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ABSTRACT

Real-time access to level II radar data became available in May 2005 at the National Centers for Envi-
ronmental Prediction (NCEP) Central Operations (NCO). Using these real-time data in operational data
assimilation requires the data be processed reliably and efficiently through rigorous data quality controls. To
this end, advanced radar data quality control techniques developed at the National Severe Storms Laboratory
(NSSL) are combined into a comprehensive radar data processing system at NCEP. Techniques designed to
create a high-resolution reflectivity mosaic developed at the NSSL are also adopted and installed within the
NCEP radar data processing system to generate hourly 3D reflectivity mosaics and 2D-derived products. The
processed radar radial velocity and 3D reflectivity mosaics are ingested into NCEP’s data assimilation systems
to improve operational numerical weather predictions. The 3D reflectivity mosaics and 2D-derived products
are also used for verification of high-resolution numerical weather prediction. The NCEP radar data pro-
cessing system is described.

1. Introduction research communities. A number of algorithms have
been developed over the years to initialize numerical
prediction models by assimilating the radar reflectivity
and/or radial wind observations. This body of research
indicates that the utilization of radar data has great
potential for improving NWP forecasts (Carley 2012;
Dowell et al. 2011; Hu et al. 2006; Stensrud et al. 2009;
Sun 2005; Xue et al. 2000).

However, progress in using high-resolution level II
data in operational NWP models has been much slower
than in research models over the years (Weygandt and
Benjamin 2007; Alpert and Kumar 2007). The lack of
progress may be attributable to key obstacles such as
1) difficulty in transmitting relatively large volumes of
radar to the operational center in real time, 2) radar data
decoding software and storage requiring an excessive
Corresponding author address: Dr. Shun Liu, NOAA/NCWCP amount of computational resources, 3) operational high-
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Doppler weather radar has the capability to scan a
large volume of the atmosphere at high spatial and
temporal resolutions. The network of Weather Surveil-
lance Radars-1988 Doppler (WSR-88Ds) or Next Gen-
eration Weather Radar (NEXRAD) sites provides
invaluable observations for observing atmospheric
conditions at high resolution across the United States
(Crum and Alberty 1993). The images from radar ob-
servations are successfully used to detect severe weather
and warn of thunderstorms (Burgess 2004; Mitchell et al.
1998; Vasiloff 2001; Liu et al. 2007). The use of high-
resolution radar data to improve numerical weather
prediction (NWP) is also active in the academic and
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FIG. 1. Flowchart of WSR-88D radar data processing at NCEP.

computational resources, and 4) various radar data
quality problems that can limit the application of radar
data for operational use. Owing to the success of the
Collaborative Radar Acquisition Field Test project
(CRAFT; Droegemeier et al. 2002), the National Cen-
ters for Environmental Prediction (NCEP) have been
accessing the level II data in real time from a network of
156 National Weather Service (NWS) WSR-88D radars
since May 2005. The NCEP Central Operations (NCO)
facility has assigned a dedicated node with 32 processors
in the NCEP’s operational supercomputing environ-
ment to process level Il radar data in real time. With the
addition of these computational and disk storage re-
sources, the first two obstacles were overcome. Re-
cently, NCEP has gradually begun to gain the ability to
improve the regional model resolution in operations.
Thus, an efficient system for processing the raw level 11
radar data must then be developed. This system should
be reliable and efficient enough to remove radar data
quality problems and provide level II radar data prod-
ucts that will support all relevant NCEP operational
applications.

In this paper, the radar data processing system at
NCEP is described in detail. A flowchart of the radar
data processing process is introduced in section 2. The
implementation of a quality control (QC) package is
described in section 3. In addition, the performance of
the QC package is examined in section 4 and a summary
is provided in section 5.

2. Radar data processing at NCEP

The WSR-88D radar data processing system at NCEP
comprises the following components outlined in the
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flowchart shown in Fig. 1. 1) The Local Data Manage-
ment (LDM) system is used to receive compressed raw
level II radar data at NCO. Once the data are received,
they are uncompressed and decoded to obtain the radial
wind (Vr), reflectivity at the horizontal polarization
(Ref), spectrum width (SW), cross-correlation co-
efficient between the horizontally and vertically polar-
ized radar return (CC), differential reflectivity (ZDR),
and differential phase (KDP). 2) The uncompressed and
decoded reflectivity data at 3.5° and 4.5° elevations are
used to estimate the mixing-layer height based on “‘ring”
features shown in the reflectivity (Heinselman et al.
2009). 3) Comprehensive QC is then performed to deal
with various radar data quality problems (e.g., aliased
radial winds, anomalous propagation, etc.). 4) For each
volume scan, the quality controlled radial wind, re-
flectivity, and spectrum width data are stored in data
tanks in Binary Universal Form for the Representation
of Meteorological Data (BUFR) format as shown in
step 4.1 in Fig. 1. The radial wind data are then written
out every 3h and assimilated by the North American
Mesoscale (NAM) Data Assimilation System (NDAS).
The radial wind data are also written out hourly and
used for the Rapid Refresh (RAP) and High Resolution
Rapid Refresh (HRRR) forecast systems as show in step
4.2 in Fig. 1. The quality controlled radial winds are
further used to calculate velocity azimuth display
(VAD) winds from each station. 5) Quality controlled
reflectivity fields are interpolated from a radar polar grid
onto a Cartesian grid via a single-radar Cartesian (SRC;
J. Zhang et al. 2005) package. Gridded reflectivities
from each volume scan are first put into a buffer area,
then a 3D reflectivity mosaic package developed by
National Severe Storms Laboratory (NSSL) is used to
interpolate the 3D reflectivity product to a unified
Cartesian coordinate with 1-km grid spacing and 31
vertical levels above the sea surface (500, 750, 1000,
1250, 1500, 1750, 2000, 2250, 2500, 2750, 3000, 3500,
4000, 4500, 5000, 5500, 6000, 6500, 7000, 7500, 8000,
8500, 9000, 10000, 11 000, 12000, 13 000, 14 000, 15 000,
16000, and 18 000 m). The 2D-derived products are also
computed from 3D reflectivity mosaics, which include
composite reflectivity, echo top, and hybrid scan re-
flectivity (the column maximum reflectivity from the
lowest two elevation scans). The 3D reflectivity products
are used in data assimilation to help initialize ongoing
convection in the operational RAP, HRRR, and NAM
models using a diabatic digital filter initialization tech-
nique (Weygandt and Benjamin 2007). The derived
products are also used for high-resolution verification
at NCEP.

The whole WSR-88D radar data processing system
has been found to be reliable and efficient in NCEP
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operations since its implementation in May 2005. In the
above steps, the radar data QC algorithms have evolved
over time and have had a beneficial impact on the ro-
bustness of the radar data used at NCEP. The NCEP QC
algorithms will be discussed further in the next section.

3. Radar data quality control

Prototype real-time radar data QC algorithms de-
veloped by Liu et al. (2003) and Gong et al. (2003) have
been improved and implemented into operations at
NCEP beginning in May 2005. The radial velocity QC
technique has been improved substantially through a
series of adaptive upgrades (Xu 2009; Xu et al. 2004,
2009, 2010, 2011) and tested extensively at NSSL as well
as in an operational environment at NCEP. The latest
addition to the QC package is the use of dual-
polarization (dual-pol) observations to improve the ra-
dial wind and reflectivity QC process. In particular, a
new QC component for identifying nonmeteorological
echoes using dual-pol observations (named dual-pol-
based QC) was incorporated into the upgraded QC
package at NCEP on 28 May 2013 (Jiang et al. 2013;
Tang et al. 2014).

The radar data QC used at NCEP for processing real-
time radar data is fully automatic and highly efficient.
The QC techniques used at NCEP are different from
those implemented at the Radar Operations Center
(ROC). The radar data QC techniques implemented at
ROC were developed primarily for visual and qualita-
tive applications with considerable tolerance for bad or
poor quality data, to retain as much of the original data
coverage as possible. These processed data do not satisfy
the high quality standard required by operational data
assimilation at NCEP. In the research community, radar
data assimilation has been more or less limited to case
studies where mixed objective and subjective radar data
QC techniques are often used. Sometimes, even manual
editing and cleaning are involved in the radar data
processing to ensure the data is free of quality problems.
Such manual QC approaches are clearly not suitable for
NCEP’s operational data assimilation. It is necessary
and critical to develop automated, high-standard QC
techniques to ensure that the processed radar data are
free of quality problems and thus can be assimilated into
the NCEP’s operational NWP systems.

A flowchart of the NCEP radar data QC process is
shown in Fig. 2. The key functionalities of the NCEP
radar data QC involve seven steps for detecting and
correcting or removing unqualified radar observations
in operations. 1) The super-resolution (0.5° X 250 m)
raw level II data are recombined to the legacy resolution
(1° X 250 m for radial winds, spectrum width, and dual-pol
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FIG. 2. Flowchart of WSR-88D radar data QC at NCEP.

variables and 1° X 1000 m for reflectivity). All of the
above radar-observed variables are input into the QC
software package. The raw data recombination reduces
the usage of computation resources in operational radar
data processing and meets the current needs of radar
data applications at NCEP. 2) Initially, a fuzzy-logic-
based algorithm (Liu et al. 2008) was used to detect and
remove ground clutter and sea clutter from the observed
radial wind and reflectivity fields. After the entire WSR-
88D network was upgraded with dual-pol capability, a
fuzzy-logic-based QC algorithm using three dual-pol
variables was developed to identify nonmeteorological
echoes (Jiang et al. 2013; Tang et al. 2014). 3) After
nonmeteorological echo removal, an advanced radial
velocity dealiasing algorithm based primarily on the
work of Xu et al. (2011) is then used to correct or remove
aliased radial velocities. 4) A Sunbeam filter is applied
to remove unqualified returns, called sun spikes, when
the antenna of a radar is aimed at the sun. A sun spike is
displayed as a narrow ray of the returned energy along
the radial direction and can be removed by detecting
the discontinuity of the radar returns along the azimuth
(Lakshmanan et al. 2007). 5) After the above steps, the
following QC statistical parameters used in P. Zhang
et al. (2005) on each tilt are calculated: (i) the standard
deviation of the radial wind (STD), (ii) the percentage
of the radial wind sign change (SC) along the radial di-
rection, (iii) the mean reflectivity on a tilt (MRF), (iv)
the percentage of the along-beam perturbation velocity
sign changes (PSCs), and (v) the radial velocity data
coverage (VDC). 6) The QC parameters from step 5
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TABLE 1. Thresholds of QC parameters.

QC threshold STD SC MRF PSC VDC
Max threshold 2.75 17.5 11.0 38 10
Min threshold 0 0 -2 0 0

above are then subsequently used to identify migrating
birds with the Bayesian method developed by P. Zhang
et al. (2005) and Liu et al. (2005). However, since the
newly developed dual-pol-based QC has been tested and
found to be very efficient and effective on identifying
biological echoes, the new version of migrating bird de-
tection relies mainly on the dual-pol-based QC method.
The Bayesian method is still performed as a sanity check
in case the dual-pol data are not available. 7) Finally, the
above five QC parameters are further used to statistically
eliminate noisy and other poor-quality data via the use of
the probability density function (pdf) estimated from a
histogram for each QC parameter. If the value calculated
on a tilt for any of the five QC parameters falls outside
the range of significant probability, the data on that tilt
are rejected. The radial wind and reflectivity that pass
through all seven QC steps (Fig. 2) are further used by
NCEP’s operational NWP systems (e.g., the NAM) as
shown steps 4.3 and 5.3 in Fig. 1.

Because the method used in step 7 (Fig. 2) was not
previously published or reported, the technical details of
this step are described here with illustrative examples.
Values of the five QC parameters are calculated and
accumulated from 18 March to 20 May 2007. The ac-
cumulated values are then used to generate histograms
for the five QC parameters. The pdf of a QC parameter
can be estimated from the histogram of that QC pa-
rameter (Liu et al. 2005). The maximum and minimum
thresholds for each QC parameter are empirically de-
termined to cover the range of significant probabilities
based on the pdf of that QC parameter. If the calculated
value of any QC parameter from the radar data on a
given tilt is not between the maximum and minimum
thresholds, then the radar data on that tilt will be re-
jected. The empirically determined thresholds are listed
for each QC parameter in Table 1.

An example of a histogram of SC is shown in Fig. 3.
For this QC parameter, the maximum threshold used to
reject the data is 20%, as indicated by the black line.
Figure 4a displays the level II radial wind imagery
scanned from precipitation at 0.5° elevation by the
Dallas/Fort Worth, Texas (KFWS), radar at 0605 UTC 11
September 2009, while Fig. 4b displays the radial wind
imagery from clear-sky scans at 0.5° elevation by the
Buffalo, New York (KBUF), radar at 1325 UTC
9 September 2009. The SC value calculated from the
radial wind field in Fig. 4a is merely 6.5%, while the SC
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FIG. 3. Histogram of the percentage of radial wind sign change
along the radial direction.

value calculated from the radial wind field in Fig. 4b is
23.0%. Clearly, the clear-sky radial winds in Fig. 4b are
much noisier than those observed from precipitation in
Fig. 4a. The data in Fig. 4b are thus rejected by the
statistically based QC method used in step 7 above. The
performance of the whole QC package will be examined
in the next section.

4. Performance of radar data QC
a. Radial wind QC

Since there are many conventional wind observations
available operationally at NCEP from instruments other
than radars (such as rawinsondes, profilers, aircraft,
etc.), and the radar radial wind observation operator
used in the variational data assimilation system is simple
and linear, it is relatively easy to examine the perfor-
mance of the radial wind QC objectively by using other
independent observations. Wind analysis using the
12-km NAM forecast system, which employs the Grid-
point Statistical Interpolation (GSI) data assimilation
package (Wu et al. 2002), is first performed with all
operationally used observational data except for those
for the radial wind. The analyzed winds are used as
reference winds to examine the performance of the ra-
dial wind QC. Reference winds are projected onto the
radial directions at the radial wind observation locations
by utilizing the forward operator for the radial wind
observations from the GSI variational data assimilation
system. Scatterplots of radar radial winds of observed
radar radial winds versus referenced radar radial winds
are shown in Figs. 5a,b. If the observed radial winds
agree with the reference radial winds, the plotted data
points will fall near and equally on either side of the
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FIG. 4. Radial wind observations (ms™ ') at 0.5° elevation collected by (a) KFWS at 0605 UTC 9 Sep 2009 and
(b) KBUF at 1325 UTC 5 Sep 2009.

diagonal line. In an idealized situation, the plotted data
points will fall on the line of equality in the figure. If the
plotted data points deviate significantly from the line of
best fit, a large bias exists between the observed and
reference radial winds. Clearly, the data points are
scattered more broadly before QC (Fig. 5a) than after
QC (Fig. 5b). In particular, very large differences
(>20ms ') between the observed and reference radial
winds are seen in the top-left corner and the bottom-
right corner of Fig. 5a. The large differences are caused
mainly by alias errors in the raw radial winds. Thus,
assimilating the raw radial winds without QC directly
into an NWP model has a high potential for degrading
the forecast skill. Large differences are also seen around
the vertical line of zero value for the observed radial
wind, which are caused mainly by ground or sea clutter

32

reference radial wind

-32 -16 0 16 32
oberved radial wind

in the returned echoes. After QC, most of the data
points with a large deviation in Fig. 5a are eliminated in
Fig. 5b, so the biases between the observed and refer-
ence radial winds have been reduced considerably after
QC. Some of selected data points with a large deviation
are further examined by plotting the radial wind image
at the corresponding elevation. As indicated by various
diagnostics of radial wind images, the current radial
wind QC package performs reasonably well in rejecting
unqualified data.

b. Reflectivity QC

Deriving radar reflectivity data directly from other
sources of observations in operations is currently not
feasible, which inhibits our ability to apply a direct and
quantifiable method for examining the performance of

32
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o

-16

232
-32 -16 0 16 32
observed radial wind

FIG. 5. Scatterplots of radial wind (ms™") (a) before and (b) after QC.
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FIG. 6. Composite reflectivity (dBZ) (a) before and (b) after QC

and (c) composite dual-pol variable CC at 0400 UTC 2 Mar 2014.
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radar reflectivity QC within the framework of current
operational datasets. The performance of reflectivity
QC is evaluated mainly by human expertise in opera-
tions. For a case study, an objective evaluation algo-
rithm is also developed to evaluate the quality of the
derived products from the 3D reflectivity products.

To facilitate continued evaluation from human ex-
perts, images of composite reflectivity from the quality
controlled 3D reflectivity mosaic are displayed in real
time on NCEP’s radar data monitoring web page. The
performance of reflectivity QC is then monitored by
NCEP and NOAA/Global Systems Division users.
Based on the feedback from users, the current QC is
able to reject most of the contaminated or unqualified
reflectivity data.

With the dual-pol technology upgrade across the
WSR-88D radar network, offline dual-pol products are
also developed to help human experts examine and
monitor reflectivity quality. For example, column max-
imum CC and ZDR (named as composite CC and
composite ZDR) are derived as needed. The three-
dimensional CC and ZDR results are projected onto a
two-dimensional grid in a manner that is analogous to
what is done to obtain composite radar reflectivity. The
images of the two products are generated and displayed
on NCEP’s radar data monitoring web page. Since
composite CC and ZDR show obvious differences be-
tween the meteorological echo area and the non-
meteorological echo area, experts can easily identify if
the major nonmeteorological echoes are removed in the
3D reflectivity mosaic. Thus, these dual-pol variables,
in addition to being used to help remove non-
meteorological echoes in the automated QC procedure,
also facilitate continued, interactive monitoring of the
reflectivity QC system.

An example of composite reflectivity with and
without reflectivity QC at 0400 UTC 2 March 2014 is
shown in Figs. 6a,b. The corresponding composite CC
is shown in Fig. 6¢c. Without reflectivity QC, blue-disk-
like echoes emerge throughout the southeast of the
continental United States, as shown in Fig. 6b. This
may be caused by clear-air echoes or non-
meteorological echoes (P. Zhang et al. 2005; Liu et al.
2005). The composite CC is shown in Fig. 6c. It is clear
that the composite CC is less than 0.9 (Lakshmanan et al.
2014) within the region of nonmeteorological echoes (i.e.,
the southeastern United States). In Fig. 6b, the applica-
tion of the QC package eliminates most of the contami-
nated or unqualified data while retaining most of the
physical or meteorological echoes.

To further objectively evaluate the performance of
reflectivity QC, the cloud coverage product developed
by the NASA Langley cloud and radiation research
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F1G. 7. ETS of composite radar reflectivity coverage against cloud coverage derived from (a) satellite observations
and (b) the false alarm ratio before and after QC from 10 to 17 Sep 2014.

group (http://www-pm.larc.nasa.gov/) is compared with
the reflectivity coverage results (Lakshmanan et al. 2007).
The meteorological echoes observed by radar show good
correspondence with the cloud coverage. The cloud
coverage at the same location as the observed reflectivity
can be used to identify meteorological and non-
meteorological echoes. The radar reflectivity coverage
results before and after QC at 0000, 0600, 1200, and
1800 UTC from 10 to 17 September 2014 are derived from
composite reflectivity. The equitable threat score (ETS)
and false alarm ratio of the radar reflectivity coverage
corresponding to cloud coverage are calculated and
shown in Fig. 7. The ETS scores before QC (Fig. 7a) are
clearly lower than those after QC and in the range 0-
20dBZ. The false alarm ratios before QC are also higher
than after QC in Fig. 7b. The low ETS scores and high
false alarm ratios before QC in the range 0-20dBZ are
caused by nonmeteorological echoes, as shown in Fig. 6a.
As shown above, both subjective evaluation by ex-
perts and objective verification of reflectivity coverage
against cloud coverage indicate that current reflectivity
QC can effectively reject nonmeteorological echoes.

5. Summary and future work

Key characteristics of the WSR-88D radar data pro-
cessing algorithms at NCEP have been reported in de-
tail. The whole radar data process procedure is
introduced by means of a flowchart. The QC algorithm
used for radar radial wind and reflectivity in operations
is described. The performance of radar radial wind QCis
examined by comparing radar radial wind observations
with the analyzed wind using all available observations.
The results show that radial wind QC can reasonably
reject unqualified data. The performance of the radar
reflectivity QC is evaluated by subjective methods as
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well as objective methods. The current reflectivity QC
can effectively reject nonmeteorological echoes.

Most of the components in the data processing system
have been implemented in operations for more than
eight years. The data processing system has been proven
to be efficient and effective. However, the radar data
QC process in the system is not perfect and there is room
for further improvement in the radial wind and reflec-
tivity QC by using other observations as part of the QC
procedure (e.g., satellite images). In addition, NCEP has
recently gained access to Canadian radar data from 13
stations and will gain access to Terminal Doppler
Weather Radar (TDWR) radar data from 46 stations in
the near future. As a result of different types of radar
hardware, the scan patterns used and QC problems en-
countered with Canadian radars and TDWR radars
differ from those in the operational WSR-88D radars.
Processing these new data will require enhancements in
computing power, disk storage, and the data flow net-
work. It will also require upgrades to the existing radar
data QC capabilities or even the development of new
QC algorithms. All these issues pose new challenges to
the NCEP radar data processing system and product
line. Thus, continued efforts are required to further
improve the radar data processing system at NCEP.

In 2016, the QC package is to be upgraded adaptively
by incorporating the dealiasing technique developed for
radial velocities scanned with small Nyquist velocities
(Xu and Nai 2012, 2013). The new dealiasing method
will be tested and implemented later at NCEP. Also,
current NCEP’s radar data processing will be com-
bined with NSSL’s Multiradar Multisensor System
(MRMS).
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