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ABSTRACT

Three algorithms extract information on precipitation type, structure, and amount from operational radar
and rain gauge data. Tests on one month of data from one site show that the algorithms perform accurately
and provide products that characterize the essential features of the precipitation climatology. Input to the
algorithms are the operationally executed volume scans of a radar and the data from a surrounding rain gauge
network. The algorithms separate the radar echoes into convective and stratiform regions, statistically summarize
the vertical structure of the radar echoes, and determine precipitation rates and amounts on high spatial resolution.

The convective and stratiform regions are separated on the basis of the intensity and sharpness of the peaks
of echo intensity. The peaks indicate the centers of the convective regions. Precipitation not identified as convective
is stratiform. This method avoids the problem of underestimating the stratiform precipitation. The separation
criteria are applied in exactly the same way throughout the observational domain and the product generated
by the algorithm can be compared directly to model output. An independent test of the algorithm on data for
which high-resolution dual-Doppler observations are available shows that the convective-stratiform separation
algorithm is consistent with the physical definitions of convective and stratiform precipitation.

‘The vertical structure algorithm presents the frequency distribution of radar reflectivity as a function of height
and thus summarizes in a single plot the vertical structure of all the radar echoes observed during a month (or
any other time period). Separate plots reveal the essential differences in structure between the convective and
stratiform echoes.

Tests yield similar results (within less than 10%) for monthly rain statistics regardless of the technique used
for estimating the precipitation, as long as the radar reflectivity values are adjusted to agree with monthly rain
gauge data. It makes little difference whether the adjustment is by monthly mean rates or percentiles. Further

VOLUME 34

tests show that 1-h sampling is sufficient to obtain an accurate estimate of monthly rain statistics.

1. Introduction

The advent of operational radars that scan volu-
metrically and record the radar data digitally presents
the opportunity to build climatological datasets of pre-
cipitation amount, structure, and type. From a hydro-
logical standpoint, measurements of precipitation
amount with high spatial resolution and coverage are
essential (e.g., Smith and Krajewski 1987; Lovejoy and
Schertzer 1990; Gupta and Waymire 1990). From a
meteorological viewpoint, the vertical and horizontal
structures of radar echoes are important indicators of
the organization of the cloud systems producing pre-
cipitation (e.g., Houze et al. 1976; Houze et al. 1990).
From a cloud-physics perspective, it is important to
distinguish between convective and stratiform precip-
itation, which are characterized by different precipi-
tation growth mechanisms (Houghton 1968; chapter
6 of Houze 1993). Distinguishing between convective
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and stratiform precipitation is also important from a
thermodynamic viewpoint, as the vertical distribution
of diabatic heating processes are distinctly different in
convective and stratiform precipitation regions (Houze
1982, 1989; Johnson 1984).

The Next Generation Weather Radar (NEXRAD)
systems currently being installed in the United States
(Crum and Alberty 1993; Crum et al. 1993) are ar-
chetypical of operational weather radars being installed
at locations around the world. By the year 2000, such
radars will be in wide use and will form the basis for
climatological documentation of precipitation at rep-
resentative locations over the globe. To be prepared
for this opportunity, robust data management and
analysis techniques must be developed to extract the
climatological information from the operational data.

The rates at which data are collected at modern op-
erational radar sites are high. At a NEXRAD site, three-
dimensional volume scans are completed every 5-10
min during precipitation. To derive a manageable cli-
matology of the precipitation type, structure, and
amount, we must digest and distill these data. This
paper presents and tests a methodology for this purpose.
From the data of a volume-scanning operational radar
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and an associated rain gauge network, we extract the
following three types of information:

(i) convective and stratiform regions are separated
objectively,

(i1) the vertical structure of the radar echoes is de-
termined statistically, and

(iii) precipitation amount is determined at high (2
km) horizontal resolution.

Algorithms for each of these operations are presented
and tested on a 1-month set of data collected in an
operational mode at Darwin, Australia. One of the
motivations for this study is to provide a methodology
that can be used to create climatological products from
the radar and rain gauge data collected at validation
sites for the Tropical Rainfall Measuring Mission
(TRMM) satellite to be launched in 1997 (Simpson
et al. 1988; Simpson 1988). Darwin is one of the pri-
mary validation sites for TRMM, and our study is, in
part, a pilot study for TRMM validation. Although
our methodology is quite generally applicable to any
state-of-the-art operational radar site, we wish to de-
termine specifically how it will perform for Darwin.

2. Setting for the test—Darwin, Australia, February
1988

Darwin lies just south of the tropical “maritime
continent,” defined as the islands and seas of the In-
donesian—Malaysian archipelago (Ramage 1968). The
region has a monsoonal climate (Holland 1986;
Keenan et al. 1988). The rainy season normally begins
during late December and extends through March. The
mean large-scale flow consists of a cyclonic gyre in the
lower troposphere and an anticyclonic gyre in the upper
troposphere. The general pattern undergoes synoptic-
scale spatial and temporal variations accounting for
the “break” and “active” periods of the monsoon.

During active periods, the center of the cyclonic gyre
is near or south of Darwin, and the low-tropospheric
flow on the north side of the cyclone has a long westerly
oceanic fetch. The period 8-15 February 1988 was such
a monsoonal period. The percentage high cloudiness
(PHC) ' based on the 235-K threshold applied to Geo-
stationary Meteorological Satellite (GMS) infrared
(IR) satellite data and the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) 850-hPa
mean winds show the persistent high cloudiness and
the westerly flow over the ocean just north of Darwin
(Fig. 1a). During this time, precipitation in the vicinity
of Darwin (determined from the rain gauge network
described below) was heaviest (Fig. 2a) and most
widespread (i.e., affected the most gauges, Fig. 2b).

! Percentage high cloudiness is defined as the percentage of all the
pixels at a given location that have a brightness temperature below
a specified threshold temperature over a certain time period.
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During breaks in the monsoon, the cyclonic gyre is
centered north of Darwin, and a dry continental flow
dominates the region around Darwin. The period 19-
26 February 1988 was a break period (Fig. 1b). The
cyclonic gyre was extremely weak, and the cloudiness
was minimal over the monsoon region as a whole.
Nonetheless, the region around Darwin received heavy
and widespread rain on four days during this break
period (Fig. 2).

The precipitation seen on the Darwin radar is of
three main types. 1) During active monsoon periods,
the precipitation typically occurs in oceanic mesoscale
convective systems (MCSs), which consist of ensem-
bles of convective lines and stratiform regions (Mapes
and Houze 1992, 1993). These systems are similar to
the tropical oceanic MCSs observed in GATE? (Houze
and Betts 1981) and MONEX? (Johnson and Houze
1987). 2) During break periods, the precipitating cloud
systems are less frequent and are typical of a continental
origin. They may be intense and are often in the form
of squall lines with trailing stratiform precipitation (e.g.,
Drosdowsky 1984). 3) Over Bathurst and Melville Is-
lands to the north of Darwin (Fig. 3), pronounced
diurnally forced thunderstorms locally known as “hec-
tors” occur (Keenan et al. 1989; Keenan et al. 1990;
Simpson et al. 1993). Keenan and Carbone (1992)
discuss many of the precipitation systems observed in
the vicinity of Darwin.

February 1988 was a suitable period for a test based
on data from the Darwin area. Substantial precipitation
occurred during both active monsoonal and break pe-
riods, and hectors occurred over the islands throughout
the month.

3. The test dataset

During February 1988, the Darwin site (Fig. 3) was
equipped with the National Oceanic and Atmospheric
Administration (NOAA) TOGA* Doppler radar (5-
cm wavelength, 1.65° beamwidth). The radar was lo-
cated at Berrimah (12°27'26"S, 130°55’31"E), about
20 km east-southeast of Darwin; the radar site is 30 m
above mean sea level (MSL).5 The surrounding rain
gauge network, operated by the Australian Bureau of
Meteorology (BMRC), consisted of 22 tipping-bucket
rain gauges, which were more or less evenly distributed
with range from the radar (Fig. 3, Table 1). The rain
gauge data were archived in 1-min time resolution at
the National Aeronautics and Space Administration

2 GARP (Global Atmospheric Research Program) Atlantic Tropical
Experiment. Its field phase was in 1974.

3 Monsoon Experiment. Also part of GARP; its field phases were
in 1978-79.

4 Tropical Ocean Global Atmosphere Program. A 10-year program
of atmospheric and oceanic observations that started in 1985.

5 All heights given in this paper are relative to the mean sea level
(MSL).
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FiG. 1. Percentage of high cloudiness (PHC) less than 235 K based on GMS IR satellite observations (10-
km resolution) over the maritime continent. The mean ECMWF 850-hPa wind field pattern (2.5° resolution)
is overlaid for the same time period. The wind vector scale is 20 m s~! for an arrow 2.5° in length. Darwin
is located at 12°23'S, 130°44°E. (a) Monsoon-type period of 8-15 February 1988, and (b) break-type period

of 19-26 February 1988.

(NASA) Goddard Space Flight Center as part of the
TRMM ground-truth program (Thiele 1988; Thiele
et al. 1992). Rawinsonde soundings were taken every
6 h at Darwin during February 1988. Further descrip-
tion of the radar installation and the rain gauge network
can be found in Keenan et al. (1988), Rosenfeld et al.
(1993), and Short et al. (1993).

The radar calibration was checked electronically ev-
ery few days. Several times a year the radar was cali-

brated with a metal sphere of known cross section flown
on a balloon 3 km away from the radar site. Typically,
the radar reflectivities agreed within 1-2 dB with those
expected from the metal sphere (T. Keenan 1992, per-
sonal communication; see also appendix of Simpson
et al. 1993).

Table 2 summarizes the scan strategies of the Darwin
radar for February 1988. Three-dimensional data are
obtained by scanning the radar through a series of full
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F1G. 2. Rain gauge-based daily mean rainfall information for Feb-
ruary 1988 at Darwin. (a) Areal mean rainfall accumulation. The
monsoon and break periods corresponding to Fig. 1 are indicated.
(b) Number of rain gauge sites (maximum 22 sites) that reported
rain on a given day (histogram), and daily duration of rainfall (max-
imum 24 h) recorded by the rain gauge network at Darwin (curve).

azimuth revolutions at increasing elevation angles. We
use the 12-elevation (tilt sequence) volume scans re-
corded at approximately 0330, 0930, 1530, and 2130
LST (local standard time = UTC + 9.5 h). A total of
116 volume scans were obtained at these times, but 10
had to be withdrawn because of the quality of the re-
corded raw data (i.e., hardware problems), so the anal-
ysis is based on 106 volumes of radar data.

4. Data processing and analysis flowchart

Figure 4 shows a flowchart of the steps we follow in
processing an individual radar volume scan. The raw
reflectivity data obtained by scanning the radar through
a tilt sequence are in spherical coordinates (azimuth,
elevation, and range). They are subjected to quality-
control editing to remove echoes produced by ground
clutter, anomalous propagation, and range aliasing
(e.g., Rinehart 1991). The edited data are then inter-
polated to a three-dimensional Cartesian grid. We de-
scribe the editing and interpolation procedures in sec-
tion 5.

The Cartesian-gridded reflectivities are used as input
to algorithms that result in products describing the in-
stantaneous reflectivity field and its associated precip-
itation. In this paper, we describe algorithms for (1)
separating the convective and stratiform components
of the radar echo pattern (section 6), (ii) characterizing
the vertical structure of the echoes (section 8), and
(iii) relating the reflectivity field to rain rates (section
10). These algorithms are independent; they may be
applied either separately or in combination. In sections
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7-9 we apply and verify the convective-stratiform sep-
aration algorithm. In section 11, we describe the vari-
ability of the monthly rainfall in terms of area covered
by precipitation and total rainfall amounts within land-
ocean and convective-stratiform categories.

5. Editing and interpolation of the radar data

The quality-control editing for this study was done
interactively with the aid of the Research Data Support
System software (RDSS; Brown and Borgogno 1980;
Opye and Carbone 1981) developed and maintained by
the National Center for Atmospheric Research
(NCAR). Future work will employ fully automated
editing. As a test of the sensitivity of the results to the
editing, the entire data analysis presented in this paper
was done twice, once using the edited and then using
the unedited radar volume scans. The unedited reflec-
tivity data produced a 16% larger monthly radar echo
coverage and an 11% increase in areal rainfall com-
pared to the edited data. The spatial distribution of the
error is illustrated in Fig. 5. Second-trip (range-folded)
echoes occurred randomly, equally over ocean and
land. The low-elevation scans usually exhibited ground
clutter echo out to ranges of approximately 50 km.
However, at these ranges the Cartesian gridded data at
the 3-km altitude—the level of analysis for the con-
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FI1G. 3. Geographical map of the Darwin region including the radar
and rain gauge sites. The domain shown (240 km X 240 km) rep-
resents the area of interest to the present study. The NOAA TOGA
Doppler radar, indicated by the solid diamond in the center of the
figure, is located at Berrimah (BER). The dotted range rings indicate
distance from the radar site at 25-km intervals. The positions of the
rain gauge sites are shown by solid triangles and labeled by their
acronyms (Table 1).
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TABLE 1. Rain gauge network in the vicinity of the Darwin radar site, valid for February 1988. Berrimah is the location of the NOAA
TOGA radar installation. The rain gauge locations are expressed relative to the radar site in both a polar and Cartesian coordinate system
having the radar site as its center point. For the exact geographical locations (lat/long) of the rain gauge sites see Short et al. (1993). The
continuous gauge-based rainfall accumulations for February 1988 are listed for each site as well as the radar-estimated monthly rainfall at

that site using the gauge-adjusted GATE Z-R relation (for further details see section 10a).

Distance X y Gauge Radar
Rain gauge site Short Direction (km) (km) (km) (mm) (mm)
Annaburroo ANN 122° 96 81.4 —50.9 263.1 163.4
Batchelor Airstrip BAT 171° 67 10.5 —66.2 179.5 135.5
Bathurst Island BAH 336° 83 —33.8 75.8 195.0 203.0
Bellville Park BEL 188° 34 —4.7 —33.7 227.8 224.1
Berrimah BER 0° 0 0 0 326.2 —
Charles Point CAR 278° 33 —32.7 4.6 176.6 84.3
Dum In Mirie DUM 251° 63 -59.6 -20.5 220.3 247.8
Garden Point Airstrip GAP 335° 130 —54.9 117.8 310.8 685.9
Goodall Mine GOM 150° 97 48.5 —84.0 295.7 45.5
Gunn Point Prison GUP 28° 27 12.7 23.8 2334 221.3
Humpty Doo Navy HUM 113° 43 39.6 -16.8 268.4 153.9
Koolpinyah KOL 75° 28 27.0 7.2 239.4 199.5
La Belle Airstrip LAB 213° 87 —47.4 -73.0 228.8 126.0
Litchfield LIT 204° 119 —48.4 -108.7 149.6 94.8
Mandorah Jetty MAN 275° 18 -17.9 1.6 195.2 91.7
McMinns Lagoon MIL 119° 19 16.6 —-9.2 204.5 277.0
Mt. Bundy MBU 165° 89 23.0 —86.0 267.0 519.8
Old Point Stuart OPS 83° 97 96.3 11.8 174.3 157.4
Pickertaramoor PIC 356° 77 —5.4 76.8 260.1 179.2
Point Stuart Abattoirs PST 99° 91 89.9 —14.2 154.4 83.2
Snake Bay Old SBO 346° 118 —28.5 114.5 68.3 567.7
Woolner WOL 81° 59 58.3 9.2 309.1 151.3
Areal mean rainfall (including Berrimah = radar site) 2249 —
(without Berrimah) 220.1 219.6

vective—stratiform separation (section 6c) and surface
rainfall estimation (section 10)—are not based on the
lowest elevation angles. At distances greater than about
90 km from the radar site—especially over the southern
and southeastern part of the study area—anomalous
propagation, caused by temperature inversions, falsely
produced more rainfall in the unedited radar data. At
these ranges, the 3-km altitude Cartesian-gridded data
are derived almost entirely from the low elevation an-
gles. The most crucial editing was, therefore, that re-
quired to remove the anomalous propagation echoes.

After the radar data have been edited, they are
bilinearly interpolated into a Cartesian grid by means

of the NCAR Sorted Position Radar Interpolation
software (SPRINT; Mohr and Vaughan 1979). The
azimuthal and vertical resolution of the 1.65° Dar-
win radar beam exceeds 1.5 km at ranges larger than
50 km and reaches 3 km at a distance of approxi-
mately 100 km. We interpolate to a Cartesian grid,
which is as close as possible to the average spatial
resolution of the radar data. For most of this study,
we use a 240 km X 240 km Cartesian grid centered
on the radar with a 2-km horizontal and 1.5-km ver-
tical resolution. For some comparisons, we also use
a grid with 4-km horizontal and 3-km vertical res-
olution.

TABLE 2. Radar scan strategies for the February 1988 observation period at Darwin. The basic scan strategies comprise 360° sweeps at
constant elevation angles (plan position indicator, PPI) and vertical cross-section sweeps in a given direction (range-height indicator, RHI).
Several successive PPIs at increasing elevation angles are generally combined into volume scans. Note, the base scan PPI is done using a
different pulse repetition frequency (PRF) and pulse length than the volume scans.

PRF Pulse
Scan type ) (s) Elevations Elevation angles
PPI (base scan) 400 2X 1078 1 0.8°
PPI (partial volume scan) 841 0.5 X 1078 3 0.8°, 2.5°, 4.0°
PPI (volume scan, low) 841 0.5 X 107 12 0.8°,2.5°,4.0°,5.4°, 6.8°, 8.3°, 10.0°, 12.1°,
14.3°, 17.3°, 20.8°, 25.0°
PPI (volume scan, high) 841 0.5 X 1078 7 30.0°, 35.0°, 40.0°, 45.0°, 50.0°, 55.0°, 60.0°
PPI (vertical scan) 841 0.5 X 1078 1 90.0°
RHI 841 0.5 X 1076 0°-60° elevation, variable azimuth directions
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Unedited radar volume scan
in polar coordinates

Quality-control editing

Interpolation

Radar reflectivity
on 3D Cartesian grid

Algorithms:

- convective/stratiform
- vertical echo structure
- conversion to rain rate

Products

FI1G. 4. Analysis flowchart showing the processing steps
for each radar volume scan.

6. Identification of convective and stratiform
precipitation echoes

a. Physical differences between convective and
stratiform precipitation

The first algorithm we apply to the three-dimensional
Cartesian-gridded radar echo field (Fig. 4) separates
the echo into its convective and stratiform components.
Definitions of stratiform and convective precipitation
are given by Houze (1993, chapter 6).° Houghton
(1968) pointed out that the microphysical distinction
between stratiform and convective precipitation lies in

¢ A definition of stratiform precipitation is not given in the Glossary
of Meteorology (Huschke 1959).

STEINER ET AL.

1983

the magnitude of the in-cloud vertical air motions and
the timescale of the microphysical precipitation growth
processes. Most stratiform precipitation falls from
clouds that reach well above the 0°C level,” and ice
particles in the upper levels of the cloud play an im-
portant role in the precipitation process.

Stratiform precipitation is defined to exist when the
vertical air motion satisfies the condition

wl < | Vi, (1)

where V, is the terminal fall velocity of snow particles
(~1-3 m s™!). Under this condition, ice particles in
the upper levels of the clouds must fall; they cannot
be suspended or carried aloft by the air motions as they
grow. It follows that all the growth of the precipitating
particles must occur while they are falling. At higher
levels, the ice particles grow mainly by vapor deposi-
tion. When they descend to within about 2.5 km of
the 0°C level, aggregation and riming can occur. The
aggregation is most frequent within about 1 km of the
0°C level (e.g., Hobbs 1973; Houze and Churchill
1987). Aggregation concentrates the condensate into
large particles, which, upon melting, become large,
rapidly falling raindrops. The layer in which the large
snowflakes melt is often evident on radar by a bright
band of intense echo in a horizontal layer about 0.5
km thick located just below the 0°C level (Ryde 1946;
Austin and Bemis 1950; Wexler and Atlas 1956; Battan
1959, 1973). The bright band, however, is not always
evident on radar since the vertical resolution is usually
incapable of resolving it except close to the radar, and
at the early stages of development of the stratiform
precipitation the bright band may not yet be evident
even though (1) may be satisfied through most of the
radar echo volume (Yuter and Houze 1995a,b,c).

Convective precipitation processes differ sharply
from stratiform processes. The vertical air motion vi-
olates condition (1); w ~ 1-10 m s~ or more, which
equals or exceeds the typical fall speeds of ice crystals
or snow. Precipitation particles grow primarily by ac-
cretion of liquid water. Aircraft observations of ice
particles in the upper levels of convective clouds com-
monly show that the particles in the updrafts grow by
riming (e.g., Matejka et al. 1980; Heymsfield and Musil
1982; Knight et al. 1982; Dye et al. 1983; Churchill
and Houze 1984; Houze and Churchill 1984; Wald-
vogel et al. 1987). Since the strong updrafts in con-
vective clouds are usually narrow and can loft large
particles upward, radar echoes associated with active
convection form well-defined vertical cores of maxi-
mum reflectivity, which contrast markedly with the
horizontal orientation of the radar bright band seen at
the melting level in stratiform precipitation.

" Drizzle or light rain from warm stratus or stratocumulus might
also be considered a type of stratiform rain. However, such warm
stratiform rain is not a significant contributor to global rainfall and
is not considered here.



1984

JOURNAL OF APPLIED METEOROLOGY

100

50

-50

-100

VOLUME 34
(=]
o
A —
£
E,
o
c
2 R}
=
S
3
3 S
= O
O
<
8
g £
3]
o
£
[0)]
& o
C
)]
-
(]
=
o (]

100

Distance East of Radar [km]

F1G. 5. Difference in the monthly rainfall accumulation of unedited versus edited radar data for February
1988 in the vicinity of Darwin, Australia. Except for the quality-control editing step, the edited and unedited
radar volumes are processed identically using the same Z-R relation. The geographical contours are outlined
(heavy line). The range rings (dotted circles) indicate distance from the radar site at 25-km intervals.

b. Methods for distinguishing between stratiform and
convective precipitation in radar echo patterns

1) VERTICAL VELOCITIES AND BRIGHTBAND
METHODS—NOT OPERATIONALLY USEFUL

Several approaches have been tried to distinguish
convective and stratiform precipitation in radar data.
Since the physical distinction lies in the vertical velocity
condition (1), data on vertical motions would be ideal.
However, vertical velocity information is not available
operationally. Therefore, we use radar reflectivity
structure as a proxy to indicate whether or not con-
dition (1) is satisfied.

Some methods use the radar reflectivity bright band
to identify stratiform precipitation (Collier et al. 1980;
Rosenfeld et al. 1995). However, this approach is se-
verely limited for two reasons:

1) Because the radar beam widens with distance
from the radar, the vertical resolution of the data are
adequate to distinguish the bright band only at near
range®—usually less than 100 km (Andrieu and Creu-

8 Since the bright band typically has a vertical extent of only a few
hundred meters (Matsuo and Sasyo 1981; Steiner and Waldvogel
1989; Fabry et al. 1994), the vertical resolution of the radar beam
should be comparable to clearly distinguish the bright band. A radar

tin 1995), depending on the radar beamwidth. This
limitation severely reduces the area over which the
bright band can be detected, and any algorithm using
this criterion is thus dependent on the location of the
radar with respect to the precipitation. This limitation
is reduced in the case of airborne (e.g., NOAA WP-
3D tail Doppler radar and the ELDORA system
mounted on the NCAR Electra) or spaceborne radars
(TRMM precipitation radar) since these platforms
move across areas of precipitation while scanning either
in a vertical cross-section mode or by looking down-
ward through the precipitation. A brightband identi-
fication may be more useful for such radars on moving
platforms. However, for any ground- or ship-based ra-
dar this approach is not robust.

2) The bright band is only well defined when the
stratiform precipitation is well developed. Regions in
which stratiform precipitation is in an early or late stage
of development or where stratiform precipitation is in-

with a 1.5° beamwidth has a vertical resolution of 1.5 km at a distance
of 60 km and at least 3 km at ranges of 120 km and farther. Though
a maximum in the vertical reflectivity profile might be recognized at
the melting level out to ranges of maybe 100 km, it is not necessarily
a brightband signature that has been observed. For example, embed-
ded convection could easily be mistaken for a bright band at coarse
vertical resolution.
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termingled with convective precipitation often do not
clearly exhibit a bright band (e.g., chapter 11 of Rogers
1979; Houze and Betts 1981; Yuter and Houze 1995b).

For these two reasons, a method that identifies only
the brightband regions as stratiform and classifies the
remainder of the precipitation as convective will un-
derestimate the stratiform component of the precipi-
tation and overestimate the convective part. Obser-
vation of a bright band is a sufficient but not a necessary
condition for a region to be stratiform. Overemphasis
of the bright band as a criterion could partially explain
the low percentage of stratiform precipitation found
by Rosenfeld et al. (1995).

The observation of a bright band may be used as a
check to assure that a region with a bright band is not
falsely identified as convective (see section 6d), but it
cannot be used as the sole criterion to determine
whether a region is stratiform.

2) HORIZONTAL RADAR ECHO STRUCTURE

Since vertical velocities are generally not available
and brightband methods are limited in applicability,
the horizontal structure of precipitation is the only re-
maining criterion on which to base a convective-strat-
iform separation algorithm. Several techniques have
been tried.

Time continuity can be useful. If a system maintains
an archetypical squall-line structure over a period of
time, the leading convective and trailing stratiform re-
gions can be identified and tracked semi-objectively
(Houze 1977; Gamache and Houze 1982, 1983; Houze
and Rappaport 1984; Wei and Houze 1987; Chong
and Hauser 1989; Rutledge and MacGorman 1988;
Biggerstaff and Houze 1991; Johnson and Hamilton
1988). However, this approach is limited to a particular
type of storm. Cheng and Houze (1979) and Leary
(1984) used time continuity to determine if an echo
pattern was fluctuating rapidly or slowly in time. If a
pattern showed both small-scale spatial and temporal
variability it was dubbed convective. Other precipita-
tion was defined as stratiform. This technique is la-
borious and computationally intensive since all echoes
must be tracked in time. It is therefore impractical for
a large operational dataset.

A simpler and more practical method of distin-
guishing between convective and stratiform precipi-
tation is to use the horizontal structure of the precipi-
tation field. Houze (1973), Churchill and Houze
(1984), and Steiner and Houze (1993) have developed
such a method. The algorithm we describe and test in
this paper is the latest refinement of this technique.
The basic idea of this method, which is fully automated,
is to search for peaks of rain rate (or reflectivity). If
the peaks satisfy specified criteria regarding the ratio
of the peak rain rate to the surrounding background
rain rate, then the peaks (plus a specified surrounding
rain area) are categorized as convective. After all peaks

STEINER ET AL.

1985

and surrounding areas have been located and identified
as convective, the remainder of the precipitation is cat-
egorized as stratiform. Since this method searches for
convective precipitation and defines the remainder as
stratiform, it differs fundamentally from a method em-
ployed by Rosenfeld et al. (1995), which uses the
brightband signature to classify precipitation. The Ro-
senfeld method implicitly searches for stratiform pre-
cipitation and defines the remainder as convective.

Steiner and Houze (1993) slightly modified the
Churchill and Houze (1984 ) separation technique to
work with the reflectivity field, searching for pixels that
have radar reflectivity exceeding the background by
4.5 dB (which corresponds approximately to the factor
of 2 in rain rate used by Churchill and Houze). This
procedure allows the separation of stratiform and con-
vective rain areas to be done before any Z-R relation-
ship is applied to convert the echo field to a rain rate
field. This order of analysis and computation makes
the convective-stratiform separation algorithm com-
pletely independent of whatever technique is used to
convert the reflectivity to rain rate.

¢. The improved method for separating stratiform
and convective radar echoes

The study of Steiner and Houze (1993 ) showed that
1) a convective-stratiform separation methodology of
the type designed by Churchill and Houze (1984) is
sensitive to the horizontal spatial resolution of the data.
2) The Churchill and Houze scheme tends to overes-
timate the area identified as convective precipitation.
The latter finding was obtained by applying the Chur-
chill and Houze scheme to the Darwin February 1988
data and then visually inspecting the three-dimensional
structure of many single radar volumes. Several echo
cores in the range of 20-30 dBZ were classified as con-
vective even though they exhibited a well-defined
brightband signature. To overcome this tendency and
to apply the technique on a 2-km grid resolution, we
have further modified the separation technique.

The revised criteria for identifying convective pre-
cipitation are

o Intensity: Any grid point in the radar reflectivity
field with reflectivity of at least 40 dBZ is automatically
labeled as a convective center, since rain of this inten-
sity could practically never be stratiform.

o Peakedness: Any grid point in the radar reflectivity
field not identified as a convective center in the first
step, but which exceeds the average intensity taken over
the surrounding background by at least the reflectivity
difference depicted in Fig. 7 is also identified as a con-
vective center. The background intensity is determined
as the linear average of the nonzero radar echoes
(mm® m™~3) within a radius of 11 km around the grid
point (Fig. 6a). The area covered by the circle is roughly
the same as the square regions used by Churchill and
Houze (1984): roughly 400 km?.
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FI1G. 6. (a) Schematic diagram showing how convective grid points
are identified. The lightly shaded circular area indicates the area within
the background radius surrounding a given grid point (bold point in
the center of the figure). The darker-shaded area represents the area
around the convective center—if identified as such—that is included
as convective area. The radius of this convective area is a function
of the average reflectivity within the background radius. (b) The con-
vective area radius as a function of the mean background reflectivity.
Three different relations are tested (large—dotted, medium—-heavy,
small—dashed line) as discussed in the text. Dots are spaced 2 km
apart corresponding to Cartesian grid resolution of the radar data.

e Surrounding area: For each grid point identified
as a convective center by one of the above two criteria,
all surrounding grid points within an intensity-depen-
dent convective radius around that grid point are also
included as convective area (Fig. 6b).

The separation is performed on Cartesian-gridded
reflectivity data at 3-km altitude, which is high enough
to provide radar data out to ranges of about 140 km
and still low enough not to be seriously affected by the
brightband signature—the 0°C level in the Tropics is
usually around 5-km altitude. In the environment of
Darwin, evaporation between the surface and 3 km
does not significantly change the precipitation pattern
at those levels.’ In midlatitudes, characterized by a
much more variable height of the 0°C level and some-

? The effect of evaporation is strongest on the smallest droplets,
while the radar reflectivity and rain rate are determined mainly by
the larger drops.
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times significant evaporation, the convective-strati-
form separation technique will have to be applied at a
lower level.

The reflectivity difference by which a given radar
echo must exceed the background intensity in its local
environment to become identified as a convective cen-
ter (Fig. 7) has been tuned for the radar data collected
during February 1988 at Darwin, Australia. Vertical
and horizontal cross sections in 18 of the 106 radar
volume scans were inspected to determine the strati-
form and convective parts of the precipitation systems.
The radar volumes selected represent all the major
rainfall events that occurred during February 1988. The
objective convective-stratiform separation method has
been iteratively adjusted to match the manual identi-
fication as closely as possible. The result is the curve
shown by the solid line in Fig. 7. This curve is the
difference AZ between the reflectivity at a grid point
and the background reflectivity Zp,, which must be
exceeded for the grid point to be designated as a con-
vective center in the second step above. The curve is
given by

10, Zn <0
AZ = {10 — Z%,/180, 0 < Zp, <4243, (2)
0, Zy, = 4243

where AZ is in decibels and Z,, in dBZ. For compar-
ison, the convective center peakedness criteria used by
Churchill and Houze (1984) and Steiner and Houze
(1993) are also shown in Fig. 7.

Figure 8a shows an example of a horizontal radar
reflectivity pattern collected at Darwin with the areas
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FIG. 7. Peakedness criteria—i.e., reflectivity difference between the
gridpoint and mean background—used for convective center iden-
tification. In the present study (solid curve), the peakedness criterion
is a function of the mean background reflectivity. Points along and
above this curve are classified as convective centers. The constant
peakedness criteria used by Churchill and Houze (1984) and Steiner
and Houze (1993) are indicated by the dashed and dotted lines, re-
spectively.
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FiG. 8. (a) Horizontal radar reflectivity field at the 3-km altitude, and (b) areas identified as convective (red) and stratiform (green) by the
objective separation algorithm. The radar volume scan shown was recorded at Darwin, Australia, on 0607 UTC (1537 LST) 12 February
1988. The red line indicates the position of the vertical cross section shown in Fig. 8c. The cross section has a horizontal extent of 160 km.

identified by the separation algorithm as convective
and stratiform, indicated in Fig. 8b. The vertical cross
section along the solid line in Figs. 8a and 8b is shown
in Fig. 8c. The region identified as convective at about
50-60 km south-southwest of the radar appears as a
distinctly vertically oriented reflectivity maximum in
the vertical cross section, while the region classified as
stratiform (to the east of the radar) exhibits a radar
bright band across most of its breadth.

The iterative tuning to obtain the curve in Fig. 7 for
Darwin, February 1988, calibrates the convective-
stratiform separation technique against the vertical
structure of radar echoes in regions where it is possible
to detect a bright band. Our algorithm thus minimizes
false convective identification while using a technique
that is uniformly applied over the whole field of data.

Experience with tuning the convective precipitation
identification algorithm for other datasets indicates that
both the first (intensity ) and second ( peakedness) cri-
teria may need to be modified to best distinguish con-
vection for a particular geographic location (precipi-
tation regimes) and radar (scanning strategies, beam-
width, sensitivity, etc.). The third (surrounding area)
criterion appears to be primarily a function of grid res-
olution rather than precipitation regime. Once the
convective identification algorithm is tuned for a par-
ticular location and radar with a representative dataset,
it does not need to be retuned month to month.

d. Sensitivity tests

In this section we examine the sensitivity of the con-
vective-stratiform separation to the grid resolution of



1988

the radar data, and to the size and shape of the con-
vective area surrounding a pixel identified as a con-
vective center. Table 3 lists the versions of the algorithm
used to make these sensitivity tests, which are per-
formed on the month-long dataset from Darwin, Feb-
ruary 1988.

Cases la and 1b represent the Churchill and Houze
(1984) version of the convective-stratiform separation
method. Case 1a uses the method in its original form
(4-km horizontal resolution ), while case 1b applies the
technique on a 2-km horizontal resolution grid. The
background and convective areas are squares centered
on the convective core. Cases 2a-e apply the current
version of the separation technique under five sets of
conditions. For these cases, the background and con-
vective areas are circular. The background area is the
set of pixels having their center points within a radius
of 11 km of the grid point of investigation (336 km?
for the 4-km grid and 388 km? for the 2-km grid). The
radius of the convective area surrounding a convective
center is variable, depending on the background re-
flectivity at the convective center (Fig. 6b). Cases
2a-e differ in the grid resolution and size of convective
area. Four convective area sizes are considered. Case
2b includes only the convective center pixel in the
convective area. In cases 2c-e, we denote the convec-
tive area size as small, medium, or large according to
Fig. 6b.

Examination of vertical cross sections such as in Fig.
8c suggests that case 2d is the most reliable separator
of convective and stratiform echoes for a 2-km reso-
lution grid (further discussion below and in section 9).
Most of the results presented in this paper are therefore
based on case 2d. The other cases illustrate the perfor-
mance of the technique under alternative sets of as-
sumptions.

The convective contributions to the monthly total
radar echo area coverage and accumulated areal rainfall
that resulted from the various cases investigated are
given in Table 3. The convective fractions of the
monthly areal rain amount indicated in the table were
determined by converting radar reflectivity to rainfall
rate by means of the single power-law method {section
10a, Eq. (5)]. Use of a different Z—R relation does not
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substantially change any conclusions implied by Table
3. The general sensitivity of the results to the choice
of Z-R relation is discussed in section 1.

The following results are gleaned from Table 3:

o Cases 1a and 2d compare the Churchill and Houze
(1984) method and the basic version of the method
introduced in this paper. The difference in the monthly
convective rainfall contribution is 7%. However, the
convective area contribution is down from 30% to 12%
in the present method—that is, the Churchill and
Houze method incorporates more light rain area in the
convective areas.

e Cases la and 2d are the cases in which the algo-
rithm was run on data with the grid resolution the al-
gorithm was designed for. Comparison of cases 1a with
1b and cases 2a and 2d demonstrate the effect of ap-
plying these methods to another grid resolution without
retuning the algorithm. When the algorithm is designed
Jfor a lower-resolution grid, it identifies too much area
as convective if run on a higher grid resolution, since
the higher-resolution data reveal more details in the
reflectivity pattern—and vice versa.

e Cases 2b-e demonstrate the sensitivity of the al-
gorithm to how large a region around a convective
center was included as convective area. The inclusion
of no area around the convective cores (case 2b)—
using only the identified convective center pixel—re-
sulted in just 3% of the monthly total area coverage
and less than 40% of the one-month rainfall accumu-
lation identified as convective. Including a small region
surrounding the convective center raised the convective
rain fraction to 54%. An extremely large area around
the convective cores (case 2¢) produced a convective
rainfall fraction of 62%. Our best estimate (case 2d)
of the convective rainfall contribution is approximately
60% for the Darwin February 1988 data.

The sensitivity of the calculated monthly convective
rain amount to the prescribed size of the convective
rain area surrounding each convective center seen by
comparing cases 2b-e indicates that this parameter
must be accurately calibrated for the overall method-
ology to be accurate. We use the vertical structure of
the radar echo as a check on the accuracy of the tech-

TABLE 3. Summary of the convective-stratiform separation algorithms tested in this study. The cases differ in grid resolution, shape of
background area, and size of the convective area included around a pixel identified as a convective core by the separation algorithm. The
conversion of the radar reflectivity to rainfall rate is with the single power law in Eq. (5). )

Grid resolution

Convective fraction of Convective fraction of

Case hor./vert. (km) Background area Convective area echo area rain volume
la 4/3 20 km X 20 km 12 km X 12 km 30% 66%
1b 2/1.5 22 km X 22 km 10 km X 10 km 43% 77%
2a 4/3 11-km radius medium 7% 47%
2b 2/1.5 11-km radius 1 pixel only 3% 38%
2c 2/1.5 11-km radius small 9% 54%
2d 2/1.5 11-km radius medium 12% 59%
2e 2/1.5 11-km radius large 16% 62%
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nique. As noted in section 6b, the presence of a bright
band in a vertical profile of radar reflectivity is a suf-
ficient (though not a necessary) condition for an in-
dication that the precipitation is stratiform. Hence, if
a region identified by the algorithm as convective con-
tains a brightband signature, the algorithm is in error.
We have systematically searched the convective areas
identified by our separation algorithm for instances of
such false convective identification.

We do not examine cases with a lower-resolution
grid (vertical resolution of 3 km) since a vertical res-
olution of at least 1.5 km is needed to reveal the bright-
band signature in the Cartesian-gridded radar volumes
(Steiner and Houze 1993). For all the cases with 1.5-
km vertical resolution (corresponding to a 2-km hor-
izontal resolution), the bright band and its strength
have been determined for grid points in the horizontal
reflectivity field. Calculations were made only within
a 100-km range of the Darwin radar. At greater range,
the radar beam cannot resolve a bright band reliably.
For each vertical column in the three-dimensional re-
flectivity volume, it was first determined if the maxi-
mum reflectivity occurred within the height range of
3-5.5 km (i.e., at either the 3- or 4.5-km level). If this
was the case, the maximum reflectivity was located in
the vicinity of 5-km altitude (the 0°C level for February
1988 %) and likely corresponded to a bright band. The
brightband strength was determined by taking the
minimum of the difference between the maximum re-
flectivity and the reflectivity at grid points immediately
above and below.

Table 4 shows the percentage of incorrect classifi-
cation of the precipitation type (i.e., stratiform rainfall
falsely identified as convective) with respect to the
presence of a brightband signature. The percentages
shown in Table 4 represent the number of radar echo
pixels classified as convective but exhibiting a clear
brightband signature in the reflectivity profile above
that pixel, compared to the total number of pixels that
showed a bright band in their local vertical reflectivity
profile. With the current technique for separating the
two distinct precipitation types, but without including
any convective area around the cores (case 2b), only
2% of actual stratiform rain area (exhibiting a bright-
band signature) is falsely identified as convective for
the entire month of February 1988. Increasing the size
of the area surrounding the convective cores that was
included as convective area by the algorithm (cases
2c-¢) increased the number of improper classifications.
From visual inspections of the radar data, we are most
confident of the separation scheme that includes a me-
dium-sized convective area around the cores (case 2d).
But, even with a relatively large area included around

' The sounding-based, monthly mean pressure at the freezing level
for February 1988 at Darwin was about 550 hPa, with a standard
deviation of +20 hPa.
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TABLE 4, Number of pixels with falsely classified precipitation
type—i.e., precipitation echoes exhibiting a clear brightband signature
that were identified as convective rainfall by the separation
algorithm—expressed as a percentage of the total number of pixels
that show a bright band in their vertical reflectivity profile. “Working
height” is the altitude at which the convective—stratiform separation
method is applied.

Brightband strength

Case Working height >2 dB >5dB
2b 3 km 2.2% 1.8%
2c 3 km 5.4% 5.1%
2d 3km 7.0% 6.4%
2e 3 km 8.6% 8.0%
2d 1.5 km 6.4% 5.8%

the grid points identified as convective cores (case 2¢),
the current algorithm produces misclassifications less
than 10%.

This last conclusion is especially significant for
TRMM. Tao et al. (1993) suggest that the uncertainty
in identifying stratiform and convective precipitation
should be less than 10% in order to use the TRMM
precipitation data in model-based estimates of the ver-
tical profile of heating associated with tropical precip-
itation.

Note that we have now used the brightband infor-
mation, where it is available, to calibrate both the lo-
cation of convective centers and the size of the con-
vective area surrounding the center. As a final test, we
run the convective-stratiform separation analysis (with
a similar configuration as case 2d) on the data at the
1.5-km height level. The results were very comparable
to the ones obtained by case 2d; only the result of the
brightband check is shown in Table 4. This result sug-
gests that any level below the bright band can be used
to make the convective-stratiform separation as long
as the data have undergone a quality-control process
to remove spurious echoes. The analysis level *! should
be selected in consideration of the radar scan strategy
(how much area is covered by radar at a given altitude )
and the meteorological conditions of the precipitation
regime (0°C level) (sections 5 and 6c).

7. Application of the convective-stratiform
separation algorithm to the data of Darwin,
February 1988

After the three-dimensional interpolated Cartesian-
gridded radar reflectivity values have been partitioned
into their stratiform and convective elements, we de-
termine the frequency distribution of radar reflectivity

! The analysis level is not necessarily restricted to a horizontal
map of gridded reflectivity. Under some circumstances it may be
appropriate to use a Cartesian-gridded low-elevation 360° sweep (PPI)
instead.
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at each altitude of the three-dimensional data volume.
Figure 9 shows the reflectivity frequency distributions
for February 1988 at Darwin for two heights (3 and 9
km). The lower altitude is below the 0°C level and
represents rain. The distributions are stratified by
whether the precipitation was convective or stratiform
according to the separation algorithm.

In the rain (Fig. 9a), the distributions of the strati-
form and convective radar reflectivity are well sepa-
rated, by about 15 dBZ. However, the two frequency
distributions overlap in the range 20-35 dBZ. This
overlap is significant since the rain in this reflectivity
range contributes 50% to the monthly total echo area
coverage and 46% to the month’s rainfall accumulation
[estimated by using Eq. (5) of section 10a]. While
stratiform rainfall seldom exceeds 10 mm h~' (~35
dBZ), as pointed out by Short et al. (1990) and Ro-
senfeld et al. (1994), rainfall intensities below that
value may be of a convective nature (Fig. 9a). For this
reason, and because the reflectivity-rain rate conver-
sion is not unique (see discussion in section 10), a
simple reflectivity threshold method to separate con-
vective from stratiform precipitation is insufficient.

8. Vertical structure

a. Frequency distribution as a function of altitude—
CFAD representation

The second type of information we extract from the
radar data [see item (ii) in section 1] is the vertical
structure of the radar echoes. The algorithm we apply
to the three-dimensional gridded reflectivity data to
summarize vertical structure is simply the frequency
distribution of gridded reflectivity values at a given al-
titude. The frequency distribution of the radar reflec-
tivities observed at higher altitudes is in general different
from that at low levels. These statistical differences must
be preserved when summarizing the vertical structures
exhibited by a large climatological sample of radar
echoes.

Figure 9b shows the frequency distributions of con-
vective and stratiform reflectivity at the 9-km altitude
for the Darwin February 1988 data. These distributions
may be compared to those at the 3-km level (Fig. 9a,
section 7). The convective distribution is as wide as at
low levels, but shifted toward the stratiform curve.
However, the stratiform reflectivities are very narrowly
distributed and peak at 10-15 dBZ. Although the
stratiform and convective modes at the higher level are
much closer than at 3 km, the mean reflectivity values
remain about 10 dBZ apart (section 8b).

Frequency distributions of reflectivity can be plotted
for altitudes other than 3 and 9 km (Figs. 9a and 9b).
Instead of plotting them all separately, however, we
display them in a common plot called a “contoured
frequency by altitude diagram” (or CFAD; Yuter and
Houze 1995b). To indicate how a CFAD is con-
structed, Fig. 10a shows a frequency distribution of the
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FIG. 9. Frequency distributions of radar reflectivity for February
1988 at Darwin. (a) Convective and stratiform frequency distributions
of reflectivity at the 3-km altitude, and (b) convective and stratiform
frequency distributions of reflectivity at the 9-km altitude. The vertical
dotted line in (a) indicates where a rain-rate threshold of 10 mm h™!
would separate convective and stratiform precipitation.

radar reflectivity values at a given height and time.
Similar histograms for all heights at the same time are
then plotted and lined up, one behind the other, and
shown in perspective view in Fig. 10b. The actual
CFAD (Fig. 10c) views the perspective statistical dis-
tribution of radar reflectivity with height from the top,
by showing the contours of the topography of the per-
spective diagram.

Figure 11 shows the total, convective, and stratiform
CFAD:s for the Darwin February 1988 data. The total
CFAD (Fig. 1 1a) represents the frequency distribution
of reflectivity with height for all data used in this study.
The contours in the CFADs show how the frequency
distribution varies with height. The CFADs shown in
Figs. 11b and 1l1c represent the ensemble of all the
reflectivity volumes centered vertically above the con-
vective and stratiform areas, as identified by the sep-
aration algorithm for each single radar volume inves-
tigated for February 1988. The distributions in Fig. 9a
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FI1G. 10. Statistical presentations of reflectivity data from a three-dimensional volume of radar data collected on
2139 UTC 15 August 1991 during CaPE (Florida). (a) Single-level histogram of radar reflectivity at 8-km altitude. The

histogram bin width is 5 dBZ. (b) Perspective view of the

frequency by altitude diagram of radar reflectivity obtained

by lining up histograms such as the one shown in (a) for all altitudes. The heavy line corresponds to the single-level
histogram at 8 km shown in (a). (c) Contoured frequency by altitude diagram (CFAD) of reflectivity, which is a top
view of (b). The topography of the frequency distribution of reflectivity is contoured at intervals of 2.5% of data per
dBZ per kilometer with the 5% dBZ™' km™! contour highlighted. The horizontal dashed line at 8 km corresponds to

the data contained in the single-level histogram shown in

and 9b are indicated by the dotted lines at the 3- and
9-km levels.

Yuter and Houze (1995) characterized the tran-
sition of convective to stratiform precipitation as de-
picted in CFADs. They found that radar volume
scans taken in stratiform precipitation exhibited
narrow reflectivity distributions at all heights, while
convection—especially in early stages—showed
wider reflectivity distributions. The result of Yuter
and Houze was, however, based on a single case. The
narrower reflectivity distribution of stratiform pre-
cipitation is nonetheless evident in comparing our
Fig. 1 1c with Fig. 11b. Thus, even when all the data
for the whole of February 1988 are combined, the
CFAD shows a narrower distribution in the strati-
form subsample. As seen previously in a detailed case
study, this structure, preserved afier extensive data
processing and combining data for a whole month,
is a further indication that the convective-stratiform
separation algorithm is performing well and that the
CFAD is a reliable way to represent this structure in
a summary fashion.

(a). (Adapted from Yuter and Houze 1995b.)

b. Vertical profile of mean reflectivity—A monthly
bright band

Figure 12 shows the monthly mean vertical reflec-
tivity profiles averaged over the stratiform and con-
vective areas, respectively. The stratiform and convec-
tive mean profiles of radar reflectivity exhibit a very
similar shape, except for the brightband maximum seen
in the stratiform profile at about the 4.5-km altitude.
The stratiform profile is almost parallel to the convec-
tive profile above the 0°C level. Both profiles show a
reflectivity decrease with increasing height of approx-
imately —2.5 dBZ km™' in the range of 5-9 km in
altitude (~0°C to —20°C). However, the curves are
offset by about 10 dBZ. This reflectivity lapse rate is
comparable to the —3.5 dBZ km™! reported by Zipser
and Lutz (1994) for continental monsoon break pe-
riods at Darwin and the —3 dBZ km™ of New England
thunderstorm rainfall found by Donaldson (1961).
Those studies, however, were based on median (rather
than mean) profiles, and they considered only the cores
of maximum reflectivity; that is only the outliers of
the reflectivity distribution.
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FiG. 11. Climatological contoured frequency by altitude diagrams
(CFADs) of radar reflectivity for the volume scans collected at 6-h
intervals during February 1988 by the operational radar at Darwin,
Australia. CFAD bin size is 5 dBZ. The contours are at intervals of
0.5% of data per dBZ per kilometer, starting with the 0.5%
dBZ~' km™' contour. The 3% and 6% dBZ™' km™' contours are
highlighted. (a) All radar reflectivity data used in this study, (b) con-
vective radar reflectivity echoes only, and (c) stratiform radar reflec-
tivity echoes only. The dotted horizontal lines in (b) and (c) indicate
the altitudes of the reflectivity frequency distributions shown in Fig.
9. The CFADs are truncated at the altitude where the number of
points (per height level) drops below 10% of the maximum number
of points at any level.

In view of the fact that an entire month of data,
encompassing a wide variety of precipitation situations,
has gone into these mean profiles and that the data
have been subjected to several processing steps (inter-
polation to a Cartesian grid, separation into stratiform
and convective components, and averaging over a long
time period ), the appearance of the radar bright band
in the stratiform profile is yet another indication that
the convective-stratiform separation was done properly
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and gives us considerable confidence in our algorithm
as a whole.

9. Verification of the physical consistency of the
convective-stratiform separation—Application to
CaPE data

The physical basis for separating convective and
stratiform precipitation is the magnitude of the vertical
air motion, as discussed in section 6a. Stratiform pre-
cipitation occurs where the vertical air motion satisfies
(1). Since information about the vertical air motions
is generally not available on a routine basis, it is difficult
to verify whether our convective~stratiform separation
based on radar reflectivity structure actually identifies
stratiform and convective regions consistent with the
vertical velocity definition.

In this section, we take advantage of an opportunity
to verify that our separation algorithm based on radar
echo structure is consistent with condition (1). We use

. a high-resolution dual-Doppler radar dataset collected

on 15 August 1991 during the Convection and Precip-
itation / Electrification Experiment (CaPE) conducted
in east-central Florida (' Yuter and Houze 1995a). Yuter
and Houze analyzed the data on a high-resolution grid
(500 m in the horizontal and 400 m in the vertical).
The domain covered by the dual-Doppler radar data
is about 40 km X 40 km.

We apply our convective-stratiform separation al-
gorithm to two of the dual-Doppler radar volumes col-
lected on 15 August 1991. The separation is done at
2.8-km altitude on a 2-km horizontal resolution grid-
ded reflectivity field, as in case 2d (sections 6¢c and 6d).
Figure 13 shows the radar reflectivity and correspond-
ing convective—stratiform fields for the two volumes
investigated. At 2155 UTC, the storm was in a well-
developed convective stage, while at 2237 UTC con-
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FI1G. 12. Mean vertical profiles of radar reflectivity averaged over
the areas identified as convective (long-dashed line) and stratiform
(solid line) precipitation for February 1988 at Darwin. The profiles
are truncated similarly to Fig. 11. The dotted line represents a re-
flectivity lapse rate of —2.5 dBZ km™".
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F1G. 13. Horizontal radar reflectivity pattern and objective precip-
itation classification at 2.8-km altitude for two dual-Doppler radar
volumes collected on 15 August 1991 during CaPE. (a) Radar re-
flectivity pattern at 2155 UTC and (b) reflectivity pattern at 2237
UTC. (c) Convective and stratiform precipitation regions at 2155
UTC and (d) convective and stratiform precipitation regions at 2237
UTC. The horizontal resolution of the data shown in the 40 km
X 40 km domain is 2 km.

no echo convective

vection was already decaying and most of the radar
echoes in the domain exhibited stratiform rainfall
characteristics.

The high-resolution radar reflectivity and vertical
air motions for the convective and stratiform regions
shown in Fig. 13 were combined and are shown in
CFAD format in Fig. 14. The panels to the left show
the reflectivity distributions, while the vertical air mo-
tions are shown on the right. The top panels illustrate
the total CFADs, the center panels represent the con-
vective CFADs, and the bottom panels the stratiform
CFADs. These CFADs demonstrate that the separation
of the convective and stratiform precipitation based on
the low-level radar reflectivity pattern and using our
separation algorithm produces results that are consis-
tent with the physical basis that defines convective and
stratiform precipitation. The vertical air motion distri-
bution of the precipitation areas identified as convective
is very wide, exhibiting frequent values larger than +5
m s~ (Fig. 14d), while the stratiform CFAD is nar-
rower and centered near zero (Fig. 14f). The convective
reflectivity distribution (Fig. 14c¢) peaks at higher in-
tensities and is also much wider than the stratiform
(Fig. 14e). The vertical air motions seen in the strat-
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iform areas in general satisfy condition (1). Thus, the
convective—stratiform separation applied to reflectivity
data (Fig. 13) is verified by vertical velocity data (Fig.
14).

10. Relating radar reflectivity to rainfall intensity

The third type of information we obtain from the
radar data [item (iii) in séction 1] is the precipitation
amount. Several algorithms exist for this purpose. We
have experimented with the available techniques, and
we now describe the results of these experiments. Before
doing so, however, we note two things:

e The separation into convective and stratiform
components and the determination of vertical structure
of the radar echo field is unaffected by the method used
to estimate the low-level rainfall rate. Our stratiform~
convective separation and vertical structure method-
ologies can be combined with any radar rainfall esti-
mation technique.

® All of the available algorithms for converting radar
reflectivity Z to rain rate R depend on the combination
of the radar data with data from a rain gauge network.

Radar reflectivity is related physically (through
Rayleigh scattering theory) to rainfall rate. However,
the rain detected by the radar is not identical to the
rainfall reaching the earth’s surface, since the radar
beam is generally well above the surface. In addition,
the reflectivity measurements suffer from various beam
geometry and range effects (see, e.g., Wilson and
Brandes 1979; Zawadzki 1984; Austin 1987; Joss and
Waldvogel 1990; Smith 1990). Rain gauges provide a
better (though still imperfect) measure of precipitation
at the surface—but only at a few points. Radar, on the
other hand, provides areal coverage and high spatial
resolution. Therefore, the only viable way to measure
rain is to combine the radar and rain gauge informa-
tion. The data from the rain gauge calibrate the radar
rain estimates from reflectivity in the vicinity of the
gauge. The more rain gauges in a network, the more
points can be calibrated in the radar data.

In the tests described below, we find that the way in
which a relation between Z and R is formulated is not
crucial, as long as some form of rain gauge adjustment
is performed.

a. Single power-law method

The relation between radar reflectivity Z and rainfall
rate R is physically related to the raindrop size distri-
bution. Since both Z and R are different functions of
the drop size, this relationship is not unique, though
strongly correlated. The Z—R relation is often described
by a power law:

Z = aR", (3)
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Fi1G. 14. Contoured frequency by altitude diagrams (CFADs) of radar reflectivity and vertical air motion for the two
dual-Doppler radar volumes shown in Fig. 13. Data for both volumes at full resolution {500 m X 500 m X 400 m) are
combined in the CFADs. (a) CFAD of reflectivity and (b) CFAD of vertical velocity for all radar echoes in the combined
volume. Grid locations within the three-dimensional volumes are classified as either convective or stratiform ‘by their
horizontal location using the convective-stratiform maps in Figs. 13¢ and 13d. (c) and (d) Show the CFAD:s of reflectivity
and vertical velocity for convective regions, and (e) and (f) show the CFADs of reflectivity and vertical velocity for
stratiform regions. For reflectivity CFADs, the bin size is 5 dBZ and the plot is contoured at intervals of 2.5% of data
per dBZ per kilometer with the 5% dBZ™! km™! contour highlighted. In the vertical velocity CFADs, the bin size is 1
m s~ and the plot is contoured at intervals of 5% of data per meter per second per kilometer with the 10% m~' s km™!

contour highlighted.

where Z is the equivalent radar reflectivity factor
(mm® m™3), R is the rainfall intensity (mm h™"),
and o and @ are positive numbers determined em-
pirically, usually from measurements of the size
spectrum of raindrops in a given precipitation re-
gime. Observations indicate that « varies over a
range of a few hundred units (e.g., Battan 1973, 88-
97). The factor 8, on the other hand, is microphys-
ically limited to the range of 1 < 8 < 3 (Smith and
Krajewski-1993; Smith 1993). The Z-R relation-
ship most commonly applied to tropical precipita-
tion is

Z =230R'%, (4)

This power-law relation was derived for oceanic trop-
ical precipitation observed during GATE (Austin et al.
1976; Hudlow 1979).

We obtain a .rain gauge-adjusted version of
(4) by forcing the monthly areal mean rainfall
estimated by radar data obtained in the vicinity
of rain gauge sites to match the rain gauge—based
area-average rain accumulation by using a constant
multiplicative correction factor in (4). The contin-
uous rain gauge measurements at the 22 sites
around Darwin (Fig. 3, Table 1) approximate the
areal mean rainfall for February 1988 as 225 mm.
(Note that this average applies only to the gauge sites,
not to the entire field of view of the radar, which
includes a large oceanic region not covered by rain
gauges.) _

The radar-based rainfall estimates at each gauge site
are obtained from the radar reflectivities for pixels
within a circular “window” of specified radius sur-
rounding the rain gauge site (Fig. 15). The radar-based



SEPTEMBER 1995

A Raingauge Site

Window at Gauge Site
Radius = 3.5km

10 km

FIG. 15. Schematic diagram indicating how the radar information
near the rain gauge sites (triangles) is used for calibration of the radar
reflectivity—rainfall intensity conversion. Dots are spaced 2 km apart
corresponding to the Cartesian grid resolution of radar data. The
shaded circular area around the gauge sites indicates the window of
specified radius; only reflectivity pixels within that window are used
for estimating the rainfall at a gauge site.

areal mean accumulation is obtained by averaging the
radar-based values for all of the gauge sites. The rain
gauge adjustment factor for (4) is obtained by dividing
the gauge-average accumulation (220 mm)'? by the
radar-based areal mean accumulation at the gauge sites.
Table 5 shows the values of the rain gauge adjustment
factor obtained for the Darwin February 1988 data for
several sets of assumptions regarding the method of
how the radar-based rainfall estimates are determined
at the rain gauge sites (closest grid point to the gauge,
average or maximum within a certain range) and to
the specified radius of the window around the gauge.
The data in Table 5 indicate that the approach of using
the maximum reflectivity value within a certain range
of the rain gauge site consistently overestimates the
rainfall accumulation and hence does not appear to be
a useful method. On the other hand, the radar-correc-
tion factor is not very sensitive to the choice of either
the average value within a specified range or the closest
grid point, as long as the radius around the gauge site
is not drawn too large. For a window radius of 3.5 km,
these two methods produce a very similar result. These
findings are similar to those of Wilson and Brandes
(1979) and Klazura (1981).

Based on these tests, we choose a window radius of
3.5 km as the best compromise, which indicates that
the radar-based rainfall amounts for February 1988 at
Darwin have to be multiplied by a factor of 1.29 to
enforce a matching of the areal mean rainfall between
the radar estimates at the gauge sites and the rain gauge
accumulations. Folding this correction back into the
Z-R relationship (4) yields the gauge-adjusted relation

12 The rain gauge at Berrimah, the radar site, cannot be used for
determining the multiplicative correction factor, since no radar in-
formation is available for this gauge site. The areal mean rainfall
accumulation for February 1988, based on data of the remaining 21
gauge sites, averages 220 mm (Table 1).
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Z = 167R"*, (5)

The single power-law approach thus consists of apply-
ing this rain gauge-adjusted version of (4) to the radar
reflectivity values at each pixel at 3 km (the analysis
level for the convective-stratiform separation and sur-
face rainfall estimation), regardless of whether the re-
Aectivity at that pixel was classified as convective or
stratiform.

While (4) is a general relation based on drop size
measurements, (5) is specifically tuned to a particular
radar in a particular month and year. It is not generally
transferable to data from different months at the same
site or to other sites. Equation (4) must be readjusted
to obtain a new version of (5) for each month and site
to which it is applied. Using the adjusted Z-R rela-
tionship (5), we obtain an areal rainfall accumulation
averaged over the whole region covered by the radar
of 163 mm, roughly 30% less than the 220 mm obtained
in the vicinity of the gauges.

Figure 16 demonstrates that when (5) was applied
to all the data obtained at Darwin in February 1988,
no obvious range dependence appeared in the radar-
estimated rainfall or in the ratios of rainfall accumu-
lation estimated by radar and rain gauges. The ratios
exhibit increased variability at ranges 90 km and be-
yond."'? In the plot, the results for the 1.5-km altitude
are also shown, and they also do not indicate a strong
range dependence. The lack of strong range dependence
could be peculiar to this particular month of data.
However, more likely it is because anomalous propa-
gation echoes were edited out of the data (section 5),
and the data were objectively analyzed and interpolated
to a three-dimensional Cartesian grid so that the pre-
cipitation analysis could be performed at a constant

TABLE 5. Sensitivity of the radar-rain gauge adjustment factor to
how the radar-based rainfall intensity at the rain gauge site is
determined. Equation (4) is used to convert radar reflectivity to rain
rate. The radar-based rainfall estimates for the month (at the gauge
sites) are compared to the areal mean rainfall accumulation of 220
mm estimated by the Darwin rain gauge network (excluding the
Berrimah gauge site) for February 1988 (Table 1).

Method of determining
radar-based rainfall
estimates at rain gauge

Radar-based rainfall

estimate for month  Correction factor

site (km) (mm) gauge/radar
Closest grid point 171.5 1.28
Average within 2.0 171.4 1.28
3.5 170.0 1.29
5.0 197.9 1.11
Maximum within 2.0 253.4 0.87
3.5 454.4 0.48
5.0 680.0 0.32

13 Since the analysis domain is 240 km X 240 km, the radar data
beyond a 120-km radius is present only in the corners of the domain.
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FIG. 16. The azimuthally averaged mean radar reflectivity at the
3-km altitude stratified by range from the radar site is shown by the
histogram. The triangles indicate the mean values obtained at 1.5-
km altitude. For each rain gauge site, the ratio of the radar-estimated
monthly total rainfall at that site and the rain gauge-based continuous
accumulation is plotted at the gauge’s range from the radar (dots).
The horizontal dotted line indicates a ratio of 1. The results are based
on the data collected during February 1988 at Darwin, Australia.

altitude, which lies above the ground clutter echo but
below the bright band. Significant range effects become
dominant sources of error at ranges larger than the
ones used in our study (Donaldson 1964; Fabry et al.
1992; Rosenfeld et al. 1992; Kitchen and Jackson
1993).

b. Separate power laws for stratiform and convective
precipitation

The single power law (5) applies to all the grid points
in the radar reflectivity data, regardless of whether the
points are classified as convective or stratiform. Joss
and Waldvogel (1970) and Joss et al. (1970) showed
that the application of different Z-R relations for some
distinct precipitation types could improve the accuracy
of radar rainfall estimates. Similar results have been
reported by Austin (1987). Analyses of raindrop size
distribution measurements by Short et al. (1990) in-
dicate that convective and stratiform rainfall of tropical
squall line precipitation systems of the type that often
occur in the Darwin area exhibit characteristic raindrop
spectra resulting in two different radar reflectivity—
rainfall intensity relationships. The Z-R relation given
by Short et al. (1990) for the convective rainfall is
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Z=170R", (6)

Though Short et al. do not give a relation for the strat-
iform part of the rainfall, it appears from their Fig. 7
that the relationship of Joss et al. (1968) and Joss and
Waldvogel (1970):

Z =300R'? (7)

closely represents the disdrometer-based observations
of the stratiform raindrop spectra at Darwin.

These Z-R relationships, which are based on rain-
drop spectra observations, are rain gauge adjusted fol-
lowing a procedure similar to that used to obtain (5).
We force the areal mean radar rainfall estimate at the
rain gauge sites to match the gauge-based areal mean
rainfall accumulation. Instead of applying a single Z~
R relation to each radar pixel, however, (6) and (7)
are used to convert convective and stratiform radar
echoes to rain rate. Since the ratio between the mul-
tiplicative factor for convective [a, = 170, Eq. (6)]
and stratiform [« = 300, Eq. (7)] rain is climatolog-
ically determined, we apply a single adjustment factor
to preserve this ratio. Folding the derived correction
factor of 1.64 back into the stratiform and convective
Z-R relationships, we obtain the rain gauge-adjusted
versions of (6) and (7):

Z=82R'Y (8)
Z = 143R’S (9)

The rainfall map for the month and the map of the
distribution of the convective rainfall fraction obtained
by (8) and (9) are nearly indistinguishable by eye from
those obtained from simply applying (5) to all the
echoes. Table 6 lists the estimates of the total February
1988 mean rainfall over the entire area covered by the
Darwin radar. The February 1988 areal rainfall ob-
tained using (8) and (9) to convert convective and
stratiform radar reflectivity to rainfall intensity is 162
mm, almost identical to the value obtained with the
single power-law approach (163 mm). The third value
in the table is obtained by the probability matching
method, to be discussed below.

for convective rain

for stratiform rain.

¢. Probability-matching method

Instead of using Z-R relationships based on mea-
surements of drop size spectra [e.g., (4) or (6) and

TABLE 6. Areal rainfall estimates for February 1988 at Darwin, Australia. The various rainfall accumulations are estimated using three
different methods to convert radar reflectivity to rainfall rate. The convective contribution to the rain volume is given for the total areal

rainfall and separated between rain that fell over land and ocean.

Convective rainfall fraction

Monthly areal rainfall

Z-R conversion (mm) Total Land Ocean Ratio land/ocean
Single power law 163.2 58.6% 35.7% 22.9% 1.56
Double power law 162.4 59.8% 36.4% 23.4% 1.55
Probability matching 170.5 65.5% 39.9% 25.6% 1.56
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(7)1, Miller (1972) and Calheiros and Zawadzki
(1987) proposed deriving the Z-R relation directly
from radar and rain gauge measurements. They
matched equal percentiles of the probability density
functions of the radar-derived reflectivities Z and the
gauge-derived rain rates R. This technique is called
“probability matching” and has the advantage that
many of the problems associated with measuring re-
flectivity are incorporated into the relationship since
the resulting Z-R is based on the actual radar mea-
surements rather than the theoretical reflectivity
based on drop size measurements ( Atlas et al. 1990b;
Rosenfeld et al. 1993).

In fact, the probability-matching method is another
form of rain gauge adjustment. By matching the fre-
quency distributions of radar and rain gauge measure-
ments, the Z-R relation derived by probability match-
ing, when applied to the radar data, is forced to give
rainfall accumulations consistent with the gauges. The
essential difference from the rain gauge adjustment de-
scribed above (sections 10a and 10b) and probability
matching is that in the latter the frequency distributions
of the radar and rain gauge data are matched percentile
by percentile, while in the methodology described
above only the means of the distributions are forced
to match.

The probability-matching method would appear
to be more elegant; however, it also has the disad-
vantage that it requires a large and homogeneous
sample of simultaneous radar and (high-resolution
recording) rain gauge data to produce a stable rela-
tionship (Krajewski and Smith 1991; Rosenfeld et
al. 1993). Range effects, life cycle stages, scale dif-
ferences (local isolated thunderstorm versus larger
mesoscale convective systems), and local climato-
logical effects (e.g., ocean, continent, large island,
small island, coastal influences, hills, mountains)
must all be taken into account. This requirement
leads to much subdivision and grouping of the data
into various categories, which in turn require the
length of record used to obtain a statistically signif-
icant sample to be quite large. A month of data at a
site like Darwin, which has continent, ocean, island,
and coastal influences as well as monsoonal and
break regimes appears marginal for application of
probability matching in its original form (Rosenfeld
et al. 1993).

The development of the “window probability-
matching method” (WPMM; Rosenfeld et al. 1994)
relates the frequency distribution of reflectivity ob-
tained only from radar data taken within small spatial
windows at the gauge sites with the rain gauge-based
frequency distribution of rainfall rates taken within
small time windows around the radar sampling times.
This method relaxes some of the previous constraints
regarding the homogeneity of precipitation. Because
of the reduced sample size, however, the minimum
length of measurement period to acquire a stable
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Z-R relation increases for a particular type of precip-
itation.

To compare the behavior of a Z- R relation based
on probability matching to the rain gauge-adjusted
single and double power-law relationships described
above, we use a WPMM Z-R relation determined
by Rosenfeld et al. (1994) for Darwin. We do not
derive our own probability-matched Z- R since our
study is based only on four radar volumes per day,
which would not give us a large enough sample to
obtain a stable relationship. We use the WPMM
Z-R determined for the special observation period
(SOP) 87/3 at Darwin (27 January 1988-17 Feb-
ruary 1988) that is closest to the February 1988 data
used in this study (see Fig. 8c of Rosenfeld et al.
1994). Application of this SOP Z- R relation to the
February 1988 data results in a radar rainfall estimate
of 165 mm at the rain gauge sites, which is signifi-
cantly lower than the gauge accumulation of 220
mm. This difference may be a consequence of the
mismatch in time periods. A minor adjustment of
—1.5 dBZ to Rosenfeld’s WPMM Z-R, however,
produces a very close agreement between the radar-
rainfall estimate at the gauge sites and the rain gauge
total. Therefore, we have adapted the characteristic
shape of the window probability-matched Z-R and
applied a small gauge adjustment similar to the ones
discussed previously. Tt is this February 1988 gauge-
adjusted WPMM relation that is used hereafter.

The areal mean rainfall, averaged over the whole
region covered by the Darwin radar and using this
probability-matched Z- R relation to convert reflec-
tivity to rainfall rate—independent of whether the
precipitation has been classified as convective or
stratiform—totals 170 mm for February 1988, which
is very close to the values obtained by either us-
ing a single or double power law Z-R approach
(Table 6).

d. Rain area method

The power-law method(s) and the probability-
matching technique described above are two ways to
obtain pixel-by-pixel values of rainfall rate from mea-
surements of reflectivity. If only the area-integrated rain
amount is desired rather than point values of rain rate,
then an alternative method can be used, for example,
the area-time integral (ATTI) or area-threshold method
(e.g., Doneaud et al. 1981, 1984; Chiu 1988; Lopez et
al. 1989; Kedem et al. 1990; Atlas et al. 1990a; Kra-
jewski et al. 1992; Cheng and Brown 1993) or the
height-area threshold (HART) method (Rosenfeld et
al. 1990). However, we use high-spatial-resolution rain-
rate maps as one of the building blocks of our monthly
rainfall climatology. Testing of these rain-area methods
on the February 1988 data is outside the scope of this
study.
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11. Further analysis of the data of Darwin, February
1988: Area covered by radar echo, area-
integrated rainfall, and land-ocean differences

a. Cumulative distributions as a function of radar
echo intensity

In this section, we use the gauge-adjusted single
power-law method (section 10a) to illustrate various
ways of summarizing the rainfall of February 1988 near
Darwin. Figure 17 shows the relative contributions of
the radar echoes exceeding a certain reflectivity thresh-
old to the total echo-covered area and the total rain
volume for the month. About 95% of the rain resulted
from radar echoes with Z = 20 dBZ. However, these
echoes only covered about 55% of the total rain area.
Rain with Z > 30 dBZ contributed 70% to the monthly
rain volume but only 15% of the area covered by rain.
These characteristics are typical of tropical rainfall (e.g.,
Rosenfeld et al. 1990) and suggest that the February
1988 data obtained at Darwin are fairly representative
of tropical conditions.

b. Area covered by echo as a function of how
widespread the precipitation was

We determined the fraction of the radar-observed
domain covered by precipitation echo for each indi-
vidual radar volume analyzed. The number of times
that a given fractional echo area coverage was observed
is given by the number printed at the top of each bar
in Fig. 18a. The smallest area coverage (<3.5%, ex-
cluding no-echo cases) was seen most frequently (44
times). The largest areal coverage, observed only once,
was 63%. The height of each bar in the graph shows
the net area covered by all the individual volumes in
that category combined and normalized to the monthly
total. Even though the volume with largest areal cov-
erage occurred only once, it comprised more total echo
area than the 44 volumes with smallest echo coverage.
Cumulative distributions for number and area are also
shown in Fig. 18a. They indicate that 10% of the radar
volumes exhibiting the most extensive area coverages
account for about 50% of the monthly total echo area
coverage. This behavior is typical of tropical precipi-
tation (Lopez 1976; Houze and Cheng 1977; Houze
and Betts 1981).

c. Area covered by echo according to whether it was
stratiform or convective

Figure 18a is replotted in Fig. 18b; however, now
each bar is subdivided. The lighter-shaded portion of
the bar shows the contribution of stratiform precipi-
tation to the total echo-covered area, while the darker
portion shows the contribution of convective precipi-
tation to the total. Cumulative distributions are shown
for both stratiform and convective precipitation. They
show that 88% of the total area covered by precipitation
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FI1G. 17. Relative contributions of the radar echoes exceeding a
certain reflectivity threshold to the total echo-covered area and the
total rain volume for the February 1988 data collected at Darwin,
Australia.

radar echoes during February 1988 at Darwin was
stratiform, while convective elements contributed only
12%. The convective contribution decreases with in-
creasing total area covered by precipitation. This char-
acteristic reflects the fact that situations in which a large
fraction of the observational area is covered by precip-
itation are dominated by mesoscale convective systems
with large regions of stratiform precipitation.

d. Total rainfall as a function of how widespread the
precipitation was

Figure 19a is the same as Fig. 18a, except now each
bar represents the total amount of rain instead of the
net area covered by radar echo. To obtain Fig. 19a, the
radar reflectivity Z in each of the echo volumes was
converted to rainfall rate R, and the total rain amount
was obtained by integrating the resulting field of R with
respect to area. The single power-law Z-R method
[section 10a, Eq. (5)] was used to convert reflectivity
to rain rate. The many (44) cases of relatively isolated
rain areas take on more importance when weighted by
rain rate (compare the bar graphs in Figs. 18a and 19a)
since those cases include isolated, but intense convec-
tive showers—that is, hectors. Nonetheless, the cases
of large areal coverage (right-hand bars in Fig. 19a)
still account for large total rain amounts even though
they do not occur frequently. The cumulative distri-
butions shown in Fig. 19a show that the same top 10%
of the domain coverage observations (Figs. 18a and
19a, dotted line) that contributed 50% to the monthly
total echo area coverage (Fig. 18a, dashed line) ac-
counted for about 70% of the monthly total rainfall
(Fig. 19a, dashed line), again consistent with previous
studies of tropical precipitation (Houze and Betts
1981).
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FiG. 18. (a) Histogram of contribution to monthly total echo area coverage as a function of instantaneous percentage coverage of the
observational domain (Fig. 3). The numbers on top of the bars indicate the number of samples (radar volumes) in each size class. The
cumulative distribution curves of the number (thin line) and area size (heavy line) are shown. At 90% cumulative number of samples (dotted
line), the corresponding cumulative area is 50% (dashed line). (b) Histogram of relative contributions of convective (dark shaded) and
stratiform (light shaded) precipitation echoes to the monthly total echo area coverage as a function of echo area coverage. The cumulative
fractions and their overall contribution to the monthly total are shown by the long-dashed (convective) and solid (stratiform) lines.

e. Total rainfall according to whether it was
stratiform or convective

Figure 19b is in the same format as Fig. 18b, except
that it portrays the total rainfall rather than the area
covered by radar echo; the dark shading of the bars
indicates the convective and the light shading the strat-
iform contribution. The bars in Fig. 19b show that
largest amounts of stratiform precipitation occurred
on days when the area surveyed by the radar was more
widely covered by precipitation. On those days, large
mesoscale convective systems with large stratiform re-
gions accompanying the convection were responsible
for the rainfall. The cumulative distributions in Fig.
19b show that the overall contributions to the monthly
accumulation by stratiform (41%) and convective
(59%) precipitation are similar to those found previ-
ously for tropical;oceanic and continental convection
(e.g., Houze 1977; Cheng and Houze 1979; Gamache
and Houze 1983; Leary 1984; Churchill and Houze
1984; Houze and Rappaport 1984; Wei and Houze
1987; Chong and Hauser 1989; Gage et al. 1994).

Using the double power law (Fig. 20a) or the prob-
ability-matching Z- R approach (Fig. 20b) instead of
the single power-law relation, we obtain results very
similar to those obtained with the single power law
(Fig. 19b). The probability-matching approach re-
vealed a slightly larger convective rainfall fraction (66%
compared to 59% with the single power law), as shown
in Table 6. However, the three different techniques in-
vestigated to convert radar reflectivity to rain rate pro-
duced convective contributions to the monthly rainfall
accumulation within 7% of each other.

Rosenfeld et al. (1995) found convective rainfall
contributions of 80% and more for precipitation in the
vicinity of Darwin. However, their results are heavily

based on rain gauge data, which, being over land, sam-
pled the more convective land and island rainfall,
whereas the 59:41 ratio we obtain includes both ocean
and land rainfall. Moreover, their study included dif-
ferent time periods than ours, and they use a strati-
form-convective separation technique that probably
underestimates the stratiform amount (section 6b).

J- Land-ocean differences

The monthly areal rainfall accumulation for Feb-
ruary 1988 was estimated at 163 mm (Table 6) for the
entire radar-covered area with the single power-law
Z-R relation. This is about 30% less than estimated
by the land-based rain gauge network. Since the radar
estimates are gauge-adjusted such that the radar data
in the vicinity of the rain gauges match the gauge totals
(section 10a), the rain accumulation over land appears
to have been greater than that over water. Though the
areas covered by land and ocean of the studied domain
are comparable in size, 60% of the monthly total rainfall
(and area coverage ) was over land, while 40% was over
ocean.

The monthly mean vertical precipitation character-
istics (mean profile of radar reflectivity and CFAD),
both subdivided into convective and stratiform precip-
itation, are found to be very similar over land and over
ocean for February 1988. The mean reflectivity profiles
over land and ocean are barely different from Fig. 12,
and the CFADs separated by land and ocean are in-
distinguishable from Fig. 11. The monthly mean rain-
fall rate averaged approximately 14 mm h™! for the
convective precipitation areas, while the stratiform
counterpart was only about | mm h™! over both land
and ocean. The fraction of the rain area covered by
convective echoes over land and ocean was 7% and 5%
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FIG. 19. (a) Histogram of contribution to monthly total rainfall as a function of instantaneous percentage coverage of the observational
domain (Fig. 3). The numbers on top of the bars indicate the number of samples (rédar volumes) in each size class. The cumulative
distribution curves of the number (thin line) and rain volume (heavy line) are shown. At 90% cumulative number of samples (dotted line),
the corresponding cumulative rainfall is 70% (dashed line). (b) Histogram of relative contributions of convective (dark shaded) and stratiform
(light shaded) precipitation echoes to the monthly total rain volume as a function of echo area coverage. The cumulative fractions and their
overall contribution to the monthly total are shown by the long-dashed (convective) and solid (stratiform) lines. The gauge-adjusted single

power-law Z-R relation [section 10a, Eq. (5)] is used to convert radar reflectivity to rainfall rate.

of the monthly total, respectively, and the convective
contribution to the rain volume was 36% over land
and 23% over ocean (Table 6). The ratio of about 3:
2 between the rainfall accumulations over land and
over ocean was thus mainly determined by the different
convective contributions to the radar echo area cov-
erage and the rain volume. The higher convective con-
tribution over land was mainly associated with hectors.

The land-ocean differences in rainfall discussed
above are not dependent on the choice of Z-R relation-
ship to convert radar reflectivity to rain rate. The ratio
of the monthly convective rainfall fraction over land and
ocean remains 3:2 whether the single power-law, double
power-law, or probability-matching Z-R conversion is
used (Table 6).
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g. Spatial variability of monthly rainfall and its
convective fraction

The spatial distribution of the monthly rainfall ac-
cumulation for February 1988 and the convective con-
tributions to the monthly total at each individual point
within the area 240 km X 240 km are shown by Figs.
21aand 21b, respectively.'* Figure 2 1a provides a visual
confirmation of the fact that more rain fell over land
than over ocean (section 11f). The largest rainfall ac-
cumulations occurred over Bathurst and Melville is-

!4 Note that a significant part of the spatial variability seen in these
rainfall maps has to be attributed to the limited number of samples
used to derive them.
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FIG. 20. Similar to Fig. 19b, but using different Z-R approaches. (a) Gauge-adjusted double power-law Z-R relations
[section 10b, Egs. (8) and (9)]. (b) Window probability-matching Z-R relation (see section 10c).
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FIG. 21. (a) Spatial distribution of the monthly rainfall accumulation for February 1988 based on the
radar volume scans taken at 6-h intervals and using a rain gauge-adjusted GATE Z-R relationship [section
10a, Eq. (5)]. (b) Spatial distribution of the convective contribution to the monthly rainfall accumulation
at each point of the domain. The geographical map is indicated by the white contours.
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TaBLE 7. Differences in the spatial distribution of rainfall and
convective rain fraction obtained by subtracting maps of monthly
rainfall accumulation computed by different Z-R relations. The three
different methods are the single power law (SPL), double power law
(DPL), and window probability matching (WPMM).

Root-mean-square difference

Difference between Rainfall
Z-R methods accumulation Convective
method | — method 2 (mm) fraction
SPL — DPL 2.5 2.9%
SPL — WPMM 49.7 4.5%,
DPL — WPMM 4.9%

40.7

lands north of Darwin in association with the heavily
convective hector thunderstorms, which is also indi-
cated by the highly convective contribution to the
rainfall total over the islands (Fig. 21b).

To determine the sensitivity of the monthly areal
rainfall distribution to the method used for conversion
of radar reflectivity to rainfall rate, we compared the
monthly rainfall accumulation maps and the monthly
convective rainfall fraction maps using the single power
law (Fig. 21), the double power law [Egs. (8) and (9)]1,
and the window probability-matching Z- R methods.
Table 7 summarizes the root-mean-square (rms) dif-
ferences between the different methods for each type
of map. Consistent with the statistics for monthly areal
rainfall (Table 6), the differences between the single
and double power-law approaches are smaller than
those comparing either power-law method to proba-
bility matching ( Table 7). Although the rms difference
of rain accumulation in the point-to-point comparison
between maps may be up to 50 mm, the rms differénce
in monthly convective rainfall fraction is less than 5%.

12. Uncertainty associated with sampling frequency

If algorithms for convective—stratiform separation,
vertical structure, and rain amount are to be applied
to extract climatologically relevant information from
operational radar and rain gauge data, we must opti-
mize the data sampling. The rate of data flow from the
operational sites may exceed that required for building
a reliable climatology of precipitation structure and
amount. In this study, we have sampled at a frequency
of 6 h. With automated procedures for ingesting and
editing data, we can, in principle, sample at intervals
of about 10 min. The question arises: what sampling
interval is required for a reliable climatology? In this
section, we address this question in regard to the
monthly areal mean rainfall by means of rain gauge
records.

a. Darwin, February 1988

The basic block of information is the 15-min rainfall
accumulation (mm) at a rain gauge site. With 96 15-
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min samples per day and 29 days in February 1988,
we have 2784 blocks of information at each of the gauge
sites listed in Table 1. From these blocks of informa-
tion, any sampling scenario can be simulated by ex-
tracting a subset of blocks and using only those blocks
to estimate the mean rain rate for the month. We ex-
press the selected 15-min sample as an hourly rain rate
(mm h~'). Each 15-min rain rate is assumed to be
representative of the entire time period between sam-
ples. The rainfall accumulation for the month at each
gauge site is obtained by multiplying the monthly mean
rain rate by 696 h (the total number of hours in Feb-
ruary 1988). The values obtained at the 22 rain gauge
sites are then averaged to estimate the areal mean rain-
fall accumulation for the month.

- The most accurate estimate is obtained by using ev-
ery 15-min sample at each site. The areal mean ac-
cumulation obtained in this way for February 1988 is
225 mm (section 10a, Table 1). If we use a subset of
the samples, we obtain a different value. To illustrate
the variability of the possible estimates that could be
obtained by using a subset of the samples, we may take
only one sample per day—always taken at the same
time (e.g., midnight). We repeat this calculation taking
the sample at other times of the day (midnight +15
min, +30 min, +45 min, etc.). We thus obtain the
mean diurnal rainfall cycle (over land) in the vicinity
of Darwin for this particular month (Fig. 22). The
mean rainfall is minimum during the morning (0800-
1300 LST) and maximum, with a double peak, in the
afternoon. The first peak is due to the hectors over the
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F1G. 22. Rain gauge-based monthly areal mean rainfall accumu-
lation estimated from one 15-min sample per day, as a function of
the time of day the sample is taken (solid line with dots). This figure
reflects the monthly area-average diurnal rainfall cycle over land for
February 1988 at Darwin. The heavy horizontal line indicates the
true monthly areal mean rainfall accumulation for this particular
month and site based on the continuous rain gauge record. The dotted
vertical lines indicate the sampling times of the radar volume scans
investigated in this study.



SEPTEMBER 1995

STEINER ET AL.

£

E 8 .
—_ @«

©

T o .
8 g +
and

3

e 8

Eﬂ'

g o

< &

=

L

'

c o

<]

=

Sampling Time Interval [hours]

F1G. 23. Uncertainty of monthly areal rainfall estimates as a func-
tion of the sampling time resolution. The results are based on the
Darwin rain gauge network data of February 1988 and a sampling
scenario as explained in the text. The dark (light) shaded area in each
sampling time interval bin corresponds to the range of the mean
plus/minus one (two) standard deviation(s). The open (white) circle
within the 6-h sampling interval bar indicates the result based on the
rain gauge data at the radar sampling times used in this study (264
mm). The heavy horizontal line indicates the true monthly areal
mean rainfall accumulation for this particular month and site based
on the continuous rain gauge record (225 mm). The 50% uncertainty
range is shown by the dotted horizontal lines. The sloping dashed
lines indicate that decreasing the sampling time resolution increases
the uncertainty of the monthly areal rainfall estimate by roughly
3.5% per hour decrease in time resolution.

islands north of Darwin (Keenan et al. 1990). Quali-
tative inspection of Fig. 22 suggests that sampling at
6-h intervals, as we have done in this study, only barely
takes into account the diurnal cycle (dotted lines in
Fig. 22).

To obtain an estimate of the uncertainty associated
with the sampling time interval, various sampling fre-
quencies have been examined. All the different esti-
mates based on taking only one sample per day, as
discussed above, result in the range of values plotted
at the sampling time interval of 24 h in Fig. 23, In-
creasing the sampling frequency from one to two sam-
ples per day, we obtain the range of values plotted at
the sampling time interval of 12 h in Fig. 23. These
estimates of monthly rainfall range from 120 to 430
mm, depending on what time of day the samples are
taken. The sampling interval is then reduced to 8 h,
and the points plotted at 8 h in Fig. 23 are obtained.
The spread of estimates is reduced somewhat to about
125-390 mm. Further reduction of the spread is seen
in Fig. 23 as the sampling interval is successively re-
duced. For a sampling interval of 1 h, the spread is
from 205 to 240 mm, only slightly deviating from the
true mean of 225 mm (Table 1)—that is, all the esti-
mates calculated with 1-h sampling produce a monthly
areal rainfall estimate within about 10% of the true
accumulation.
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The scatter of the points in Fig. 23 measures the
uncertainty of any estimate obtained with a given sam-
pling time resolution. The dark (light) shaded area at
each sampling time represents the range of one (two)
standard deviation(s) from the mean based on all the
data (225 mm, Table 1). The sloping dashed lines ap-
proximately enclose the estimates that are within one
standard deviation of the mean accumulation. The
slopes of these lines indicate that the uncertainty of the
monthly areal mean rainfall estimate, expressed as the
standard deviation of estimates based on all the possible
regularly spaced sampling intervals, increases roughly
3.5% per hour increase in sampling time interval. On
the average, at least eight samples per day would be
necessary to estimate the monthly areal mean rainfall
accumulation within 10% accuracy. This result agrees
with Seed and Austin (1990), who found that about
8-16 samples were required to meet the 10% accuracy
limit for comparable area sizes in Florida. Figure 23
suggests that the accuracy of our monthly areal rainfall
analysis (163 mm, Table 6), which is based on a 6-h
time resolution, is about 15%-20%.

b. Other months of data from the same and a
different rainy season

To broaden the basis of the analysis regarding the
uncertainty of the monthly areal mean rainfall estimate
as a function of the sampling frequency, other months
of data collected at Darwin, Australia, have been an-
alyzed. A total of eight months of rain gauge data from
two different rainy seasons have been investigated. De-
spite interannual and seasonal variations, the sampling
uncertainty remains about the same (Table 8). The
uncertainty of the monthly areal mean rainfall accu-
mulation was always found to increase by about 3%-
4% per hour increase in sampling time interval. These
results imply that for Darwin, Australia, precipitation
has to be sampled once every hour if the uncertainty
of the monthly areal mean rainfall accumulation has
to be less than 10%. However, a sampling time reso-

TaABLE 8. Uncertainties as a function of sampling frequency based
on tipping bucket rain gauge data over two rainy seasons at Darwin,
Australia. The last column expresses the increase of uncertainty of
the estimated monthly areal mean rainfall per hour decrease in
sampling time resolution.

Monthly Uncertainty

Number of areal mean increase

Month Year gauges rainfall (mm) (% h™)
December 1987 22 378 2.5
January 1988 22 194 3.5
February 1988 22 225 35
March 1988 22 255 3.0
December 1989 22 158 4.5
January 1990 24 336 2.5
February 1990 24 171 4.0
March 1990 21 213 3.0
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lution of 3 h may, in the average, produce monthly
areal rainfall estimates with an accuracy of approxi-
mately +10%.

These results are valid for Darwin and a domain size
corresponding to the area represented by the rain gauge
network. Assuming that for monthly rainfall accu-
mulations the gauge network represents roughly half
the area (land only) covered by the Darwin radar um-
brella out to a range of about 125 km (Fig. 3), the
sampling uncertainty statistics presented above are
valid for a 1.5° latitude-longitude box. Using the space-
scaling behavior discussed by Bell et al. (1990), for
example, our results are in agreement with sampling
uncertainty studies presented for the TRMM satellite
and monthly rainfall estimates over a 500 km X 500
km domain (see Simpson 1988, 36-41).

13. Conclusions

The methodology presented in this paper processes
the data stream from operational radar and rain gauge
networks to obtain climatological information that

(i) distinguishes between convective and stratiform
precipitation,

(i1) statistically represents the vertical structure of
radar echoes, and

(iii) determines precipitation amount.

The algorithms used to obtain this information are
simple, easy to apply to large operational datasets, and
can be used either separately or in combination with
each other.

The particular algorithm we use for distinguishing
between convective and stratiform precipitation is
based on the intensity and sharpness of maxima in
horizontal patterns of reflectivity. It is the latest re-
finement of a technique initiated by Houze (1973) and
further developed by Churchill and Houze (1984 ) and
Steiner and Houze (1993). This algorithm has several
advantages. Most importantly, it divides convective
and stratiform precipitation according to the physical
definition of stratiform precipitation (section 6a). In-
dependent data on vertical air motions in a region con-
taining both convective and stratiform precipitation
verify that the physical definition is satisfied when our
algorithm is applied to radar reflectivity data (sec-
tion 9).

In addition to being physically consistent, our con-
vective—stratiform separation algorithm has the fol-
lowing practical advantages:

¢ By finding first the convective precipitation and
defining the remainder as stratiform, we allow for the
possibility that the stratiform precipitation might not
exhibit a bright band because of its age, its juxtaposition
relative to convective precipitation areas, or its distance
from the radar site.

¢ By identifying convective cores in horizontal pre-
cipitation echo patterns, we take advantage of the fact
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that strong convective echo cores can be seen in hor-
izontal radar echo patterns out to much farther range
than is possible to resolve a bright band in vertical cross
sections. We thus gain area coverage, out to the max-
imum range for which the radar can estimate rainfall.

e The same criteria to divide the precipitation into
stratiform and convective components are applied
throughout the field.of view of the radar. By applying
the algorithm uniformly across the domain, no artificial
range effects are introduced.

e Since our algorithm is based on horizontal echo
structure, our results are not strongly dependent on the
location of the radar with respect to the precipitation.
In contrast, techniques that use the bright band as a
major criterion to identify the stratiform precipitation
produce results dependent on the location of the radar
with respect to the precipitation. Hence, to use the re-
sults of such a convective-stratiform separation method
as verification, a modeler would have to simulate not
only the precipitation (a hard job in itself) but also
have to model how the precipitation would look to a
radar at a particular location. Our method avoids this
difficulty.

e Since the convective-stratiform separation algo-
rithm requires only data collected below the bright band
to perform the classification, its use is not restricted to
a particular radar scan strategy—that is, times when a
full volume scan is collected. Full volume scans, com-
prising 12 or more tilt-sequence scans arranged so as
to provide good coverage from the lowest levels to
storm top, are used for tuning the algorithm, but are
not necessary to run it. Hence, the algorithm will run
equally well with either the 14 or 9 elevation angle
NEXRAD precipitation mode scanning strategies
(Brandes et al. 1991).

Our algorithm for representing the vertical structure
of a set of radar echoes (section 8a) is the CFAD ( Yuter
and Houze 1995b), which displays the frequency dis-
tribution of radar reflectivity values as a function of
height. The CFAD summarizes the vertical structure
of all the echoes for an entire month (or any other
climatological time period) in a single plot. When the
data are separated into convective and stratiform sub-
sets, the CFAD shows clearly the narrower distribution
and weaker reflectivities of stratiform precipitation and
the higher reflectivity and broader distribution asso-
ciated with convective precipitation.

Once the data have been separated into convective
and stratiform components, we may determine the
precipitation rates and amounts by any method (e.g.,
power law or probability matching), as long as the
Z-R relation used to convert the reflectivity to rain
rate is rain gauge adjusted (sections 10-11). Whether
the adjustment is by monthly mean values [e.g., the
rain gauge-adjusted power law, Eq. (5), in section 10a]
or by percentiles [e.g., the window probability-match-
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ing method, section 10c], the monthly rain statistics
are affected by less than 10%.

Adjustment to the monthly mean is a more practical
method for estimating rain rates and amounts
for monthly precipitation climatologies. Probability
matching requires a large sample of data to obtain sta-
ble estimates of all the percentiles in the frequency dis-
tribution of rain rate and reflectivity. To obtain such
estimates, a large sample of simultaneous rain rates
and reflectivities of various intensities is required. This
sampling requirement implies that only high-resolution
gauges (e.g., tipping buckets) are useful, and the radar
data must be analyzed and compared to the gauges at
frequent intervals (every few minutes). Since extreme
rain rates occur infrequently, and most operational rain
gauges are not high resolution, long records are required
(Krajewski and Smith 1991; Rosenfeld et al. 1993).
Often the length of record required to achieve a stable
statistic of the reflectivity and rain-rate probability dis-
tributions is longer than a month. Adjustment to
monthly means, on the other hand, requires only a
stable estimate of the month’s total rain amount from
the gauges. All the gauges are used, whether they are
high-resolution tipping buckets or simpler accumula-
tion gauges. Thus, more data enter the adjustment,
and the required adjustment for monthly statistics is
more easily done with data for the month in question.
In addition, it is not necessary to analyze the data every
few minutes. A simple analysis of a long record of rain
gauge data (section 12) shows that sampling precipi-
tation once an hour avoids sampling problems asso-
ciated with a strong diurnal cycle of precipitation; the
uncertainty in the monthly rain accumulation is less
than 10%. Sampling the radar data once an hour (the
frequency of observation from most accumulation
gauges) rather than every 10 min (required by prob-
ability matching) is a factor of 6 reduction in the han-
dling of the radar data stream, but still provides a robust
basis for monthly Z- R adjustment.

The techniques tested in this paper provide a simple
algorithmic approach that will extract physically
meaningful information from the digital volumetric
radar data and rain gauge network data obtained at
operational radar sites. This information will be the
basis of climatologies of precipitation structure,
amount, and mechanisms. The techniques we propose
may be used to verify spaceborne satellite data, such
as those to be obtained on the TRMM satellite. How-
ever, since our algorithms operate on the data of any
operational site with suitable radar and rain gauge in-
strumentation, they form the basis of a technique for
studying precipitation structure on a global basis.
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