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Improving Operational Radar Rainfall Estimates
Using Profiler Observations Over Complex

Terrain in Northern California
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Abstract— Quantitative precipitation estimation (QPE) using
operational weather radars in the western United States is still a
challenging issue due to the beam blockage in the mountainous
areas and complex rainfall microphysics induced by the oro-
graphic enhancement. This article aims to improve operational
radar rainfall estimates in complex terrain by incorporating
auxiliary remote sensing observations. An innovative vertical
profile of reflectivity (VPR) correction scheme is developed for
operational radar using observations from multiple vertically
pointing profilers to represent the vertical structure of precipita-
tion at various locations. A demonstration study in the Russian
River basin in Northern California is detailed. Results show
that the QPE performance is significantly improved after VPR
correction, and this new VPR correction approach is superior to
the conventional approach currently applied in the operational
radar rainfall system. The normalized standard error of hourly
rainfall estimates for the two precipitation events presented in
this article is improved by ∼20% after applying the proposed
VPR correction scheme.

Index Terms— Complex terrain, quantitative precipitation esti-
mation (QPE), S-band vertically pointing profiler (S-PROF),
vertical profile of reflectivity (VPR) correction, weather radar.

I. INTRODUCTION

THE National Weather Service (NWS) Weather Surveil-
lance Radar—1988 Doppler (WSR-88D) systems form

the cornerstones of national severe weather warning and fore-
cast infrastructure. However, quantitative precipitation esti-
mation (QPE) using operational WSR-88D over the western
United States remains a formidable challenge because of
the mountainous topography [1]–[4]. The limitations of radar
sampling geometry are further compounded by the complex
precipitation microphysics as a result of land–ocean interaction
in the coastal zones and orographic enhancement in the
mountainous regions [5], [6]. This article aims to improve the
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WSR-88D-based rainfall estimates by incorporating auxiliary
observations from vertically pointing profiler radars. The
Russian River basin near the San Francisco Bay Area (here-
after referred to as Bay Area) in Northern California is used
as the demonstration domain.

The Bay Area is mainly covered by two WSR-88D radars:
KMUX and KDAX. The KDAX radar is located near Davis,
CA, USA, over 80 km from the closest portion of the Russian
River basin. The KDAX radar beams are also partially blocked
at the lowest two elevation angles (i.e., 0.5◦ and 0.9◦). The
KMUX radar is located in the Santa Cruz Mountains, over
150 km to the basin. In addition, KMUX is deployed at
an elevation of over 1000 m compared with the Russian
River valley which is near sea level [7]. There is another
WSR-88D (i.e., KBBX) providing partial coverage to the
Russian River watershed, which is located further north in
the Beale Air Force Base, east of Marysville, CA, USA. But
the KBBX radar is over 120 km from the closest boundary
of the watershed, and it is much further from the Bay Area.
Typically, the storms in Northern California have freezing
levels approximately 1–2-km above ground level (AGL).
Due to the beam broadening and height increase with a
range, the WSR-88D radar sampling volumes may be par-
tially or completely filled with either the mixed-phase hydrom-
eteors in the bright band (BB) or snowflakes above the BB
[see Fig. 1(a)] even if it is raining at the ground. If the radar
sampling volume is above the BB, the corresponding observa-
tions will induce significant underestimation in precipitation
estimates on the ground. If the radar is sampling within the
BB, the enhanced reflectivity due to the melting of aggregated
snow will cause overestimation in radar QPE.

A number of studies have focused on the mitigation of radar
QPE errors associated with the nonuniform vertical profile of
reflectivity (VPR) in the BB and the solid precipitation region
above the BB. A common approach suggested to account
for this effect is to correct the measured reflectivity profiles
using a priori information on the VPR and then apply the
radar rainfall estimators based on the corrected reflectivity.
In particular, the reflectivity measured aloft is revised in
a mean sense to an expected reflectivity near the ground
level [8], which is ultimately used to calculate QPE using
a Z–R relationship. Several VPR correction schemes have
been proposed in the literature. For example, Kitchen et al.
proposed a physically based strategy to construct an idealized
reflectivity profile from radar range height indicator (RHI)
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Fig. 1. (a) Diagram illustrating the sampling limitations of WSR-88D in Northern California. (b) Idealized model of VPR: h p stands for the BB peak, and
the region between BB bottom hb and BB top ht indicates the reflectivity enhancement due to the melting of aggregated snow above the BB or mixed-phase
hydrometeors in the BB.

scans during a total of 112 days over a three-year period [9].
The idealized VPR was weighted by the radar beam power
profile to calculate the reflectivity factor which should be
observed. The calculated reflectivity factor was then com-
pared with the actual radar measurement, and the profile was
adjusted to compensate for the BB effect in an iterative way
until the calculated reflectivity and the measured reflectivity
agree within an acceptable tolerance [9]. Andrieu and Cre-
utin [10] formulated a statistical model of VPR using radar
data at two elevation angles. This model also relies on the exis-
tence of a mean VPR representative of the vertical structure of
reflectivity in the domain of interest. Germann and Joss [11]
developed an adaptive mesobeta-scale solution to VPR correc-
tion for each scan elevation angle through the representative
VPR estimated by averaging radar measurements from a 70-
km radius cylinder centered over the radar site. Bellon et al.
[12] evaluated two VPR correction schemes, namely near-
range VPR and intensity-dependent “climatological” VPR,
using simulations in order to isolate the VPR effects as a
function of BB height, uncertainties in the BB height, as well
as the averaging area. Matrosov et al. [8] used the polarimetric
radar measurements of ρhv to identify the BB location on a
beam-to-beam basis and then corrected the reflectivity profiles
based on the mean VPR at a certain range derived from the
RHI scans. Zhang and Qi [13] attempted to identify the BB
according to radar reflectivity distribution and temperature data
from a nearby sounding station. Then, the mean VPR in the
BB area is computed from the volume scan radar reflectivity
measurements and fitted using a linear model. The idealized
linear VPR model is used to correct for BB effect in the
measured reflectivity. This approach is applied in the opera-
tional multiradar–multisensor (MRMS) system [14]. Koistinen
and Pohjola [15] tried to estimate the ground-level reflectiv-
ity using two VPR-based correction ensembles, respectively,
derived from the measured and parameterized reflectivity
profiles. In particular, the first ensemble contained 24 members
based on the measured average VPRs derived from the volume

scans at 15-min intervals during the most recent 6 h, whereas
the second ensemble contained 24 members similarly but from
the parameterized climatological VPRs.

These correction methodologies can be roughly classified
into two categories according to the VPRs used in the cor-
rection: 1) long-term climatological VPR and 2) short-term
observed VPR. In summary, the climatological VPRs are
obtained from radar observations averaged over a certain area
and over a long time period, whereas the short-term observed
VPRs are typically obtained from multiple elevations of
one or several volume scan data for a wide area. Both the long-
term and short-term data can be used to model the idealized
VPR representative, as shown in Fig. 1(b). Therein, a number
of VPR model parameters are estimated, including BB top ht ,
BB peak height h p , BB bottom hb , and slopes of S1, S2, S3,
and S4. However, the climatological VPR cannot represent the
temporal and spatial variations in the vertical structure of pre-
cipitation. The short-term VPR can better capture the temporal
variations but not the spatial variabilities. In addition, most
of the previous studies concentrated on rather flat domains
with a little variation in the vertical structure of precipitation.
In complex terrain such as the Northern California, in addition
to the moisture and/or cloud condensate, wind direction and
terrain forcing are the key factors affecting the precipitation
intensity and distribution [5]. Conventional VPR correction
schemes may not be sufficient to capture the environmental
variations as such. Furthermore, due to the terrain blockage
and low freezing levels, it is challenging to collect sufficient
low-level observations to construct a complete representative
VPR model for the correction of upper-level measurements
from the operational WSR-88D radar.

Qi et al. [16] attempted to use observations from two
vertically pointing profilers to correct WSR-88D measure-
ments for QPE in complex terrain. In particular, two sets of
reference VPRs are derived using the two profilers; one for the
coastal mountains and the other for the Sierra Nevada. Each
represented a large area (i.e., a single VPR was constructed
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Fig. 2. (a) DEM information of the San Francisco Bay Area (Northern California). The Russian River basin boundaries are highlighted in white. (b) DEM
information of the rectangular area (Russian River watershed) indicated in (a). The black dots denote rain gauge locations, where the four sites marked with
pentagrams are equipped with vertically pointing profilers, which will be used to represent the VPR features in this area.

for an area about 200 km × 200 km in the coastal mountain
region). Although a consistent improvement on WSR-88D
QPE was observed during the three heavy rainfall events
detailed in their study, the VPR correction approach in [16] has
severe limitations when there are large horizontal variabilities
in the precipitation distribution. In addition, [16] assumed a
fixed “ideal” VPR model to represent the vertical precipitation
structure over a large spatial–temporal domain, similar to
most of the previous studies. The profiler data were not
dynamically utilized to resolve the changing precipitation
structures. This article develops an innovative VPR correction
scheme for WSR-88D radars based on the auxiliary remote
sensing observations from multiple vertically pointing pro-
filer radars deployed over complex terrain. In particular, four
S-band vertically pointing profilers (S-PROFs) are used to
investigate and represent the vertical structure of precipitation
at various locations in or near the Russian River watershed.
The multiprofiler observations, which can better characterize
small-scale rainfall microphysical processes, are directly and
dynamically incorporated in the WSR-88D data processing
and subsequent derivation of rainfall products.

The remainder of this article is organized as follows.
Section II details the study domain, instrumentation, and VPR
correction methodology. Section III presents two case studies,
as well as the performance evaluation of the proposed VPR
correction scheme in terms of QPE. The main findings of
this article and operational implementation challenges are
summarized in Section IV.

II. STUDY DOMAIN, INSTRUMENTATION,
AND METHODOLOGY

A. Study Domain
In this article, the Russian River basin is used as a

demonstration study domain. The Russian River watershed is

located within Sonoma and Mendocino Counties in Northern
California. Fig. 2 shows the detailed terrain information within
this watershed. It is roughly 130 km long, drains 3846 km2,
and has an average annual discharge of 2 km3. This watershed
includes several world-renowned vineyards and the winemak-
ing industry that dominates the local economy. It is one of
the most flood-prone areas in the state of California because
of the watershed’s unique geography and its exposure to
atmospheric rivers (ARs) [17]. ARs are long and narrow
regions of intense water vapor transport that can produce heavy
wintertime rainfall, resulting in floods, mudslides, and debris
flows [17]–[19].

On the other hand, Northern California, including the
Russian River watershed, relies on a few AR events every
year to replenish water supply reservoirs. Water supply in the
Russian River is further impacted by diversions for vineyard
irrigation and frost protection, which continue to expand in
response to high-value wine industry demands. In addition,
endangered salmon fisheries require tributary and mainstream
flows during the late summer and early fall spawning season
when precipitation is scarce and agriculture, recreation, and
other water supply demands are high. Therefore, accurate QPE
is critical to inform the decision process for water managers
that are balancing the competing needs for water supply
and flood mitigation. However, it is very difficult to obtain
reliable QPE for this region due to the challenges posed by
the sampling limitations of WSR-88D and complex precipita-
tion microphysics resulting from orographic enhancement [3].
Currently, the NWS California Nevada River Forecast Center
(CNRFC) does not use radar information to derive the mean
areal precipitation that is used to drive the NWS River Forecast
System (NWSRFS) for the Russian River watershed. It only
relies on the rain gauge data and rainfall climatology in this
mountainous region. To this end, this article aims to improve
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TABLE I

SPECIFICATIONS OF THE NOAA S-BAND PROFILER RADAR (FROM [21])

the operational radar-based QPE, which can result in better
flood forecasting and protection of aquatic ecosystems in the
vicinity of this particular domain.

B. Instrumentation

The data sets used in this article include a combination
of operational WSR-88D, vertically pointing profiler radars,
and surface rain gauge measurements. In particular, we take
advantage of the unique observations from the legacy of the
National Oceanic and Atmospheric Administration (NOAA)
Hydrometeorology Testbed (HMT) [20].

1) Selection of WSR-88D Radar: As mentioned, there are
three WSR-88D radars providing partial or full coverage to
the Russian River watershed, namely, KDAX, KBBX, and
KMUX, which are, respectively, about 80, 120, and 150 km
from the closest boundary of the basin. The KMUX and
KBBX radars cannot provide adequate coverage to the area
of interest because of the longer distances and considerable
blockage. Though the lowest two beams are partially blocked
by the coastal mountains, the higher beam tilts and hybrid
scans from the KDAX radar can still provide lower level
observations than the radar KMUX or the KBBX radar.
Therefore, the KDAX radar is often used to obtain QPE over
this terrain. For example, the operational MRMS radar-only
product over the watershed is predominantly derived from
the KDAX radar observations [2], [3]. Therefore, we selected
the KDAX radar for the demonstration of the proposed VPR
correction scheme. Particularly, the third tilt (1.3◦ elevation
angle) scans are used to derive QPE since it is the lowest
beam that is not affected by the partial blockage. The choice
of the KDAX radar also facilitates cross comparison with the
operational rainfall products from the MRMS system.

2) NOAA Profiler Data: In order to capture the vertical
structure of precipitation, this article utilizes the unique obser-
vations from several NOAA S-PROFs [21]. The S-PROF are
designed to continuously monitor precipitation evolution over-
head at relatively high temporal and vertical resolutions and
have been used in a number of previous studies (see [5], [16],
[22]–[24]). The key specifications of the S-PROF are listed
in Table I. The interested readers may refer to White et al. [21]
for more details about the profiler system.

In particular, four S-PROFs were deployed in the vicinity
of the Russian River watershed (see Fig. 2) as part of the

NOAA HMT program and used in this article to study rainfall
variability across the watershed. Table II details the locations
of the S-PROF and their relative position to the KDAX radar.
The high-resolution S-PROF data are used to construct the
local VPR structures at different types of terrain.

3) Rain Gauge Data: Rainfall measurements from auto-
matic weather stations are used to demonstrate the pro-
posed VPR correction technique in terms of QPE. As shown
in Fig. 2, there are 35 NOAA gauge sites deployed within
the Russian River basin. The locations of these gauges and
their distances to the KDAX radar are shown in Table III.
Table III also illustrates the sampling geometry of the KDAX
radar’s 1.3◦ elevation scan at each gauge station, including
the beam direction and the height of the beam center. Among
the 35 gauges, four are collocated with the above-described
S-PROF. At each station, the rainfall data are archived when
a tip (i.e., 0.254 mm) occurs and the data are stored at
2-min intervals. For the sake of cross comparison with the
operational MRMS product, the gauge data are aggregated to
accumulations at an hourly scale at the top of each hour.

C. VPR Correction Methodology

It should be noted that the WSR-88D radar scans over a
wide area, whereas the S-PROF provides vertical profiles at a
single location. As noted in Section I, traditional studies used
a single-representative VPR to correct scanning radar mea-
surements at large spatial scales, which completely neglected
the spatial variations of precipitation. In complex terrain such
as the Russian River watershed, such assumption may not
be sufficient. The novelty of the VPR correction scheme
presented in this article lies in the utilization of multiple
S-PROFs to observe the vertical structure of precipitation in
different subbasins of the Russian River watershed. Instead of
using a single VPR model to represent the whole watershed,
the auxiliary vertical measurements can better resolve the
spatial variability of precipitation in complex terrain resulting
from changes in the precipitation patterns on windward and
leeward slopes and in the valley regions.

1) Delineating the Watershed: In order to represent the
spatial distribution of precipitation at subbasin scales, we built
upon an existing geographic information system (GIS) data-
base of the Russian River basin. For the sake of implemen-
tation, the watershed is divided into four subdomains based
on the hydrologic characteristics and the locations of the
S-PROF. The vertical precipitation features in each individual
subdomain are represented by the measurements from an
individual S-PROF.

In order to distinguish the boundaries of the four subdo-
mains, we first use the digital elevation model (DEM) infor-
mation to locate the rivers, lakes, and streams over the Russian
River watershed. Then, the flow directions are derived using
the methodology proposed by Jenson and Domingue [25].
Therein, the direction of flow is determined as the direction of
steepest descent. Then, the ArcGIS Watershed tool is adopted
to process the flow directions and delineate subwatersheds.
The identification of subwatersheds relies considerably on
the techniques commonly used in data mining. In particular,
an adaptation of the K -means clustering algorithm is applied
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TABLE II

LOCATION OF THE KDAX SCANNING RADAR AND VERTICALLY POINTING PROFILERS. (FROM LEFT TO RIGHT) COLUMNS REFER TO THE STATION ID,
LATITUDE (◦N), LONGITUDE (◦W), ELEVATION ABOVE MEAN SEA LEVEL (AMSL: m), AND CORRESPONDING AZIMUTHAL ANGLE (◦) AND

RANGE (km) FROM THE KDAX RADAR, AS WELL AS THE COUNTIES WHERE THE RADARS ARE DEPLOYED

TABLE III

NOAA HMT GAUGE STATIONS USED FOR RADAR QPE VERIFICATION

IN THIS ARTICLE. (FROM LEFT TO RIGHT) COLUMNS REFER TO
THE STATION ID, LATITUDE (◦N), LONGITUDE (◦W), ELEVATION

AMSL (m), CORRESPONDING AZIMUTHAL ANGLE OF THE

KDAX RADAR SCAN (◦), DISTANCE TO THE KDAX RADAR

(km), AND CENTER HEIGHT OF THE KDAX RADAR’S
1.3◦ BEAM AT EACH GAUGE STATION (m)

to incorporate the spatial contiguity of the terrain information.
Ten subwatersheds are identified first (this number is inferred
from the ArcGIS Watershed tool). Then, four connected

regions within the watershed are derived [see Fig. 3(b)] based
on the locations of the S-PROF using a connected component
labeling (CCL) algorithm [26].

One of the distinguishing points of the proposed VPR cor-
rection scheme is that the correction is performed individually
over the four connected regions. However, it should be noted
that the split of the watershed in this article is essentially based
on the hydrologic features and terrain elevations (above sea
level). It may not be sufficient to fully represent the meteoro-
logical properties, especially in a rapidly evolving precipitation
system. How to classify and group the precipitation features
in a more dynamic way is still under development.

2) VPR Correction: Fig. 3(a) shows the VPR correction
scheme for WSR-88D measurements using the S-PROF data
as a reference. Spatially, the reflectivity observations from a
single S-PROF are assumed to represent the vertical structure
of reflectivity in each subdomain. Temporally, the S-PROF
produces a vertical measurement every minute, whereas it
takes 5–6 min for a WSR-88D to finish a volume scan.
Therefore, the S-PROF observations are averaged across two
adjacent KDAX radar scans (forward and backward in time:
∼10-minute window), and the averaged S-PROF data are
directly used to represent the KDAX radar reflectivity pattern
for an individual scan [see Fig. 3(c)]. In addition, a moving
average filter (window size is 10) is applied to the averaged
S-PROF profiles in order to reduce the measurement fluctua-
tions and other random errors.

As mentioned, the sampling volume of WSR-88D radar
becomes very large at far ranges due to the beam broaden-
ing effect. The lowest scan tilt that is free from blockage
is 1.3◦, which is used in this article. Over the Russian River
watershed, the spacing between the top and bottom of the
KDAX radar’s 1.3◦ beam spans from 1.2 to 2.3 km at different
portions of the watershed. By contrast, the range spacing of
the S-PROF is about 60 m. Therefore, the range gate [Z P

in Fig. 3(a)] closest to the center of the KDAX radar beam
is selected from the S-PROF observations to compare with
the corresponding KDAX radar measurement. At the S-PROF
location, the intersecting points between the KDAX radar’s
1.3◦ beam center and the S-PROF sampling volumes are
computed using the World Geodetic System 1984 Earth model.
Then, the difference between the KDAX radar and the S-PROF
reflectivity is calculated at the intersect points and used for
the correction. Similarly, at other locations within the same
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Fig. 3. (a) VPR correction scheme for scanning radar measurements based on the vertically pointing profiler radar observations. The black curve represents
VPR observed by the profiler radar, whereas the gray curve with the same pattern denotes the shifted VPR to match scanning radar observations at the same
height. (b) Example clustered regions derived from terrain information. The vertical structures of precipitation over these regions will be represented by VPR
observations from the four profilers shown in Fig. 1(b). (c) Temporal averaging of high-resolution profiler data to generate representative VPR signatures for
scanning radar measurements at a coarser resolution. Obs1 · · · ObsN stand for the WSR-88D observations.

subdomain, the same VPR curve observed by the profiler is
used. The difference between the scanning WSR-88D radar
(KDAX in this case) reflectivity measurement aloft and profiler
data collected at the same height with the KDAX radar
sampling volume at a given location is computed and used
for subsequent correction.

It should be noted that only the VPR curve/shape is assumed
to be the same within each subdomain identified through the
clustering technique mentioned previously. At each grid cell
in the subdomain, the VPR curve observed by the profiler is
shifted according to the difference between the profiler and
KDAX measurements at the same height until the VPR curve
intersects with the reflectivity value observed by the KDAX
radar. The ground-level reflectivity (i.e., Z E ) to be observed
by the KDAX radar is determined by the actual measurement
aloft and the differences

�Z = Zm − Z p (1a)

Z E = ZG + �Z (1b)

where Zm is the scanning radar reflectivity measurement at
a given location, Z P is the reflectivity measurement at the
same height but from the vertically pointing profiler radar, ZG

is the corresponding profiler radar reflectivity measurement
near the surface, and Z E is the VPR-corrected KDAX radar

reflectivity close to the ground. In this article, the profiler radar
measurement ZG is selected at the third range gate from the
ground (∼300-m AGL) to avoid possible ground clutters at
lower heights.

3) Radar Rainfall Relation: In order to demonstrate the
performance of the proposed VPR correction scheme, instan-
taneous rain rates are derived from both the reflectivity before
and after VPR correction for the preselected KDAX scan.

In particular, radar rainfall relations applied in the oper-
ational MRMS system [14] are adopted to derive the QPE
products for this particular domain. The rainfall relations are
as follows:

R = max(0.0365Z0.625, 0.1155Z0.5) (2a)

R = 0.017Z0.714 (2b)

R = 0.1155Z0.5 (2c)

where (2a) is for warm and cold stratiform rain, (2b) is for
convective rain and hail, and (2c) is for snow; Z represents
the radar reflectivity (mm6 m−3), and R stands for rain rate
[see (2a) and (2b)] or the melted equivalent snowfall rate
[see (2c)] (mm h−1).

The rain rates are then aggregated to derive hourly rainfall
estimates. The rain gauge data at hourly scale are used to
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verify the VPR correction performance and quantitatively eval-
uate various hourly rainfall products derived from the radar.
It should be noted that the relations in (2) are adopted mainly
because of the desire to compare with the QPE performance of
operational products (i.e., MRMS) currently available in this
region. In addition, (2a) is predominantly used for most of the
rainfall events over this complex terrain. A detailed precipita-
tion microphysics study is underway to find more suitable Z–R
relationships, which can better represent local precipitation
characteristics, and they are expected to produce relatively
improved QPE. Furthermore, since the WSR-88D systems
are upgraded with dual-polarization capability, the application
of polarimetric radar rainfall methodologies (see [27], [28])
should be considered in the future, especially in the regions
below the BB.

III. CASE STUDIES AND RESULTS

A. Precipitation Events

In this section, the QPE results are presented using two
case studies to test the performance of the VPR correc-
tion methodology. After several years of drought conditions,
California received abundant precipitation in the 2017 water
year, setting the wettest year on record [19]. More than half
of the precipitation fell in January and February, making the
combined two-month rainfall total the highest in Januaries and
Februaries ever recorded in Northern California. Within this
period, there were several discrete multiday, heavy precipita-
tion events that substantially helped to eliminate the drought
situation. However, heavy precipitation also caused major
floods, mudslides, and debris flows. In this article, the AR
events were first identified using the satellite-derived integrated
water vapor (IWV) data [29]. As expected, all precipitation
occurred in January and February of 2017 was associated
with AR phenomenon. The two major events that impacted
the Russian River watershed and produced flooding in the
region are analyzed in this article: January 8 and February 7
cases. In particular, the KDAX radar and S-PROF data col-
lected during intense rainfall periods (i.e., January 8, 2017
00UTC–January 11, 2017 00UTC for the first event;
February 7, 2017 00UTC–February 10, 2017 00UTC for
the second event) are used to demonstrate the proposed VPR
correction scheme. As typical AR events, the two case studies
presented in this article can represent the local precipitation
characteristics to a large extent [17], [19].

During the first event, Sonoma County was especially hit
by the above-noted storms, and many vineyards along the
Russian River watershed were flooded. Fig. 4(a) shows the
vertical structure of reflectivity observed by the four profiler
radars on January 10, 2017. On this particular day, the BB
heights were about 1-, 1.5-, 1.1-, and 0.5-km AGL before
12UTC at Cazadero (CZC), Santa Rosa (STR), Hopland
(HOP), and Middletown (MDT), respectively. The BB levels
at all the four stations were slightly elevated after 12UTC,
likely due to the diurnal change (BB level is higher during
daytime because of the higher temperature). The second event
coincided with the near failure of the Oroville Dam farther
east in the Feather River Basin of the Sierra. It is worth

noting that Oroville Dam’s main and emergency spillways
were damaged due to the large volume of water, prompting
the evacuation of 188 000 people living downstream along
the Feather River. A comprehensive study of the Oroville
flood event can be found in [19]. In the Russian River
watershed, the February event was associated with two consec-
utive ARs producing persistent heavy precipitation. Fig. 4(b)
shows sample observations from the four profiler radars during
this event. The BB heights are about 1.4-, 2-, 1.5-, and
0.8-km AGL at CZC, STR, HOP, and MDT, respectively.
After 06UTC, the BB levels are eventually elevated to about
2, 2.9, 2, and 1 km at the four sites, respectively.

The differences in the reflectivity profile characteristics for
both events shown in Fig. 4 over relatively short distances
emphasize the complexity of rainfall processes resulting from
orographic enhancement as well as the need for the ancil-
lary profiler observations to improve the WSR-88D QPE.
In Section III-B the VPR correction performance will be
quantified in terms of QPE.

B. Results

Fig. 5 shows an example of the impact of the VPR correc-
tion on the KDAX radar reflectivity across the Russian River
watershed. Overall, the KDAX radar reflectivity is greatly
enhanced after VPR correction, particularly in the regions
characterized by high mountains (see Fig. 2 for a watershed
terrain map). In addition, since the watershed is very far from
the KDAX radar, the elevated beam height and beam broad-
ening effect severely degrade the KDAX data quality. This
is shown in Fig. 5(a) by the large radar reflectivity gradient
extending from the southeast to the northwest part of the
basin. The spurious radar reflectivity pattern is caused by the
KDAX beam passing through the BB region near the southeast
boundary (high reflectivity) and near the cloud top (low reflec-
tivity) at the far northwest end of the watershed. This, again,
indicates the challenges of using higher tilt angles for QPE,
especially during shallow rainfall events [24]. However, this
effect is significantly improved after VPR correction, as shown
by the more realistic observations in Fig. 5(b). Fig. 5(b) also
shows that the gradient between different subbasins is fairly
smooth after the VPR correction is applied, except that near
the boundary between Region 1 and Region 4. This implies
that the proposed VPR correction scheme can capture most of
the spatial variabilities of precipitation in this complex terrain
region. The relatively sharp boundary between Region 1 and
Region 4 is mainly caused by the steep mountain slope in that
area. This problem may be alleviated by a more sophisticated
clustering method; however, that work is beyond the scope of
this article.

To illustrate the impact of the VPR correction on QPE,
Fig. 6 shows sample rainfall accumulations at two gauge
stations during a 12-h period on January 10, 2017 and
February 7, 2017: one location (STR: left) with collocated
S-PROF observations and one location (HLD: right) some
distance from the nearest profiler observation. In other words,
the direct profiler measurements are used to correct KDAX
radar measurements at the STR station, while the VPR
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Fig. 4. Profiler reflectivity observations during the two precipitation events in 2017. (From Top to Bottom) Rows refer to the profiler site at CZC, STR,
HOP, and MDT. (a) January 10, 2017. (b) February 7, 2017.

correction at the HLD site is based on the VPR structure
generated from a nearby profiler (HOP in this case) that used
to represent the whole Region 1 subbasin. Overall, dramatic
improvement in rainfall estimation is observed after VPR
correction at both sites. The corresponding MRMS radar-only
products are also shown in Fig. 6 for comparison. Over this
watershed, the MRMS radar-only products are predominantly
derived from the same 1.3◦ elevation angle scans of the KDAX
radar. However, different from using multiple VPR represen-
tatives, MRMS accounts for VPR in a conventional way [2],
[13], [14]. That is, a single VPR curve was constructed in
a mean sense in the MRMS system using the KDAX radar
data, and this single VPR structure was applied in the whole
domain covered by the KDAX radar for the correction of the
reflectivity measurements.

In order to further quantify the improved rainfall perfor-
mance after VPR correction, the data from all 35 gauges are

used for both events, and the following metrics are computed
at the common grid points between radar observations and
gauge QPE measurements, including the normalized mean bias
(NB), normalized standard error (NSE), Pearson’s correlation
coefficient (CORR), and the root-mean-square error (RMSE)

NB = < RE − RG >

< RG >
(3a)

NSE = < |RE − RG | >

< RG >
(3b)

CORR =
∑[(RE− < RE >)(RG− < RG >)]

√∑
(RE− < RE >)2

√∑
(RG− < RG >)2

(3c)

RMSE =
√

< (RE − RG)2 > (3d)

where RE is the QPE estimate from radar, RG is the validation
gauge measurement, and the angle brackets stand for the
sample average.
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Fig. 5. KDAX radar reflectivity measurements at 1.3◦ scan elevation angle
over the Russian River watershed on February 7, 2017 at 0459UTC (a) before
and (b) after VPR correction.

TABLE IV

EVALUATION RESULTS OF HOURLY RAINFALL ESTIMATES FOR

JANUARY 8, 2017 AND FEBRUARY 7, 2017 EVENTS

The overall evaluation results of hourly rainfall products
during these two events are shown in Table IV and are further
shown in Fig. 7. It should be noted that the evaluation scores

are computed both for all the 35 gauge locations and for only
the four gauge stations where the collocated profiler data are
available. Table IV shows that the rainfall estimates before
VPR correction involve substantial underestimation compared
with the surface gauge measurements. This is in line with
the findings in a previous study which used KDAX and
KMUX for QPE in the Russian River watershed [24]. The
performance of MRMS radar-only product derived based on
the conventional VPR correction using a single vertical profile
is very close to the estimates without accounting for VPR
correction. The differences are not statistically significant,
although the MRMS radar-only products show a little less
underestimation (i.e., slightly better performance) at some
gauge locations such as the one shown in Fig. 6(b). The QPE
performance after applying the new VPR correction method is
much better than that before VPR correction in terms of all the
evaluation metrics. In addition, the results at the four gauge
stations collocated with profiler radars exhibit better perfor-
mance than the overall scores for all 35 stations. This is mainly
because more direct measurements are available at those four
gauge stations. Nevertheless, the overall performance is still
promising, particularly given that most of the stations are not
equipped with profiler radars.

C. Discussion

Based on the two case studies, it is concluded that the
innovative VPR correction scheme described in this arti-
cle performs much better than conventional VPR correc-
tion approach. The normalized standard error of hourly
rainfall estimates is improved by about 20% (i.e., over-
all performance at all gauge locations) after applying this
multiple S-PROF based correction methodology. However,
it should be noted that the proposed method still has limi-
tations during shallow non-BB (NBB) rain events. Since the
WSR-88D radars are deployed quite far from this watershed,
it is entirely possible that no precipitation echoes will be
detected during shallow NBB rain due to beam overshoot-
ing, even it is raining at the ground. Unfortunately, such
shallow NBB events do occur and account for 12%–15%
of the total precipitation in this region as documented by
Matrosov et al. [24]. The conventional VPR correction
approaches, either based on a long-term climatological VPR
curve or the short-term observed VPR curves, also have this
limitation when applied in shallow NBB rain scenarios. One
possible solution to this problem is to deploy high-resolution
gap-filling radars to better sample the atmosphere closer to the
surface [7].

In addition, extra attention should be paid to the broad
application of the proposed approach in other domains. On the
one hand, not every basin has multiple profilers as the NOAA
HMT. In fact, there may be no radar information additional to
WSR-88D. On the other hand, the local climatological prop-
erties can be very different from those in Northern California.
In these cases, it is suggested that one can combine both the
WSR-88D data and model output such as the high-resolution
rapid refresh (HRRR) [30] to resolve the differences in the
vertical structure of precipitation and subsequently derive the
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Fig. 6. Rainfall accumulations at two rain gauge stations during a 12-h period on (a) January 10, 2017 and (b) February 7, 2017. The station on the left (i.e.,
STR) is equipped with a profiler radar, which is used to correct KDAX radar measurements at this location. There is no collocated profiler data available at
the station on the right (i.e., HLD), in which case the VPR correction is based on the representative VPR structure generated from a nearby profiler.

Fig. 7. Quantitative evaluation results of hourly rainfall estimates for January 8, 2017 and February 7, 2017 events combined. (a) Performance at all 35 gauge
locations. Note that there is no profiler data available at 31 of the 35 gauge stations. (b) Performance at four gauge stations where the collocated profiler data
are available. (c) RMSE (the lower the better) of hourly rainfall estimates. The scores in (a) and (b) include NB (the lower the better), NSE (the lower the
better), and CORR (the higher the better).

VPR curves that can better represent the spatial characteristics
than the conventional (mean) VPR.

IV. CONCLUSION

Despite recent advances in radar meteorology, the opera-
tional NWS radar network still has significant limitations for

QPE over the western U.S. due to the fundamental coverage
gaps [1], [3], [14], [31]. In addition to the large distances
between the NWS radar sites, partial beam blockage caused by
mountainous terrain at low elevation angles extends the chal-
lenges for QPE [24], [32]. Unfortunately, a number of flood-
prone river basins, including those in Northern California,
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are in the areas of poor radar coverage. Therefore, improving
operational radar-based QPE is critical to stream hydrology
and the protection of aquatic ecosystems. The improved QPE
can also result in better flood forecasting [33].

This article introduced an innovative methodology for cor-
recting the VPR observed by the operational radar in com-
plex terrain. In particular, the reflectivity profiles measured
by a number of high-resolution vertically pointing profiler
radars were used as references of the vertical structure of
precipitation. Spatially, a clustering analysis based on the
terrain information was conducted to characterize the spatial
representativeness of different profilers. Temporally, multi-
ple high-resolution vertical samples of profiler radar were
aggregated to guide the operational radar data processing.
A demonstration study has been performed over the Russian
River watershed in Northern California; therein, the VPR
correction for operational scanning radar takes into account
the temporal and spatial variations of precipitation at different
subbasins. It was shown that the VPR adjustments using
a combination of profilers produced better QPE than using
a single VPR curve to correct observations over the entire
basin.

Two typical AR events in January and February of
2017 were analyzed to demonstrate the proposed VPR cor-
rection scheme. The VPR correction performance has been
quantified in terms of QPE. The results show that the QPE
performance is significantly improved after VPR correction.
With the aid of such auxiliary profiler observations, operational
QPE products could be improved for this region. As part of
our continuing effort to improve radar QPE over complex
terrain, future work will focus on the bias correction of
the improved QPE product using extensive gauge observa-
tions. In addition, the terrain-based clustering method used
to determine which profiler station can represent a subbasin
climatology was purely derived from the hydrologic perspec-
tive. Meteorological considerations, as well as the impacts
of distance from the profilers, should be included in the
future to further capture the spatial variability in precipitation,
especially in the subdomains characterized by steep mountain
slopes.
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