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ABSTRACT

A heavy rainfall event over a 2-h period on 8 July 2013 caused significant flash flooding in the city of Toronto
and produced 126 mm of rain accumulation at a gauge located near the Toronto Pearson International
Airport. This paper evaluates the quantitative precipitation estimates from the nearby King City C-band dual-
polarized radar (WKR). Horizontal reflectivity Z and differential reflectivity Zpr were corrected for at-
tenuation using a modified ZPHI rain profiling algorithm, and rain rates R were calculated from R(Z) and
R(Z, ZpRr) algorithms. Specific differential phase Kpp was used to compute rain rates from three R(Kpp)
algorithms, one modified to use positive and negative Kpp, and an R(Kpp, Zpr) algorithm. Additionally,
specific attenuation at horizontal polarization A was used to calculate rates from the R(A) algorithm. High-
temporal-resolution rain gauge data at 44 locations measured the surface rainfall every 5 min and produced
total rainfall accumulations over the affected area. The nearby NEXRAD S-band dual-polarized radar at
Buffalo, New York, provided rain-rate and storm accumulation estimates from R(Z) and S-band dual-
polarimetric algorithm. These two datasets were used as references to evaluate the C-band estimates. Sig-
nificant radome attenuation at WKR overshadowed the attenuation correction techniques and resulted in
poor rainfall estimates from the R(Z) and R(Z, ZpR) algorithms. Rainfall estimation from the Brandes et al.
R(Kpp) and R(A) algorithms were superior to the other methods, and the derived storm total accumulation
gave biases of 2.1 and —6.1 mm, respectively, with correlations of 0.94. The C-band estimates from the
Brandes et al. R(Kpp) and R(A) algorithms were comparable to the NEXRAD S-band estimates.

1. Introduction

Traditional radar-derived rainfall estimates are based
on empirical relationships between reflectivity at hori-
zontal polarization Z and rain rate R, perhaps the most
well known of these being the Marshall-Palmer power-
law reflectivity and rain rate (Z-R) relation (Marshall
and Palmer 1948, hereafter MP48). Reflectivity-derived
rainfall estimates are known to be subjected to significant
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errors (e.g., Zawadzki 1984; Austin 1987; Joss and
Waldvogel 1990; Tabary 2007; Krajewski et al. 2010) and
issues such as variability of the drop size distribution
(DSD), attenuation, variation of the vertical profile of
reflectivity (VPR), radome wetting, ground clutter,
radar miscalibration, partial beam blocking, and beam
filling must all be considered when deriving radar rain-
fall estimates. Surface rain gauges provide point mea-
surements of rainfall and are generally considered to be
the reference for radar-derived rainfall from measure-
ments made aloft. Sampling differences in both time and
space between the measurements also add to the un-
certainties of radar quantitative precipitation estimation
(QPE,; e.g., Zawadzki 1975, 1984).
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Dual-polarization radar technology provides addi-
tional information about atmospheric targets from the
transmission and reception of horizontally H and
vertically V polarized waves. Complementing horizontal
reflectivity, differential reflectivity Zpg, differential prop-
agation phase ®pp, specific differential phase Kpp, and
the copolar correlation coefficient pyy provide addi-
tional information to help mitigate some of the issues
with QPE derived from single-polarization radars. Nu-
merous dual-polarimetric rain-rate estimators at S, C,
and X bands have been described in the literature (e.g.,
Scarchilli et al. 1993; Bolen et al. 1998; Bringi and
Chandrasekar 2001, hereafter BRO1; Gorgucci et al.
2001; Ryzhkov et al. 2005a,b; Illingworth and Thompson
2005; Tabary et al. 2011). Such rain-rate estimators are
generally of the forms R(Z), R(Z, Zpr), R(Kpp), and
R(Kpp, Zpr), where Z and Zpg are corrected for
attenuation using dual-polarimetric measurements.
Dual-polarimetric measurements can be used to discrimi-
nate between meteorological and nonmeteorological
echoes (BRO1). Removal of nonmeteorological targets
(e.g., Ryzhkov and Zrni¢ 1998a; Liu and Chandrasekar
2000; Gourley et al. 2007) directly aids QPE, and the
separation of the meteorological targets into hydrometeor
classes means appropriate rainfall estimators can be ap-
plied (Giangrande and Ryzhkov 2008; Park et al. 2009;
Cifelli et al. 2011). Recently, Ryzhkov et al. (2014, here-
after R14) have developed a rainfall estimation algorithm
using horizontal specific attenuation A, which mitigates
problems with radar miscalibration, partial beam block-
age, DSD variability, and wet radome, which are prob-
lematic for estimators relying on Z and Zpg and less so for
Kpp estimators. The studies by Ryzhkov et al. (2014),
Giangrande et al. (2014), Wang et al. (2014), and
Diederich et al. (2015a,b) demonstrate good performance
of the R(A) estimators at S, C, and X bands in different
parts of the world.

On 8 July 2013, a series of thunderstorms developed
over the city of Toronto, Canada, producing heavy
rainfall and flash flooding and making an excellent case
study for radar QPE methods at C band. Gauges dis-
tributed across the city recorded 5-min precipitation
amounts during the event, and a few more recorded total
accumulation only. The Next Generation Weather
Radar (NEXRAD) S-band dual-polarimetric radar at
Buffalo, New York (KBUF; ~100 km south of Toronto),
had a clear view of the storms over Toronto, and the
dual-polarimetric data collected from that radar pro-
vided additional estimates of the precipitation over the
city. The objective of this study is to assess the quanti-
tative precipitation estimation of rainfall for the C-band
radar and to demonstrate the dual-polarization poten-
tial for precipitation estimation in extreme weather. The
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paper is organized as follows. A synoptic description of
the event is presented in section 2. Section 3 describes
the gauge and the NEXRAD S-band radar datasets,
followed by details of the C-band radar data processing
and QPE algorithms. Results for the radar-derived es-
timates and comparisons with the gauges are presented
in section 4, followed by the conclusions in section 5.

2. Event description: Meteorological analysis

On 8 July 2013, a weak low pressure system supported
by an upper-level trough advected a warm and humid
air mass over much of southern Ontario, allowing for
the development of several areas of short-lived, slow-
moving, “pulse’-type thunderstorms. There were no
damaging winds or hail with these storms, but very
heavy rain fell across portions of southern Ontario,
causing localized but significant flash flooding.

During the morning, the weather system, initially over
eastern Wisconsin, tracked eastward toward Lake Hu-
ron. By midafternoon, there was an associated weak
east-to-west stationary front/surface pressure trough
approximately 150 km north of Toronto. Temperatures
south of the front were in the mid to high 20°C range,
with dewpoints of 20°-22°C. Figure 1 shows the Buffalo
sounding at 0000 UTC 9 July. Aside from a low-level
inversion due to flow off Lake Erie, the sounding was
representative of the conditions in the Toronto area.
It indicated weak winds aloft (<15ms™!), weak shear
at 0-6km (<9ms™ '), and high precipitable water
(near 40 mm).

Around 1700 UTC [1300 local time (LT)], a small
cluster of thunderstorms developed about 100 km north
of Toronto. Storms moved slowly to the southeast
(<5ms~"). By 2015 UTC (1615 LT), the thunderstorms
had reached the northern part of Toronto, now moving
southward at about 6ms~' after encountering the
north-south—oriented Lake Ontario lake-breeze front.
An outflow boundary generated by the thunderstorms
converged with the lake-breeze front, leading to con-
vective development and an expanded area of moderate-
to-heavy rain farther south and westward at 2030 UTC
(1630 LT). This affected the Toronto Pearson International
Airport (CYYZ) area and most of the western half of
the city.

At 2100 UTC, the storm continued to track slowly
southward following the intersection point of the out-
flow boundary (black) and the lake-breeze front (ma-
genta), shown in Fig. 2 [mesoscale boundary identification
methods described in Sills et al. (2011)]. The heavier
rainfall ended west of CYYZ while the core of the
heavy rain was located in the area from the CYYZ area
eastward to central parts of Toronto. By this time,
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FI1G. 1. KBUF balloon sounding at 0000 UTC 9 Jul 2013 with temperature (solid black curve), dewpoint (dashed black curve), positive
CAPE (red area), and convective inhibition (CIN; blue area). CAPE is calculated using the virtual temperature correction and the most
unstable parcel in the lowest 300 hPa. The hodograph is shown in red at top left, with the mean wind in the cloud-bearing layer shown by
the gold arrow (ms ™). The wind profile is shown at right (short barb = Sms™!; long barb = 10ms™").

another weaker line of thunderstorms had formed north
and west of Toronto along the outflow boundary from
earlier storms. This second line reached CYYZ at
2120 UTC (1720 LT). Storms along this second line,
unaffected by the lake-breeze front, took on a more
southeastward movement and concentrated the pre-
cipitation in the area already affected by heavy rain
(from CYYZ to downtown Toronto) over the next 2h.
The combined effects of slow-moving storms and high
precipitable water values, enhancement due to bound-
ary interactions, and the same area being affected twice
led to the local extreme values of precipitation. The
further combination of this extreme rainfall with the
urban landscape resulted in significant flash flooding.
The majority of rain fell from approximately 2020 to
2230 UTC (1620 to 1830 LT), a duration of approxi-
mately 2h. CYYZ received a total of 126.0 mm of rain,
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surpassing the 1-day record of 121.4 mm set in 1954 (the
so-called Hurricane Hazel event).

3. Data description
a. Rain gauge

Surface rainfall amounts were provided from 48
gauges, of which 44 were tipping-bucket rain gauges
(TBRG) operated and maintained by the Toronto and
Region Conservation Authority (TRCA) and the City
of Mississauga. Rainfall amounts in time increments of
Smin were available from the 44 TBRG gauges. The
remaining four gauges were operated by Environment
Canada (EC) and provided only the storm total accu-
mulation. The gauges were distributed around the re-
gion of the heaviest rainfall for the event and all were
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FIG. 2. Mesoscale wind analysis with radar echoes overlaid at 2100 UTC 8 Jul 2013. The lake-breeze front is indicated by the magenta
line and the storm outflow is shown in black. Yellow stars indicate WKR and KBUF. Surface winds at CY'YZ and Buttonville Municipal

Airport (CYKZ) are shown with magnitudes indicated by the barbs.

within 55 km of the radar. The maximum gauge rainfall
total for the storm was 126.0 mm, for the EC gauge lo-
cated at CYYZ. King City C-band dual-polarized radar
(WKR; Fig. 2) is located 32 km north of CYYZ. Figure 3
shows the rain gauge locations and storm total accu-
mulations for the event over the greater Toronto area.

b. S-band radar

The Weather Surveillance Radar-1988 Doppler
(WSR-88D) network began an upgrade in 2011 to the
NEXRAD to dual-polarization technology across the
United States. Dual-polarimetric rain-rate algorithms
such as R(Z, Zpr), R(Z, Kpp), and R(Kpp) were de-
veloped by Ryzhkov et al. (2005b) and were shown to
outperform standard single-polarimetric R(Z) algo-
rithms. Additionally, rainfall estimates contingent on
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hydrometeor classification, for example, Giangrande and
Ryzhkov (2008) and Park et al. (2009), are used for QPE
in the WSR-88D system. The processing chain for these
dual-polarimetric QPEs (DP-QPEs) for WSR-88D can
be found in Berkowitz et al. (2013). Recent assessment of
the NEXRAD DP-QPE algorithms has been studied by
Cocks et al. (2012) and Cunha et al. (2013). Their as-
sessment was performed over various spatial and tem-
poral scales and under various precipitation conditions.
In general, the DP-QPE algorithms performed better
than the traditional Z-based methods. A new R(A) al-
gorithm to be implemented for NEXRAD shows very
promising results (Ryzhkov et al. 2014).

The Buffalo, New York, NEXRAD S-band radar is
located 106 km south-southeast of CYYZ and 156 km
from WKR (Fig. 2). During the event the radar was
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FIG. 3. Storm total rainfall accumulations at gauges from different organizations distributed around the greater
Toronto area. Various symbols indicate the operating authority responsible for the gauges. The EC gauges (thin
circles) reported only total storm accumulation. The others were TBRGs measuring in 5-min intervals.

scanning in precipitation mode and collected dual-
polarimetric data about every 6min at spacings of
0.25km in range and 0.5° in azimuth. KBUF level-II Z,
ZpR, puv, and Ppp from the 0.5° elevation were used for
the analysis and compared with the WKR 0.5° elevation
scans at matching times. The WSR-88D estimates of
rainfall using the R(Z) and DP-QPE algorithms were
generated over the Toronto area for comparison with
rain gauges and C-band rainfall retrievals.

c. C-band radar

WKR operates in simultaneous transmit-receive
horizontal-vertical mode, and signal processing is done
with a Sigmet RVP900 processor. Several scanning tasks
are performed, one of which collects the dual-polarimetric
data, collecting 64 samples with dual PRF of 1000/750 Hz
at 0.5° elevation polarimetric plan position indicator
(POLPPI). The task is completed in 1 min with 0.25km X
0.5° range and azimuthal resolution. Its maximum range
is 150km. Additional scans are performed that make up a
10-min data collection cycle. Ground clutter returns from
buildings, trees, etc. are removed at the signal processor
level using a fixed-width clutter filter (removal of the zero
velocity bin and two points on either side). Subsequently,
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thresholding by signal quality index (SQI > 0.05), signal-
to-noise ratio (LOG > 2dB), and clutter-to-signal ratio
(CSR > 25dB) are applied to reflectivity and the dual-
polarimetric data. Such filtering and thresholding turns
out to be efficient in removing most of the clutter in the
urban environment.

d. C-band postprocessing

Reflectivity and differential reflectivity were cor-
rected for attenuation using a modified form of the
traditional ZPHI rain profiling algorithm by Testud
et al. (2000). In their algorithm, the change in Z and Zpr
for attenuation were estimated from

AZ =a®y, and AZp, =BPp,, e8]
where « is the ratio of the horizontal specific attenuation
A to Kpp and B is the ratio of specific differential at-
tenuation App to Kpp. Profiles of ®pp were unfolded, if
necessary, and smoothed to remove nonmeteorological
signals by using a 3.0-km window within the range of
intervals where pgy > 0.85, and then they were linearly
interpolated between these intervals (Ryzhkov et al.
2005a). The traditional method assumes « and B are
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constant; however, they are affected by uncertainties in
temperature and raindrop shape and are also sensitive to
resonance scattering effects at C band (Ryzhkov et al.
2006). A modified ZPHI attenuation correction for Z
and Zpg for C band by Ryzhkov et al. (2006, 2007) and
Gu et al. (2011) that relies on identification of hotspots
(contiguous regions in rain cells that contain large drops
and possibly hail) along the radials was implemented.
Initial attenuation correction of Z and Zpg were applied
according to Eq. (1). The hotspot cell was identified if the
corrected reflectivity exceeded 45dBZ and pyy was
greater than 0.85 and extended for at least 2.0km for
consecutive range bins. Alternatively, hotspots could be
identified from Zpr where regions along the ray were
greater than 3dB, 25 < Z <45.0dBZ, and pyrv > 0.85. The
a and B parameters in Eq. (1) are highly variable inside
hotspots, and assuming them to be constants is no longer
valid. Inside the hotspot regions, « is a variable with range r,
a(r) = ay + Aa(r), with ap = 0.06dB deg ™' as a constant
value (Ryzhkov et al. 2005a, 2006, 2007). The parameter
Ac is determined by an iterative process that satisfies

J A(r,Ac) dr = % AD L (Z<Z,=45dBZ)  (2)
7<z,

and

ADLL(Z<Z,)=ADyp(ryi7,,)
— AP, (Z>Z,=45dBZ). (3)

Here, Z, is the intrinsic reflectivity threshold (45 dBZ)
and ry; r,,, is the range interval for which the total span of
$pp satisfies the pyy criteria above; and dr is the in-
cremental range. Correction for differential reflectivity
is performed in a similar manner to reflectivity attenu-
ation correction. Outside hotspot regions, 8 in Eq. (1) is
assumed constant, 8 = 0.017dB deg . Inside hotspots,
B = Bo + AB, and the bias of Zpg along the beam on the
far side of the attenuation interval is determined as

AZLr(r) =By Ppp(r) + ABAD, @)
and
AB= {ZDR - min[ZDR(r, BO)]}/ACDDP. (5)

Ryzhkov et al. (2007) investigated convective storms in
southern Ontario from the King City radar to derive
estimates of rain rates from the correction of Z and Zpr
with the hotspot identification method. Using the above
constant values for «g and B, in the hotspot correction
techniques agreed better with R(Kpp) rainfall estimates
than rate estimates from the traditional ZPHI method
(Ryzhkov et al. 2007). The dual-polarimetric measurements
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were contaminated with second-trip returns. Radar pixels
with SQI lower than 0.4 and pyy smaller than 0.85 were
removed, resulting in the elimination of most of the spurious
second-trip signatures. In areas of precipitation, the radar
returns overwhelmed any second-trip contamination.
Specific differential phase was calculated from the ®pp
profiles after dealiasing and removal of range gates with pyyy
less than 0.9. This profile was smoothed over 6.0km and
interpolated to fill gaps that resulted from the pgy threshold.
From the processed ®pp profile, Kpp was derived by using a
least absolute deviation fit over six range bins or 1.5km.
Scans at 0.5° elevation are shown in Fig. 4 of un-
corrected Z and Zpr, measured ®pp, and pyy from
WKR at 2030 UTC 8 July 2013. CYYZ is located at the
intersection of the red lines at the center of the figures.
The first wave of heavy rainfall had just passed over the
radar and was now over the airport area. At the airport
for this time Z was in the 35-40-dBZ range, and 40—
45dBZ in the more intense parts of the storm to the
northeast. Overall Zpr was high, with values over 3 dB
in pockets to the northeast of CYYZ. In the high-
reflectivity areas (40-45dBZ), Zpr was in the 1-2-dB
range. The large area of negative (from —0.5 to —4dB)
Zpr in Fig. 4b, at the southern edges of the storm, shows
the most attenuated areas, a combination of a wet ra-
dome and path attenuation. The ®pp gradients are also
very large in these negative Zpg areas (Fig. 4c). The
initial ®pp close to the radar was about 20°, and then
rapidly increases to over 220° over a distance of about
20km. The pyy for the most part (Fig. 4d) was greater
than 0.98 even in attenuated areas; however, there were
small pockets of lower pgv (0.95) corresponding to large
gradients in ®pp. In addition, resonance scattering ef-
fects by large drops could also reduce pyy in these cores.
Figures 5a and 5b show the reflectivity and differential
reflectivity from WKR corrected for attenuation as out-
lined in Egs. (1)—(5). Corrected Z in Fig. 5a at the airport
has increased by about 5 dBZ compared to the uncorrected
value (Fig. 4a). The overall reflectivity pattern has in-
creased by about the same amount, and the stronger cores
were now mostly in the 45-50-dBZ range, even up to
55dBZ in some small localized areas. Figure Sc shows the
reflectivity obtained from KBUF. Reflectivity from KBUF
at CYYZ was in the 50-55-dBZ range, and greater than
60dBZ can be seen in rain cells farther to the northeast of
the airport. The C-band attenuation correction scheme is
undercorrecting Z by 5-10dB overall, and up to 15dB in
certain areas. Several factors can account for this large
overall undercorrection of Z. The heavy rain cell had just
passed over the radome and inappropriate « in the primary
attenuation correction for Z resulted in large areas being
undercorrected. This would also compromise hotspot
identification along certain radials, resulting in low overall
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FIG. 4. WKR 0.5° elevation scans of (a) Z, (b) Zpg, (¢) Ppp, and (d) pyyv at 2030 UTC 8 Jul 2013. CYYZ is at the center of the image.

Z bias. The C-band-corrected Zpr and S-band Zpg are
shown in Figs. 5b and 5d, respectively. The far side of the
cell that originally had large areas of negative Zpg has now
been corrected and compares well with the S-band Zpgr
patterns. The 60-dBZ reflectivity cores from KBUF show
Zpr in the 2.5-3.5-dB range, and the C-band attenuation-
corrected Zpgr gave similar values. For a few areas on the
far side of the echoes where the Zpg correction fails, Zpr
remains negative. The B value initially applied along these
azimuthal directions may not have been sufficient to allow
hotspot identification and resulted in undercorrection of
Zpr at these ranges. The S-band pixels of Zpgr in the
corresponding poorly corrected areas range from about
0.25 to 1.0dB. Note also that the corrected Zpg in Fig. Sb
shows a few spurious radials in the directions of the two
large S-band Zpg cores in Fig. 5d and can be fixed by
considering azimuthal continuity (Gu et al. 2011).
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At certain times, heavy rain over the radome and its
associated losses upon transmission and reception were
even more problematic for this 8 July case compared to
times with just a wet radome. Figures 6a—c show un-
corrected Z (Fig. 6a), corrected Z (Fig. 6b), and cor-
rected Zpr (Fig. 6¢) at 2100 UTC, a time with little or no
rain at WKR. There is an overall change of a few deci-
bels from uncorrected Z to corrected Z and also pockets
of large corrected Zpg (3-4 dB) just north of the airport.
Soon afterward, a heavy band of precipitation moved
over the radar and persisted, causing significant radome
attenuation. Figures 6d—f show WKR uncorrected Z
(Fig. 6d), corrected Z (Fig. 6e), and corrected Zpgr
(Fig. 6f) at 2200 UTC, while it was still raining heavily at
the dome. Overall, the attenuation correction increased
Z in parts of the storm by about 10 dB, and negative Zpr
has been increased to 2-3 dB after correction (Fig. 6f).
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FIG. 5. WKR 0.5° elevation scans of (a) corrected Z and (b) corrected Zpr and KBUF 0.5° elevation scans of (c) Z and (d) Zpg at
2030 UTC 8 Jul 2013.

Figures 6g—i are the KBUF scans of Z (Fig. 6g), $pp
(Fig. 6h), and Zpg (Fig. 61) at 2200 UTC. In the strongest
areas of the storm (~15km south of CYYZ), the S-band
reflectivity is about 15-20dB higher overall than the
uncorrected C-band reflectivities and 10-15dB higher
than the C-band-corrected reflectivities. Even for
KBUF there are regions of large radial ®pp changes
(from 20° to over 200°), as seen in Fig. 6h, suggesting that
even the signal at S band suffers from attenuation. The
large ®pp gradients correspond to areas of negative Zpr
(Fig. 6i) and a reduced reflectivity pattern at the far end
of the rain cell (Fig. 6g).

e. QPE

Rainfall estimates were determined from Z, Zpg,
Kpp, and A for each of the POLPPI scans at 10-min
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intervals. Table 1 lists the rain-rate estimators that were
used. Since there was significant attenuation throughout
most of the storm, all the rate estimates based on Z and
Zpr also utilized the attenuation-corrected values. Note
that the Z-R relationship from Richards and Crozier
(1983) for the King City radar is very similar to the
U.S.-derived relationship (Fulton et al. 1998, hereafter F98).
As such, only the latter was used for evaluation of the
rainfall amounts. The multiparameter rain-rate estima-
tors R(Z, Zpr) and R(Kpp, Zpr) from BRO1, with ap-
propriate coefficients for C band, were used to derive
the rain rates. Several R(Kpp) algorithms were tested
with varying coefficients determined at a variety of
geographical locations. The Brandes et al. (2002, here-
after B02) algorithm was developed in Florida using a
dense rain gauge network and disdrometer observations.
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The Bringi et al. (2006, hereafter BR06) R(Kpp) re-
lationship was derived from 2D video disdrometer
(2DVD) data for a subtropical event with a heavy con-
vective cell embedded in stratiform rain in Japan. The
Bringi et al. (2011, hereafter BR11) R(Kpp) relation was
developed for C band in the United Kingdom, using Joss
disdrometer data during the convective season. The de-
rived Kpp in our processing produced negative Kpp
pixels in areas of lighter rain during the event and are
considered to be associated with strong reflectivity
gradients at the rear of the storm cells (Ryzhkov and
Zrni¢ 1996, 1998b). Since negative Kpp would imply
negative rain rates, three R(Kpp) estimators were
evaluated using only positive Kpp pixels. As pointed
out by several studies evaluating rainfall using positive-
only and positive-negative specific differential phase
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(e.g., Brandes et al. 2001; Cifelli et al. 2011), the use of
positive-only Kpp tends to overestimate rainfall. A
modified B02 algorithm similar to that suggested
by Ryzhkov and Zrni¢ (1998b) and listed in Table 1
was used to evaluate rainfall accumulation using
both negative and positive Kpp to become the fourth
R(Kpp) (hereafter called BO02*) estimator for
the event.

The R(A) relation from R14 with the factor
a = 0.08dBdeg ', optimized for 20°C, was utilized in
our analysis. Rainfall estimation from the KBUF WSR-
88D was done with the standard ““‘thunderstorm” R(Z)
relation (F98),

R(Z)=1.7010"22°714 (6)
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TABLE 1. List of rain-rate estimators from various algorithms based
on combinations of Z, Zpg, and Kpp.

Reference Origin Formula
MP48 Canada R = 0.036520%
F98 United States R = 0.0172%714
BRO1 R(Z, Zpr) R =0.00582%911070209Zpr
BRO1 R(Kpp, Zpr) R =37.9K%%1070072%0x
R14 R(A) R =294A%% (T = 20°C)
BRI11 United Kingdom R=25K%8!
BRO6 Japan R =29K}%
B02 Florida R=338K%p
BO2* Florida R = sign(Kpp)33.8|Kpp|*”’

and the polarimetric algorithm (DP-QPE), which pre-
scribes the use of the R(Z, Zpg) relation

R(Z,Zpyg) = 6.7010 320927 Z 38 (7)

in pure rain (not contaminated by hail, snow, and mixed-
phase hydrometeors). The Z and Zpy in Egs. (6) and (7)
are expressed in linear scale.

4. Results

From the list of rain-rate relationships listed in Table
1, it was possible to derive 13 C-band estimates of total
rainfall in all for the C-band data. They consisted of
various combinations of uncorrected and corrected Z
and Zpg for the R(Z) and R(Z, ZpRr) algorithms. Sim-
ilarly, combinations of uncorrected and corrected Zpr
and Kpp were derived from the R(Kpp, Zpg) algorithms
and then the purely R(Kpp) algorithms. The thirteenth
C-band estimate was from the R(A) method. Including
the two storm total estimates from the Buffalo S-band
radar, the total number of rainfall estimates was 15 for
the event.

a. Intercomparison of spatial accumulation patterns

Figure 7 presents 10 of the 14 radar-derived esti-
mates for total event rainfall: eight are from the C-band
radar and two are from the S-band radar. Those
not shown are the four C-band storm accumulations
based on the algorithms that used the uncorrected Z
and Zpr. Figures 7a and 7b show the rainfall total
based on the MP48 and F98 algorithms for WKR us-
ing the attenuation-corrected reflectivities. Figures 7c
and 7d are for the R(Z, Zpr) and R(Kpp, Zpr) al-
gorithms using the attenuation-corrected Z and Zpg.
Figures 7e—g are accumulations from the BRI11,
BRO06, and B02 R(Kpp) algorithms, respectively.
Figure 7h is for the R14 R(A) algorithm, and Figs. 7i
and 7j are the S-band-derived storm accumulations
from R(Z) and R(Z, Zpyr) relations [Egs. (6) and (7)].
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FIG. 7. Storm total accumulations using the attenuation-corrected
reflectivity and differential reflectivity for (a) R(Z) (MP43),
(b) R(Z) (F98), (c) R(Z, Zpr) (BRO1), (d) R(Kpp, Zpr) (BRO1),
() R(Kpp) (BR11), () R(Kpp) (BRO6), (2) R(Kpp) (B02),
(h) R(A) (R14), (i) KBUF reflectivity-derived accumulation
from R(Z) (F98), and (j) KBUF DP-QPE algorithm.

Since KBUF was not affected by radome wetting
and was also less affected by attenuation than WKR,
the spatial distribution of rain accumulation in
Figs. 7i and 7j is likely a good representation of the
actual accumulation field. Furthermore, the S-band
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DP-QPE is more reliable than the S-band R(Z) be-
cause of the separation of hail and mixed-phase
hydrometeors.

Overall rain accumulation for the R(Z) algorithms
with the corrected WKR reflectivity (Figs. 7a,b) are the
lowest of all the estimates. The R(Z) rainfall estimates
were on average more than 60% lower than KBUF
using the NEXRAD dual-polarimetric algorithm. The
R(Z, Zpr) amounts in Fig. 7c show higher rainfall
amounts in general, but the heavier accumulations
south of the radar and around the airport are not cap-
tured adequately in comparison to Fig. 7j. The R(Kpp,
Zpr) in Fig. 7d shows some improvement. In these
two figures (Figs. 7c,d), an artifact from the Zpg
attenuation-correction method is present, producing a
distorted radial in the accumulation pattern. The R(Kpp)
algorithms (Figs. 7e—g) produce progressively closer
accumulations patterns to the S-band DP-QPE accu-
mulation in Fig. 7j. Note that the BO2* accumulation is
not illustrated here, since its spatial accumulation
pattern was very similar to B02 in Fig. 7g. The R(A) in
Fig. 7h shows similar amounts to the B02 algorithm
(Fig. 7g) and also shows a lot more internal structure in
the accumulation field than any of the algorithms from
either WKR or KBUF. The C-band rainfall estimates
from R(A) have the same spatial resolution as the R(Z)
estimates. Overall, the C-band accumulations in
Figs. 7g and 7h are the closest visually, in spatial dis-
tribution and amounts to the S-band DP-QPE algo-
rithm in Fig. 7].

There are likely some attenuation effects in the
KBUF data, by closely looking at the accumulation
based on the F98 R(Z) in Fig. 7i. Although the R(Z) and
R(Z, Zpr) algorithms produced comparable accumu-
lation for KBUF, R(Z) accumulation in Fig. 7i shows
reduced accumulation in areas north and west of the
airport (one or two grid blocks from the image center)
compared to the same area in Fig. 7j. During the heavy
rainfall period from 2100 to 2230 UTC, KBUF measured
large radial ®pp changes, and the corresponding Z were
significantly attenuated in these areas at 2200 UTC
(Figs. 6g,h). The DP-QPE in Fig. 7j also shows a local
maximum rainfall accumulation exceeding 150 mm for a
few pixels just northeast of the airport. The corre-
sponding area in the S-band R(Z) estimate only shows
about 90 mm of total accumulation. The hydrometeor
classification algorithm used in DP-QPE identified hail
pixels in this core and used an R(Kpp) algorithm to
estimate the rain in these areas (Berkowitz et al. 2013);
R(Z, Zpr) was used for pure rain pixels surrounding
this core.

All the accumulation images show a relative maxi-
mum in the spatial distribution of rainfall total about
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5km east of the airport. The local maximum amounts for
the different algorithms were variable, with the lowest
rainfall total in the 40-50 mm range for the Z-only
algorithms compared to over 150mm in Fig. 7g (B02),
Fig. 7h [R(A)], and Fig. 7j (the NEXRAD dual-polarization
algorithm).

b. Radar-gauge storm total evaluation

High-temporal-resolution rain gauge data were
available at 44 locations, with seven reporting storm
total accumulation over 80 mm (Fig. 3). An additional
four gave storm total only. The radar rain totals from the
various algorithms were determined from the radar
pixel (over the gauge) and averaged over 3 X 3,5 X 5,
and 7 X 7 range bin by azimuth windows centered at the
gauge pixel. There were no significant differences be-
tween the window averages (radar pixels), so a 5 range
bin by 5 azimuth window average was selected at the
gauge locations to produce a spatially averaged rain
amount at each scan. Radar-derived rain rates were not
time interpolated and were assumed constant over the
time between scans. These were summed over the storm
duration to produce the radar rainfall total to compare
with the gauge totals. Scatterplots of the rainfall totals
from the gauges against the 15 (13 for C band, 2 for S
band) radar-derived storm totals are shown in Fig. 8 for
the algorithms listed in Table 1. To assess the relative
performance of the 15 radar-derived storm total esti-
mates relative to the gauge amounts, the following
metrics were calculated:

root-mean-square €rror,

o 2
RMSE = ZW;

normalized mean bias,

NMB = 100(@— 1) ;

normalized standard error,

\/ % S(RT — (RT) — GT + (GT))?
(GT) ;

NSE =

and Pearson correlation coefficient,
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FIG. 8. Scatterplots of radar-derived storm totals against the gauge storm totals for the quantitative precipitation
estimators in Table 1.

Y(GT - (GT))(RT - (RT))
VE(GT — (GT))? /T (RT — (RT))?

CORR =

where GT is the gauge total rainfall amount and RT is
the radar-derived total accumulation estimate at the
gauge location for N gauges. The quantities in the angle
brackets are averages. The results are presented in
Table 2.

Least absolute deviation fits of the form RT = aGT +
b for the 48 gauge-radar pairs were calculated and are
represented by the solid lines in the scatterplots. Dotted
lines are the one-to-one lines. The following are for the
C-band estimates compared to the gauges unless oth-
erwise indicated. The R(Z) and R(Z, Zpgr) estimates
without and with attenuation correction are shown in
Figs. 8a—f. They had best-fit slopes well below 1, and
correlation coefficients from Table 2 ranged between
0.71 and 0.85. The RMSE for these estimates ranged
between 31 and 50 mm, and NMB ranged from —50%
to —75%. The scatter, reflected in the NSE, varied from
46% to 62% for the R(Z) and R(Z, Zpgr) estimates.
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Although the attenuation correction did improve the
uncorrected estimates slightly, it was still not adequate
in this situation.

The R(Kpp, Zpr) algorithm in Figs. 8¢ and 8h (before
and after correction of Zpg) performed better than the
R(Z) and R(Z, ZpRr) estimators, with RMSE of about
20-23 mm and NMB from —35% to —30%. The CORR
was excellent at 0.94; however, the NSE was in the 33 %—
35% range. Although Kpp is immune to attenuation,
radome wetting, calibration, etc., Zpr seems to be lim-
iting the radar-derived estimates using the R(Kpp, Zpr)
algorithm. Interestingly, by using attenuation-corrected
Zpr in the R(Kpp, Zpr) algorithm, the RMSE and NSE
were slightly larger, 22.8mm and 35% compared to
20.6 mm and 32 %, when the uncorrected Zpr was used.
The CORR (0.93) and NMB (—34.5%) were worse
compared to 0.94 and —32% with uncorrected Zpg in
the algorithm.

The R(Kpp) rainfall total estimates for WKR are
shown in Figs. 8i-1 for the BR11, BR06, B02, and B02*
algorithms, compared to the gauge rainfall totals. These
algorithms obviously performed much better than the
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TABLE 2. Relative performance of each algorithm with respect
to the gauge total for the 8 Jul 2013 storm, showing values for
RMSE, NMB, NSE, and CORR. The best value in each column is
in boldface.

RMSE NMB NSE
Algorithm (mm) (%) (%) CORR
Z_200_1.6 45.0 —743 62 0.74
Z_300_14 454 —75.6 61 0.71
ZCORR_200_1.6 422 -70.4 57 0.85
ZCORR_300_1.4 41.9 —70.4 56 0.84
Z-Zpr 38.8 —634 54 0.76
ZCORR- 31.3 —49.4 46 0.80
ZprCORR

Kop—Zpr 20.6 -31.1 32 0.94
Kpp-ZprCORR 22.8 =345 35 0.93
Kpp_25_0.81 18.4 —24.4 31 0.94
Kpp_29_0.85 13.4 -11.9 26 0.94
Kpp_33.8_0.79 115 2.1 25 0.94
Kpp_33.8_0.79* 12.9 -16.2 21 0.95
R(A) 122 —6.1 25 0.94
BUF_ZR 134 0.61 29 0.92
BUF DP-QPE 12.3 11.1 24 0.95
#Modified B02 algorithm.

R(Z), R(Z, Zpr), and R(Kpp, Zpr) ones at C band
(Table 1) and have much better metrics as indicated in
Table 2. RMSE was 18 mm for BR11 and was the least
(11.5mm) for the B02 algorithm. The RMSE was only
slightly changed by using B02* (12.8 mm). Both BR11
and BR06 were negatively biased, with NMB of —24%
and —12%, respectively, as compared to a small posi-
tive 2% bias for the B02 algorithm. Inclusion of nega-
tive Kpp in B02* resulted in a larger negative bias
of —16% with respect to the gauges. The scatter re-
flected in the NSE was the best for B02*, 21% com-
pared to 25% or larger for the remaining algorithms.
The correlation coefficients of the R(Kpp) estimates of
storm total with the gauges were all excellent at 0.94,
with the highest being 0.95 for B02*. Scatterplot for the
R(A) algorithm is shown in Fig. 8m with the RMSE for
the R(A) algorithm similar to BO2 or B02*, of just over
12 mm and with a negatively biased RMSE of 6%. The
NSE was 25% and correlation with the gauges was 0.94.

The scatterplots of KBUF using the R(Z) and DP-QPE
of storm totals compared to the gauge totals are shown in
Figs. 8n and 8o. The RMSEs were 13 and 12mm, re-
spectively, with a very small 0.6% bias for the R(Z) amounts
and 11% for the DP-QPE amounts. Although the bias was
much smaller, the scatter reflected in the NSE was 29% for
R(Z) compared to 24% for the dual-polarimetric estimates.
The R(Z) correlation was 0.92, smaller than the 0.95 cor-
relation for the S-band DP-QPE. The metrics in Table 2 for
the S-band dual-polarimetric storm total estimates are very
similar to the C-band B02* algorithm, except for the NMB,
which was 11% for the S-band DP-QPE compared
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to —16% for the C-band B02* estimates. The difference
in sampling heights between the C- and S-band mea-
surements above the gauges was a complicating factor in
the interpretation of the statistics and could account for
some of the differences.

To illustrate the relative strengths of the methods at
high and low rain rates, radar—gauge ratios were calcu-
lated for all radar-derived estimates and plotted as a
function of the gauge rainfall totals. The ratios are pre-
sented in Fig. 9, where an unbiased radar estimate with
respect to the gauge would be 1.0. Figures 9a—f are for the
WKR estimates based on the forms of rain-rate relation-
ships requiring Z, Zpg, or both. Over the complete range
of rain gauge total amounts (3-126 mm), the ratios were
much less than 1 and became progressively worse with
higher rainfall amounts. The R(Kpp, Zpr) (Figs. 9g,h) still
had ratios much less than 1 for larger amounts, but for low
gauge accumulation amounts up to about 15 mm, the ra-
dar estimates from this type of estimator were too high
because negative values of Kpp were chopped off. The
R(Kpp) estimators in Figs. 9i—k also overestimate the lower
accumulation because of the use of only positive Kpp, but
at higher accumulations they are relatively unbiased.
Borowska et al. (2011) have utilized both positive and
negative Kpp to derive relatively unbiased accumulations
for light rainfall at X band. However, for this heavy rainfall
case, using negative Kpp (B02*) resulted in a larger neg-
ative mean bias (—16%) for the R(Kpp) algorithm in
Fig. 91 that reduced low accumulation overestimation but
also reduced some of the larger accumulation at other
gauges. The WKR R(A) ratio in Fig. 9m does not show
large overestimation in areas with lower accumulation as
most of the R(Kpp) methods do, but rather shows some
underestimation below 20-mm gauge accumulation, sim-
ilar to B02*. The ratios were smaller over the range of
accumulations, and although there was an outlier at the
40-mm gauge amount, the remainder of the estimates had
relatively consistent radar—gauge ratios. The KBUF R(Z)
and DP-QPE ratios are shown in Figs. 9n and 90. Two
outliers with radar—gauge ratios greater than 3 were
present in the KBUF R(Z) estimate. Ignoring these two
outliers, the S-band R(Z) ratios ranged from 1 to 2 for a
number of gauges with recorded totals less than 50 mm.
Also, since the KBUF sampling volume was almost 2km
above the gauges, the VPR effect and sampling volume
size (e.g., Fabry et al. 1994; Zawadzki 1975, 1984) com-
plicate the interpretation of the statistics. Similar effects
can affect the DP-QPE algorithm, where some of the
radar—gauge accumulation ratios were around 2.

c. Selected gauge—radar time series comparison

The 5-min gauge data at 44 locations provided some
insight into subhourly accumulation and illustrated the
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FIG. 9. Ratios of radar—gauge storm total pairs as a function of the gauge storm totals for the quantitative precipitation
estimators in Table 1. Each asterisk represents the radar-gauge ratio at each of the 48 gauge locations.

performance of the algorithms in this time frame at
various locations in the storm. Figure 10 shows the ac-
cumulation time series from the radar-derived estimates
and the gauge measurements at two locations. Figure 10a
shows the accumulation time series at Mississauga Yard
Works station (HY046), which is located 31km from
WKR and is the high-temporal-resolution gauge closest
to the maximum recorded storm accumulation at
CYYZ. This gauge recorded 109 mm of total rainfall
compared to 126 mm at CYYZ. There is an obvious
large variation in the final estimates over the accumu-
lation period, ranging from 23 mm, for the R(Z) esti-
mators with uncorrected reflectivity, to 120 mm for the
S-band R(Z, Zpgr) algorithm. The estimates closest to
the gauge total (black curve; 109 mm) were from the R(A)
algorithm (blue curve; 102 mm). The radar algorithms
that followed closely were B02, B02*, the S-band R(Z),
and DP-QPE, and all were about *10mm from the
gauge amount. Rainfall over the gauge started around
2000 UTC soon after which the WKR R(Z) estimators
started deviating from the gauge accumulation because
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of radome and path attenuation effects. Initially, both
KBUF estimates and all four WKR R(Kpp) followed
the gauge closely until about 2030 UTC, and they sub-
sequently began deviating away from the gauge. The
B02 R(Kpp) matched the gauge again at 2100 UTC but
then deviated again, with lower estimates from about
2130 to 0000 UTC 9 July. BR0O6 and BR11 R(Kpp)
continued to deviate from the gauge, resulting in 84- and
72-mm rain totals. The accumulation curves from B02
and B02* followed each other closely over all times and
ended with 96- and 93-mm rainfall accumulation, re-
spectively, about 10% lower than the gauge rainfall to-
tal. The R(A) followed both B02 algorithms closely up to
2100 UTC, but then deviated from them and followed
the gauge accumulation curve more closely; it resulted
in 102 mm of rainfall accumulation, the best radar esti-
mate at this gauge. The KBUF estimates essentially
followed the rain gauge accumulation from 2030 to
about 2140 UTC, reaching about 60 mm. Both estimates
then started deviating from the gauge from 2150 UTC,
resulting in KBUF underestimating with R(Z) and
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FIG. 10. Rainfall accumulation time series for the various radar rain-rate algorithms in Table 1 and the 5-min

resolution gauge data at (a) HY046 and (b) HY055.
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overestimating with DP-QPE. Uncertainties from
TBRG’s rainfall measurements (e.g., Habib et al. 2001;
Ciach 2003) can be on the order of 5%-10% and are
dependent on the actual rain rate and collection interval.
Considering errors in the gauge accumulation, the range
of the S-band accumulation estimates (91-120 mm) and
the C-band estimates from B02 and B02* (i.e., 96 and
93 mm, respectively) were reasonable.

Figure 10b shows the accumulation time series plot
for the Restoration Services (HY055) gauge located
16 km from WKR, which recorded 79 mm of rain total.
B02 was in excellent agreement with this amount,
whereas B02* was 10 mm lower. The KBUF DP-QPE
was just 6 mm higher than the gauge. The R(Z) from
KBUF only gave 66 mm by comparison. Note that this
gauge is located in the area where KBUF reflectivity
was negatively biased because of attenuation, which
results in the lower radar-derived amount. During the
entire accumulation period, B02 followed the 5-min
gauge data very closely with no significant deviation
from the gauge accumulation curve. Interestingly, R(A)
deviated from the gauge right from the start at
2030 UTC, overestimating rain rates, but later matched
the gauge rates and then was underestimating the
10-min accumulations from 2200 UTC onward. B02*
initially followed the gauge and the unmodified B02
algorithm closely, but from about 2130 UTC it was more
closely correlated with R(A) and resulted in 69 and 68 mm
accumulation, respectively. From 2030 to 2130 UTC,
the KBUF R(Z) and DP-QPE lines deviated by roughly
10mm above the gauge. Also from 2200 UTC onward,
KBUF R(Z) was lower than the gauge curve for the rest
of the accumulation period. The DP-QPE continued
to be slightly above the gauge for the remaining time.
Examination of the time series for the other gauges
may yield further insights; however, it is beyond the
scope of this paper.

5. Conclusions

On 8 July 2013, pulse-type storms moved slowly across
Toronto, producing flash flooding in certain areas. In the
Toronto Pearson International Airport area, storm cells
were impeded by the Lake Ontario lake-breeze front
and resulted in convective clusters and enhanced heavy
rainfall, caused by convergence of the outflow bound-
aries and the lake-breeze front. The maximum gauge
rainfall total was 126 mm at a rain gauge located at
CYYZ. WKR and KBUF suggested higher rainfall
accumulation a few kilometers to the northeast of the
airport.

The major factors affecting radar-derived QPE in this
heavy rain event were radome and path attenuation
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effects. Ground clutter in the urban environment and
contamination from second-trip echoes were handled by
applying filtering techniques based on SQI and pyv
thresholding. Attenuation correction of Z and Zpg were
done with a modified ZPHI algorithm. Brightband ef-
fects and VPR corrections were not considered impor-
tant for the C-band radar in this case study, as the radar
measurements were a few hundred meters above the
surface for all the rain gauge locations. This particular
event moved very slowly in comparison to typical sum-
mertime convective systems observed in this region.
Advection errors and errors in rain gauge rainfall mea-
surement and problems associated with radar-gauge
comparisons (e.g., Fabry et al. 1994) have been ig-
nored for this study.

Rainfall estimates from the C-band radar were de-
termined from traditional reflectivity-rain-rate algo-
rithms before and after correction for attenuation.
These algorithms yield large negative biases [e.g., =75%
for uncorrected R(Z)] of rainfall storm accumulation
when compared to the 48 gauge amounts. Not surpris-
ingly, R(Z, Zpr) also did not perform well because of
the heavy radome attenuation occurring for significant
periods for this storm. Attenuation correction of Z and
Zpr made some but insufficient improvement in mean
biases, from —70% for R(Z) methods to —50% for R(Z,
Zpr) methods. Apart from the significant radome at-
tenuation, improper a and 3 parameters in the hotspot
correction and improper ¢, and B, outside the hotspot
region could account for insufficient correction of Z and
Zpr at certain instances during the storm.

The algorithms based on specific differential phase
performed better in comparison with combined reflec-
tivity and differential reflectivity methods. The R(Kpp,
ZpR) algorithm gave about a —30% bias that worsened
using attenuation-corrected Zpgr (—34%). This was at-
tributed to inconsistencies in the differential reflectivity
attenuation correction scheme. Since R(Kpp) and R(A)
are the only algorithms not affected by radome and path
attenuation effects, they performed the best in estimat-
ing the overall storm accumulations. However, there
were significant differences in the storm total accumu-
lation based on the coefficients used in these algorithms;
R(Kpp) algorithms with different parameters were
tested in the study. The B02 algorithm (using only pos-
itive Kpp) gave the least bias, +2%, but large over-
estimation of rainfall accumulation at lower rates;
however, B02* (i.e., including negative Kpp in the rain-
rate calculations) produced a bias of —16% but removed
the overestimation of rainfall at lower rain rates. Fur-
thermore, this latter algorithm produced the least radar—
gauge scatter overall but produced negative total accu-
mulation in parts of the storm with lower rain rates.
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The specific attenuation algorithm R(A) produces
very good results, with a mean overall bias of only —6%
together with strong performance on other measures.
This algorithm has the advantage of not being as sensi-
tive to DSD variability as the R(Kpp) algorithms, and it
preserved the fine structure details in the accumulation
field better than the R(Kpp) algorithms. Heavy filtering
and smoothing of the ®pp profiles to derive Kpp results
in a loss of fine details in the R(Kpp) accumulations.
Both R(A) and R(Kpp) are immune to radar mis-
calibration and radome wetting impacts.

The NEXRAD S-band radar provided an in-
dependent set of rain total estimates, based on S-band
reflectivity and the DP-QPE algorithms. Only the R(Kpp)
and R(A) algorithms from the C band produced esti-
mates that were comparable with the S-band estimates.
Overall, the R(Kpp) and R(A) algorithms for the C band
gave storm total correlation with the gauges of 0.94, and
RMSE of about 12 mm, which were much better than
the reflectivity- and differential reflectivity—based
algorithms and compared very well with the S-band
estimates. This highlights the enormous benefit of dual-
polarimetric methods at C band for QPE that can pro-
duce results comparable to S band for this complex
rainfall case. At low rain rates, R(Kpp) estimators can be
problematic because the possibility of producing un-
realistic negative rainfall accumulations or a selective
method using Kpp in parts of the storm with heavy
rainfall and unbiased Z in parts with lighter rainfall
could apply. The R(A) algorithm also shows good
promise overall.

Future work is required to quantify the losses from the
radome wetting and to include that loss in the correction
of Z and Zpg. This would help to improve the C-band
dual-polarimetric QPE estimates and to resolve some of
the problems associated with Kpp estimators.
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