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1 Introduction

Radar-based Quantitative Precipitation Estimation (QPE) for precipitation at the surface requires
three fundamental steps: (a) estimation of the precipitation rate aloft within the radar volume; (b)
estimation of the applicable rate at the surface; and (c) conversion from rate to precipitation
depth over some period of time.
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Figure 1: Flowchart describing the CSU-ICE algorithm (Cifelli et al., 2011).

A significant number of algorithms have been employed for the estimation of precipitation rate
from dual-polarization radar data. Estimators have been proposed based on a variety of
combinations of dual-polarization variables (Sachidananda and Zrnic1987; Brandes et al. 2002).
These individual estimators have also been combined into so-called ‘hybrid’ estimators by
selecting the estimator most appropriate to a particular situation, generally based on the value of

dp? (1r
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the dual-polarization variables at that location (Ryzhkov et al. 2005; Bringi et al. 2009, Pepler et
al. 2011; Cifelli et al. 2011; Kim and Maki 2012). For example, Fig. 1 shows the combinatorial
logic from Cifelli et al. (2011) for S-band:

Similarly, Fig. 2 shows the logic used by Bringi et al. (2009) for C-band:
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Figure 2: Block diagram illustrating the rain-rate retrieval method using a variant of the Ryzhkov
et al. (2005) approach and adapted for C-band. (Bringi et al. 2009).

These hybrid methods produce results that are superior to those from individual estimators.
However, as can be seen from the above figures, the methods depend on the correct choice of a
considerable number of thresholds from which decisions are made in the rule-based tree. In
decision systems such as these, adopting thresholds necessarily requires discarding some of the
possible options, and can lead to results that are less than optimal. Furthermore, tuning the
thresholds can be time consuming and error-prone.

As an alternative to the threshold-based hybrid techniques, a hydrometeor classification
algorithm can be used to determine which rate relationship is appropriate (Giangrande and
Ryzhkov 2008; Berkowitz et al. 2013).This approach has the advantage that determination of the
thresholds is not required in the QPE step because the hydrometeor classification algorithms on
which they are based make use of fuzzy logic for the determination of the hydrometeor type
(Vivekanandan et al. 1999; Lim et al. 2005; Park et al. 2009).

This is the approach that is taken in this study. The NCAR particle identification (PID) algorithm
(Vivekanandan et al. 1999) is used to determine the hydrometeor type, and the choice of
precipitation rate relationship is then based on the PID.
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The method was originally developed for the Front Range Operational Network Testbed
(FRONT) 2014 season (Hubbert et al. 2014). Based on this experience the method was refined
before being deployed during the Plains Elevated Convection at Night (PECAN) field project in
Kansas during the summer of 2015. The method was applied to data from the NEXRAD WSR-
88D network of radars used during PECAN, along with the NCAR S-band polarization (S-POL)
radar.

In section 2 we describe the method in some detail. In section 3 we show some initial results
from PECAN. We follow with conclusions in section 4.

2 Method

2.1 Outline
The main steps in the NCAR QPE procedure for each individual radar are:
1. Runthe NCAR particle identification (PID) algorithm;
2. Estimate the precipitation rate throughout the 3D radar volume;
3. Compute the beam blockage;
4. Compute the QPE rate at the ground in polar coordinates;
5. Transform the surface QPE rate into Cartesian coordinates.
Then, to compute the QPE depth over a region:

6. Merge the Cartesian QPE rate grids from individual radars into a single grid, every 6
minutes;

7. Compute QPE depth from rate for each 6-minute merged product;
8. Sum QPE depth over time for various accumulation periods.

2.2 Running the PID algorithm

The NCAR PID algorithm (Vivekanandan 1999) requires a temperature profile from which to
estimate the 0-degree temperature height. Because routine soundings only occur every 12 hours
and are not located close to the radar sites, model-based soundings are used, derived from the
RUC Rapid 13-km model. The RUC data arrives mapped onto pressure levels as the vertical
coordinate. The data is interpolated to remap it onto height levels relative to sea level from which
the vertical profile of temperature at each radar location is estimated.

During the 2014 FRONT projects some temperature profile-related errors were observed with the
PID product. Since the melting layer is the most important feature, and the wet-bulb temperature
is more relevant to the melting process, it was decided to use the wet-bulb temperature rather
than the dry-bulb temperature for the PID temperature profile. During PECAN the wet-bulb
profiles did seem to work well for PID, but further study is required to confirm that wet-bulb
temperature is preferable to dry-bulb temperature for this purpose.
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2.3 Estimating precipitation rate

For each radar range gate in a volume with a signal-to-noise ratio (SNR) exceeding 5 dB, a
number of precipitation estimators are computed.

In all of these estimators, the following units apply:
zh: mm®m?
KDP: deg/km
ZDR: linear unit-less ratio

The following rate formulations are used:

R(Z) for rain:

R(Z)=0.0274Z°% (1)
which is equivalent to:
Z=178R** (2
R(Z) for dry snow (i.e. above the melting layer):
R(Z) =0.0365Z°* 3

which is equivalent to Marshall Palmer:
Z = 200R'® (4)
R(Z, ZDR) (from Berkowitz 2013):
R(Z,ZDR) = 0.0067Z %% zdr 3% (5)
R(KDP) (from Berkowitz 2013):

0.822

R(KDP) = sign(Kdp)44|Kdp| (6)

In computing the above estimators, the following limits are applied to keep the results within
reasonable bounds:

dBZ <= 53. If the reflectivity exceeds 53, it is capped at 53 dBZ to avoid excessive values in
the presence of hail.

R < 125 mm/hr. If the rate exceeds 125 mm/hr, it is capped at 125. This was adopted as a
reasonable climatological upper bound for Eastern Colorado and Kansas.

In mixed phase regions (e.g., the melting layer) the measured reflectivity is reduced by 10 dB to
account for the enhanced reflectivity in the bright-band.
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2.4 NCAR Hybrid method
The NCAR HYBRID method uses the PID to determine which rate relationship to apply.
The logic diagram for the NCAR HYBRID method is shown in figure 3 below:
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S » Set to missing
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Dry snow? Ice crystals?
y Irregular icey> » Use Zh for snow

N
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, Y
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Supercooled drops?
N
> Use zh

Figure 3: Logical decision tree for NCAR HYBRID algorithm.

For the HYBRID algorithm, the ZDR threshold is set to 0.5 dB.
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2.5 NCAR Weighted-PID method

In the NCAR Weighted-PID method a weight is assigned to each rate relationship for each radar
gate. The weights are determined from the interest values assigned to each of the of the various

particle types identified by the PID algorithm. QPE is then computed as the weighted sum of the
various estimators. See Fig. 4 below for the flow of logic.

‘ Start

|

2015-09-17

Y
<< Clutter, insects, second trip? ——————» Set to missing
Compute weights for N

precip categories

weightLightRain = interestCloud + interestDrizzle + interestLightRain + interestSld

weightModerateRain = interestModerateRain + interestGraupel/Rain
weightHeavyRain = interestHeavyRain
weightHail = interestHail + interestRain/Hail + interestGraupel/Hail
weightSnow = interestDrySnow + interestlce + interestlrregularice
weightMixed = interestWetSnow

Then, normalize weights so sum of weights = 1.0

< weightHail > 0.5 and Kdp not valid? —————» Set to missing

e

Initialize Rate =0

Rate = Rate + rateZh * weightLightRain
Rate = Rate + rateZZdr * weightModerateRain
Rate = Rate + rateZhSnow * weightSnow
Rate = Rate + rateZhMixed * weightMixed
Rate = Rate + rateKdp * weightHeavyRain

l

Kdp valid? 1> Rate = Rate + rateKdp * weightHail

N

>} Done }:

Figure 4: Logical decision tree for the NCAR Weighted-PID algorithm.
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2.6 Beam blockage computations per radar

For each radar, a beam blockage algorithm is run to compute the blockage at the lower elevation
angles. The algorithm makes use of the SRTM 30-m resolution digital elevation data obtained
from the NASA space shuttle STS-99 mission. This data comes in 1-deg x 1-deg tiles:
(http://wwwz2.jpl.nasa.gov/srtm/cbanddataproducts.html).

The method is reasonably sophisticated and takes account of standard atmospheric propagation
effects and the convolution of the beam pattern with the terrain features. It produces data in polar
coordinates containing beam blockage percentage for elevation angles spaced at 0.1 degrees up
to an angle at which no blockage is evident.

As an example, Fig. 5 (below) shows the observed clutter power at each gate at a 0.4 degree
elevation angle, for the NCAR S-POL radar at the FRONT site at Firestone in North-Eastern
Colorado. (This is determined by running the clutter filter and computing the power removed by
the filter.) By way of comparison, Fig. 6 shows the estimated beam blockage at each gate, for the
same 0.4 degree elevation angle from the S-POL site. The clutter and computed beam blockage
patterns in these two figures are highly similar, as expected.

Figure 7 shows the accumulated beam blockage along each radial, also at 0.4 degrees elevation.
These are the blockage values that are used in the QPE algorithm.

‘Flelds ‘Znom Back ‘ Haps ‘ |nma Loop ‘ How | Products | ‘Rllmeds Vsection ‘

Resst | Reload | [Ualue Werlays | Confis | Status | help | winds | Bar |

Frame 11:05/23/2014 17:36:00 (17:31 to 17:36) 0.4 deg Current Time: 09/06/2015 21:32:10

Figure 5: Observed clutter power — S-POL 0.4 deg. at the FRONT site at Firestone, Colorado.
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Figure 6: Computed beam blockage fraction at a gate — S-POL 0.4 deg.
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Frame 17 06/11/2014 18:05:00  (18:00 to 18:05) 0.5 deg Current Time: 06/12/2014 18:38:01

Figure 7: Accumulated blockage fraction for S-POL at 0.4 deg.

2015-09-17
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2.7 Computing the QPE at the surface
Figure 8 shows the decision logic for translating the QPE values from within the 3-D volume to

the surface.

For each gate at each azimuth ><7

v

Initialize rate to missing

v

For each elevation, starting at bottom
and moving up

v

Is the SNR too low?

Is the beam blocked > 25%?

Is this clutter or insects
or second trip?

Is rate missing?

Is the beam too high?

Accept precip rate at this
elevation angle

A\ 4

@d of gate and azimuth IOOE—

Figure 8: Decision logic for computing QPE at the surface.

2015-09-17
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The procedure is carried out for each range gate and each azimuth in the lowest PPI. Ideally the
QPE from the lowest PPI is used as the surface estimate. However, this is not always possible for
a variety of reasons. The following are checked:

e s signal to noise ratio (SNR) <5 dB ?
e s beam blockage > 25% ?
e Does PID indicate clutter, insects or second trip?

e Is the QPE missing for this PPI?

If any of these conditions is true, the search moves up to the next PPI. If having moved up, the
height of the gate exceeds a specified threshold (7 km) the QPE is set to missing.

In terms of beam blockage, if a gate has less than 25% blockage, it is treated as unblocked and
accepted as a candidate for QPE. If the blockage exceeds 25%, the gate is regarded as unsuitable
for QPE purposes. No attempt is made to adjust for beam blockage.

There is one important point to make about the logic for translating QPE to the surface. In the
logic diagrams presented in sections 2.3 and 2.4, it can be seen that if hail is the predominant
particle type and KDP is not available, the rate is set to a missing value. KDP sometimes cannot
be calculated accurately because of clutter contamination at low elevation angles but is available
at higher elevation angles. In this case, the algorithm will move to the next higher elevation angle
in search of a valid precipitation rate. Since clutter contamination generally diminishes with
increasing height, the KDP estimate may be better higher up than at the lowest elevation angle.

10
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3 Results
3.1 Radar network for PECAN

106w 105w 104w 103w 102w 101w 100w

Figure 9: S-band radar network used for PECAN QPE product.

The QPE algorithm was run on the 17 S-band radars associated with the Plains Elevated
Convection At Night (PECAN) field project, centered on Kansas.

Figure 9 shows the S-band radar network used for the QPE and other products for PECAN field
project. The color scale shows the range from the closest radar.

11
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Figure 10 shows an example of the large convective systems that occurred during PECAN. This
is the column-maximum from the NOAA MRMS reflectivity mosaic, overlaid with lightning
strikes (from the National Lightning Detection Network) from a 15-minute period.

106w 105w 104w 103w 102w 101w 100w

Figure 10: MRMS column-max reflectivity at 07:00 UTC on 2015/06/05.
NLDN lighting is overlaid as yellow crosses.

3.2 QPE products computed during PECAN

Figure 11 shows the 24-hour QPE accumulation from the NCAR HYBRID method at 00:00
UTC on 2015/06/06. This period includes the event shown above. The units are in mm.

The QPE products were produced for a number of accumulation periods: 1 hour, 2 hour, 3 hour
and 24 hour running accumulations, and a 24-hour daily accumulation that restarts from zero at

12
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00:00 UTC each day. The algorithms were run from mid-May to mid-July 2015, covering the 2-
week period prior to the start of PECAN and the entire 6-week period of the main project.

106w 105w 104w 103w 102w 101w 100w
“WIDE- 24K RURNING HYBRID : -.@0632015 00:00:00
[ T

R

i i‘m —
Figure 11: Accumulation (mm) from NCAR HYBRID QPE for the 24-hour period ending at

00:00 UTC on 2015/06/06.
3.3 Verification using surface precipitation gauges

Figure 12 shows the map of surface precipitation gauges available from NCDC for verification
of the QPE product. Many of these sites only provide data on a 24-hour reporting cycle.
Therefore it was decided to perform the verification on 24-hour QPE accumulations only.

13
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Figure 12: Map of daily precipitation gauge sites for the QPE domain. Data for these sites is
available from NCDC.

The reporting times for these gauges are frequently in local standard time, so the times must be
corrected to UTC before use in the verification process.

For the purposes of this paper, it was decided to perform the verification over the PECAN
primary domain (see orange rectangle). The reasons for this are (a) there is good overlapping
radar coverage for this domain and (b) the terrain in this region is reasonably flat, therefore the
complications associated with the mountainous terrain of the Colorado Front Range are avoided.

14
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Figure 13 shows the 24-hour gauge-reported values for the PECAN primary study domain,
overlaid on the 24-hour accumulated QPE for 12:00 UTC (07:00 local time). Many of the
manually-read gauges are reported around 07:00 local.

dzg

102,50 102,00 101 .50 101.0M 100.5K 100.0K 95, & a3,

Figure 13: Measured gauge precipitation amounts overlaid on the radar-derived QPE map, for
12:00 UTC (07:00 local) on 2015/06/05.

Figures 14 (a) through (d) show 2-Dimensional histograms of the 24-hour radar-based QPE vs.
the recorded gauge values for 4 estimators: (a) the NCAR HYBRID algorithm, (b) the NCAR
Weighted-PID algorithm, (c) R(Z) and (d) R(Z, ZDR).

15
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Figure 14(a): Radar-based 24-hour QPE vs gauge values, NCAR HYBRID algorithm.
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Figure 14(b): Radar-based 24-hour QPE vs gauge values, NCAR Weighted-PID algorithm.
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Figure 14(c): Radar-based 24-hour QPE vs gauge values, R(Z) estimator.
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Figure 14(d): Radar-based 24-hour QPE vs gauge values, R(Z, ZDR) estimator.
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Table 1 below summarizes the verification results for each of the four methods.

Method N points Correlation Bias radar/gauge
NCAR HYBRID 21258 0.834 0.940
NCAR Weighted-PID 21311 0.826 1.108
R(2) 21668 0.798 1.331
R(Z, ZDR) 21037 0.772 1.057

Table 1: Statistics for the various QPE methods.

Overall, the NCAR HYBRID algorithm performs the best, with good correlation statistics, and a
bias that shows it under-estimates the gauge values by about 6 %. The Weighted-PID algorithm
also has good correlation, but over-estimates the gauge measurements by about 11%. R(Z) on its
own over-estimates by about 33%, as is generally expected, with poorer correlation than the PID-
based methods. R(Z, ZDR) actually has a good bias value, with only a 6% over-estimate, but
exhibits significantly poorer correlation, as can be seen by the larger spread in Figure 14(d).

Dealing with the melting layer is a challenge for precipitation estimation. Therefore, as an initial
step in diagnosing why the estimators produce different results, it is instructive to consider their
handling of widespread stratiform events, with the associated bright-band features. Fig. 15 shows
such an event passing over KDDC on 2015/05/22. KDDC is at the center of the plot.

Figure 15: Large stratiform event passing over KDDC, the Dodge City NEXRAD
09:45 UTC on 2015/05/22.

18




9A.1 AMS 37" Conference on Radar Meteorology 2015-09-17

Figures 16(a) through (d) below show the 24-hour QPE accumulation for this event, at 12:00
UTC on 2015/05/15, for the four estimators: (a) NCAR HYBRID, (b) NCAR Weighted-PID, (c)
R(Z) and (d) R(Z, ZDR).

ass
102.5% 102,00 101.5¢ 101.0w 100.5w 100. 0w

VIDE 24HRVRUNNING HYBRTD: 05/22/2015 12:00:00

Figure 16(a):

ey
102.50 102.00 101.50 101.00 100.5¢ 100.00

[

Figure 16(b): 24-hour QPE, NCAR Weighted-PID, for KDDC stratiform event, 2015/05/22.
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des
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WIDE 24HR RUNNING ZH: 05/22/2015 12:00:00

Figure 16(d): 24-hour QPE, R(Z, ZDR), for KDDC stratiform event, 2015/05/22.

Figures 16(a) through (d) demonstrate how clearly melting-layer effects can be seen in
precipitation accumulation plots, even though these errors are not obvious in the QPE from
individual radar volumes. This occurs because the range of the melting-layer ‘rings’ in CAPPIs

20
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are similar from one volume to the next, so that the accumulation results in a definite feature.
These features are useful in assessing QPE performance.

It can be seen that the HYBRID estimator handles the melting layer quite well, resulting in a
reasonably muted ‘ring’ signature around the KDDC radar. The Weighted-PID estimator does
not perform quite as well, and this would be one reason why this estimator has poorer validation
statistics than the HYBRID. R(Z) performs quite poorly for this event, since there is no
correction for the melting layer. R(Z, ZDR) performs somewhat better.

4 Conclusions

Building on the work of prior investigators and the National Weather Service NEXRAD program
office, two QPE methods were developed. These rely on the NCAR Particle Identification (PID)
algorithm to guide the selection of the radar-based estimators appropriate for precipitation
estimation aloft in the radar volume. These algorithms were coupled with a technique for
mapping the most appropriate values from their location aloft down to the surface.

These algorithms were run on the 17 radars associated with the PECAN field project, producing
QPE products over the 2-month period from mid-May to mid-July 2015. These products were
verified by comparison with 24-hour daily accumulation data for an extensive network of surface
precipitation gauges. The results are promising, showing good correlation between the radar-
based QPE and gauge measurements, and minor biases evident.

Future work will concentrate on further verification against surface measurements, and in
making improvements to the algorithms to improve their performance. In addition this product
will be compared for accuracy with the latest NOAA and MRMS products. It is likely that a
single candidate will be chosen as the preferred method, and based on this study that is likely to
be the NCAR HYBRID formulation.
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