of both maximum 40-dBZ

heights and rain rates at 1.5-km altitude from Figs. 8a and 8b.

Percentile WSR-88D TRMM-S TRMM-Ku

90th 34.2 22.8 24.7

95th 23.7 16.2 16.2

99th 9.7 7.4 8.4

TABLE 3. Percentage of overlap of each dataset that exists in the

90th, 95th, and 99th percentiles of both maximum 40-dBZ heights

and reflectivity at 1.5-km altitude from Figs. 9a and 9b.

Percentile WSR-88D TRMM-S TRMM-Ku

90th 44.7 21.2 34

95th 35.2 14.3 23.4

99th 19.8 5.5 11.2
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TRMM-S and WSR-88D, color filled with median PIA

(Fig. 11a), hail fraction (Fig. 11b), KDP (Fig. 11c), and

ZDR (Fig. 11d).

PIA is considered one of the primary sources of un-

certainty in the TRMM PR 2A25 rain-rate algorithm

(Iguchi et al. 2009). Figure 11a shows that the highest

values of PIA are associated with the largest 1.5-km

altitude reflectivities (above ;50 dBZ). It also shows

that PIA increases with increasing maximum 40-dBZ

height for a given 1.5-km altitude reflectivity. For ex-

ample, for a 1.5-km altitude reflectivity of 45 dBZ and a

maximum 40-dBZ echo height of 4 km, the median PIA

is around 5–6 dB. However, for the same 1.5-km altitude

reflectivity with a maximum 40-dBZ echo height of

8 km, the median PIA is ;9 dB. With the highest

PIA estimates being associated with the highest 1.5-km

altitude reflectivities, and their increase with convective

intensity, it is apparent that the extreme convective in-

tensities and rain rates that are the focus in this study are

prone to significant column-integrated attenuation. In

addition to possible bias in the PIA estimate in condi-

tions of very heavy precipitation and nonuniform

beamfilling (Kozu and Iguchi 1999; Short et al. 2013),

another source of error lies in the assumed distribution

of attenuation throughout the data column during the

attenuation correction. The greater the PIA, the

greater the potential for errors in attenuation-corrected

reflectivity. TRMM PR’s V7 2A25 algorithm assumes

that rain exists below the melting level with a transi-

tion in the specific attenuation value from liquid

values to ice values in a ;2.5-km layer above the

melting level in convective regions (Iguchi et al. 2009).

These assumptions and assumed particle size distribu-

tions are especially questionable in situations where hail

dominates the backscattered signal below the melting

TABLE 4. Percentage of overlap of each dataset that exists in the

90th, 95th, and 99th percentiles of both rain rates and reflectivity at

1.5-km altitude from Figs. 10a and 10b.

Percentile WSR-88D TRMM-S TRMM-Ku

90th 56.7 71.1 72.2

95th 46.1 66.4 67.2

99th 22.9 61.7 61.5

FIG. 11. Variable filled joint histograms of (a) WSR-88D maximum 40-dBZ echo height and 1.5-km altitude

reflectivity color filled with hail fraction, (b) TRMM PR maximum 40-dBZ echo height and 1.5-km altitude re-

flectivity color filled with median PIA, (c)WSR-88Dmaximum 40-dBZ echo height and 1.5-km altitude reflectivity

color filled with median KDP, and (d) WSR-88D maximum 40-dBZ echo height and 1.5-km altitude reflectivity

color filled with median ZDR. A minimum 40-dBZ height threshold of 1.5 km is placed on the datasets, and the

sample size for these figures is 130 560 columns for (a) and 124 873 columns for (b)–(d).
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level or liquid is not present in significant quantities

above the melting level. These potentially errone-

ous assumptions may lead to low-level reflectivity

attenuation-correction biases that negatively impact

retrieved rain rates, arguably producing part of

the differences with WSR-88D results shown in

section 4a.

In an effort to understand the potential errors in phase

assumptions, WSR-88D hail fraction at 1.5-km altitude

is analyzed. Hail fraction is defined as the fraction of

pixels at 1.125-km resolution within a 4.5-km footprint

that have a PID indicative of rain mixed with hail or

graupel. Recall that pixels identified as ice alone are not

included in the analysis since a retrieval of rain rate is

not possible for these points. Figure 11b shows that the

lowest hail fractions at 1.5-km altitude are associated

with lower 1.5-km altitude reflectivities and maximum

40-dBZ echo heights that do not extend above the

freezing level. Higher hail fractions at 1.5-km altitude

are collocated with the greatest 1.5-km altitude

reflectivities (greater than 50 dBZ) and the highest

maximum 40-dBZ heights (.8 km). This suggests that

the high 1.5-km altitude rain rates that TRMM PR

produces at large 1.5-km altitude reflectivities (Fig. 5)

are likely hail contaminated. Figure 11a shows that PIA

was also large in these conditions, and therefore, the

attenuation correction under these conditions likely has

erroneous phase and particle size distribution assump-

tions in the TRMMPR2A25V7 algorithm. This impacts

the TRMM attenuation-corrected reflectivity profile

because ice has a specific attenuation that is an order

of magnitude less than liquid for large reflectivities

Iguchi et al. 2009).

In addition to hail, assumed properties of rain can also

cause biases in the 2A25V7 algorithm, and these are in-

vestigated viaWSR-88Dmeasurements ofKDP andZDR.

Unlike PIA, Fig. 11c shows that KDP expresses little sen-

sitivity to the maximum height of the 40-dBZ echo. For

example, at 1.5-km altitude reflectivities of;45dBZ, KDP

remains ;(0.58–0.68)km21 regardless of the maximum

40-dBZ height. The largest KDP values are associated with

the highest 1.5-km altitude reflectivities, and therefore the

highest 1.5-km altitude rain rates. Superior rain-rate in-

formation is provided byKDP in situations of heavy rain or

hailmixedwith rain (Cifelli et al. 2011), but this information

is not retrievable by TRMM PR, and these situations also

have significant PIA. The large KDP values indicate large

concentrations of raindrops that have oblateness, indicating

that raindrop size distributionsmaybeunique in these cases

and possibly inconsistent with assumptions used in the V7

2A25 retrieval.

This issue is further informed by Fig. 11d, where

positive ZDR indicates the presence of oblate raindrops

at 1.5-km altitude. Figure 11d shows that for all columns

with maximum 40-dBZ echo heights above 8 km, me-

dian ZDR varies from 1.5 to 3 dB. Strongly positive

values of ZDR also exist for lesser maximum 40-dBZ

echo heights where the 1.5-km altitude reflectivity is

greater than 50dBZ. These regions indicate situations

with large, oblate raindrops that TRMM is not able to

detect, therefore preventing a more accurate rain-rate

retrieval for these high reflectivity and high maximum

40-dBZ height situations. From Fig. 11b, it is known that

one area of strongly positive ZDR in Fig. 11d coincides

with significant hail fraction, which may indicate that

large, oblate raindrops are associated with melted hail

or graupel particles, again suggesting that raindrop size

distributions and their associated attenuation may be

unique and different from what is assumed in the

V7 2A25 retrieval for situations of high low-level

reflectivities and high maximum 40-dBZ heights.

5. Conclusions

The TRMMsatellite has produced an invaluable 17-yr

dataset of precipitation retrievals over the tropics and

subtropics. This study uses TRMM PR 2A25V7 re-

trievals to examine the overlap between extreme rain

rates and extreme convective intensities. While it is

often assumed that extreme convectively intense pre-

cipitation features produce extreme rainfall rates,

Hamada et al. (2015) showed that this is frequently not

the case and that extreme rain rates are commonly

found in convection of moderate strength. It is well

known, however, that intense convection poses special

difficulties for the TRMM PR operating at a Ku band

because of its susceptibility to attenuation, especially by

liquid and/or partially melted hydrometeors (Iguchi

et al. 2009). This is a serious issue for two reasons:

1) estimates of PIA are subject to significant error, and

2) distributing the PIA as a function of height involves

assumptions that may produce reflectivity and rain-rate

profile biases in intense deep convection. It is therefore

important to quantify potential biases in the TRMM

PR–retrieved reflectivity profiles and low-level rain

rates that may result from TRMM PR attenuation-

correction and Z–R relationship assumptions that are

inappropriate for intense, deep convection. This is ac-

complished by comparing TRMM PR retrievals against

S-band observations with minimal attenuation from

NOAAWSR-88D instruments. In addition to operating

at S band, WSR-88Ds are capable of retrieving addi-

tional variables using dual-polarization such as KDP,

ZDR, and particle identification, which allow for more

informed decisions in the rain-rate relationships used to

calculate corresponding rain rates. In this study, we
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conduct intercomparisons of 1.5-km reflectivity, 1.5-km

rain rate, and the maximum height of the 40-dBZ echo

across three datasets of radar retrievals: TRMM-Ku,

TRMM-S, and WSR-88D.

Initial investigations into the overlap between ex-

treme convective intensity and extreme rain rate, across

the tropics and subtropics echo the findings of Hamada

et al. (2015), where there exists a low amount of overlap

between the two extremes in both the PF and column-

data perspectives. However, the aforementioned issues

in the TRMM PR 2A25 algorithm make this overlap

conclusion uncertain. To investigate this uncertainty,

TRMM PR reflectivity and rain-rate retrievals from

2002 to 2014 are further compared against WSR-88D

S-band retrievals from 2013 over the SEUS for the

months of June, July, and August.

WSR-88D, TRMM-Ku, and TRMM-S reflectivities at

1.5-km altitude exhibit consistent differences when the

maximum 40-dBZ echo height of a column exceeds

above the melting level (approximately 4–5km in the

SEUS in JJA). For more convectively intense systems,

at a given maximum 40-dBZ echo height exceeding

5-km altitude, WSR-88D measures reflectivities of ap-

proximately 2 dB higher than both TRMM datasets. In

addition, when 1.5-km reflectivities exceed ;33dBZ,

WSR-88D calculated 1.5-km rain rates are greater than

TRMM PR 1.5-km rain rates by 5–20mmh21. The

aforementioned factors combine to produce signifi-

cantly higher rain rates (;20mmh21 greater) in the

WSR-88D dataset at a given maximum 40-dBZ echo

height than exist in either the TRMM-Ku or TRMM-S

datasets. Mean vertical profiles of reflectivity show that

TRMM PR and WSR-88D reflectivity differences below

the melting level increase as convective intensity in-

creases, with WSR-88D exceeding TRMM reflectivities,

further indicating that the TRMMPR2A25V7 retrievals

become increasingly biased toward lower reflectivity and

rain rate as graupel and/or hail content increase in the

column. The overlap of the 99th percentile of 1.5-km rain

rates with the 99th percentile of convective intensities is

small in both the TRMMPRandWSR-88Ddatasets over

the SEUS. However, the overlap percentage is 30%

larger in the WSR-88D dataset, showing that TRMM

retrievals within convectively intense columns are likely

biased toward lower near-surface reflectivities and

rain rates.

Examinations of PIA, KDP, ZDR, and hail frac-

tion provide insight to potential causes of differences

between WSR-88D and TRMM PR retrievals. Mean

TRMM PR PIA increases with increasing maxi-

mum 40-dBZ echo heights between altitudes of 5 and

9km, indicating the potential for attenuation-correction

biases. 1.5-km altitude hail fraction, retrieved using a

WSR-88D PID algorithm, increases with increasing

maximum 40-dBZ height and 1.5-km reflectivity, in-

dicating that the TRMM PR attenuation-correction

algorithm is possible misidentifying low-midlevel ice

as greater attenuating liquid in these cases. Mean

WSR-88D KDP and ZDR both increase with increasing

rain rates and reflectivities, meaning drop size distribu-

tions are changing with reflectivity and rain rate in a

manner that is not observable by TRMM PR. Mean

ZDR levels off once rain rates reach 40mmh21, but the

highest values of KDP are associated with the highest

rain rates and reflectivities, which are also areas of

significant mean PIA for TRMM PR.

Overall, comparisons betweenWSR-88D and TRMM

PR indicate that the errors in the estimated PIA and/or

attenuation-correction method (assumed phase, particle

size distribution, and/or attenuation coefficients) in

the 2A25 V7 algorithm are contributing to low-level

reflectivities that are biased low when the maximum

40-dBZ echo height extends above the melting level.

The presence of graupel or hail in the column and po-

tentially unique low-level raindrop size distributions in

such cases that could be systematically different from

the ones assumed in 2A25V7. Additionally, nonuniform

beamfilling often results in underestimation of PIA

(Kozu and Iguchi 1999; Short et al. 2013). This is con-

sistent with the presented results in that TRMM

PR attenuation-corrected reflectivities are lower than

WSR-88D reflectivities throughout most of the vertical

column. This indicates that PIA is not sufficiently large

to fully correct the reflectivity profile. Usage of KDP to

retrieve high rain rates within the WSR-88D data also

indicates that the 2A25V7 Z–R relationships may be

underestimating rain rates for intense convection, ex-

cept in rare situations of extreme low-level reflectivity

exceeding 55 dBZ, where the Z–R relationship over-

estimates rain rate because of likely hail contamination.

We note that our results are dependent on 2013

WSR-88D data being representative. It is possible that

WSR-88D data from other years may be slightly differ-

ent and alter the quantified differences between TRMM

and WSR-88D data presented in this study. Future work

should analyze more years of WSR-88D JJA data to test

the robustness of this study’s results. Future research

should also investigate individual cases to separate the

roles of nonuniform beamfilling and misidentification of

hydrometeor phase in producing differences between

satellite and ground radar retrievals.
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