Downloaded from ascelibrary.org by 140.172.33.11 on 07/20/16. Copyright ASCE. For personal use only; al rights reserved.

Case Study

Evaluation of Multisensor Quantitative Precipitation
Estimation in Russian River Basin

Delbert Willie'; Haonan Chen?; V. Chandrasekar®; Robert Cifelli*; Carroll Campbell®;
David Reynolds®; Sergey Matrosov’; and Yu Zhang®

Abstract: An important goal of combining weather radar with rain gauge data is to provide reliable estimates of rainfall rate and accu-
mulation and to further identify intense precipitation and issue flood warnings. Scanning radars provide the ability to observe precipitation
over wider areas within shorter timeframes compared to rain gauges, leading to improved situational awareness and more accurate and reliable
warnings of future precipitation and flooding events. The focus of this study is on evaluating the performance of the multi-radar multi-sensor
(MRMS) system with and without the impact of a local gap filling radar. The challenge of using radar and rain gauges to provide accurate
rainfall estimates in complex terrain is investigated. The area of interest is the Russian River basin north of San Francisco, CA, which lies
within the National Oceanic and Atmospheric Administration (NOAA) Hydrometeorology Testbed (HMT). In this complex mountainous
terrain, the challenge of obtaining reliable quantitative precipitation estimations (QPEs) is hindered by beam blockage and overshooting, as
well as the enhancement of rainfall on the windward side of mountain ranges. The effectiveness of several local radars, which include four
S-band National Weather Service (NWS) Weather Surveillance Radar—1988 Doppler (WSR-88DP) radars and a C-band gap filling TV station
radar (i.e., KPIX), are considered for deriving QPE over this region. The precipitation estimation methodologies used the MRMS algorithms
and an independent KPIX-only (Z — R) based QPE algorithm. In addition, a time series analysis is conducted in order to illustrate the radar-
gauge rainfall difference caused by radar beam height. The sampling relative to precipitation vertical structure is also considered in regards
to the depth of the precipitation and the height of the bright band. The quantitative evaluation of different QPE products is presented.
DOI: 10.1061/(ASCE)HE.1943-5584.0001422. This work is made available under the terms of the Creative Commons Attribution 4.0
International license, http://creativecommons.org/licenses/by/4.0/.

Introduction

The estimation of rainfall rate and accumulation is one of the
important applications of weather sensing radars (Bringi and
Chandrasekar 2001; Cifelli and Chandrasekar 2010; Chen and
Chandrasekar 2015). However, in complex terrain like the Russian
River basin (Fig. 1), it is a challenging task to obtain the best
empirical Z — R relation. In addition, the accuracy of rain rate es-
timates is contingent on additional factors such as radar calibration,
vertical profile of reflectivity (VPR), beam blockages, bright bands,
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and anomalous propagation (Zhang et al. 2011a; Kitzmiller et al.
2011; Kitchen et al. 1994; Fulton et al. 1998; Cifelli et al. 2013;
Willie et al. 2013). The Russian River basin is situated between
the Mayacamas mountain range to the east and Coastal mountains
to the west where low-level elevation radar coverage from
national weather service (NWS) next generation weather radar
(NEXRAD) over this area is not possible (Maddox et al. 2002).
A gap filling non-NEXRAD radar (hereafter referred to as KPIX)
that provides improved coverage over the basin is also considered for
the purposes of quantitative precipitation estimation (QPE). KPIX is
a C-band, single polarization radar owned and operated by a
commercial broadcast station.

This case study has two goals. The first is to determine the best
QPE in this region using the suite of products generated by the
multi-radar multi-sensor (MRMS), also known as national mosaic
& multi-sensor QPE (NMQ) algorithm package, which is devel-
oped by the National Severe Storms Laboratory (NSSL) (Zhang
et al. 2011a). The second is to evaluate the contributions of KPIX
radar to QPE in this region such that MRMS QPE products are
evaluated over the Russian River basin using NEXRAD radar with
and without KPIX, and then using KPIX only as input. The radar
input combination is chosen to establish the relative impact of
NEXRAD and gap-filling radars on QPE in this region. Rainfall
events in this study consist of 27 days in 2013 and 2014 during
the annual cool stratiform season. This type of rainfall is typical
in this region and is a result from the atmospheric river conditions
(Ralph et al. 2011). The rainfall accumulation periods include 1, 3,
and 6 h, in order to both study the flash flooding impacts and allow
for comparison with River Forecast Centers (RFC) QPE products.
The QPE performance is evaluated with nine validation gauges.

Currently the NWS California Nevada River Forecast Center
(CNRFC) does not use radar information to produce the mean areal
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Fig. 1. (Color) Study domain with 100 km radar range rings (NEXRAD: yellow, KPIX: red); analysis and validation gauges designated by green
circles and red squares, respectively (Image Landsat, (c) 2015 Google, Data SIO, NOAA, U.S. Navy, NGA, and GEBCO)

precipitation that is used to drive the NWS River Forecast System
(NWSREFS) for the Russian River. It relies on rain gauge data and
rainfall climatology [i.e., Parameter-elevation Regressions on Inde-
pendent Slopes Model (PRISM)] in a procedure called Mountain
Mapper (Schake et al. 2004). In this paper, the authors attempt to
evaluate the benefits of a combined radar-gauge rainfall system to
produce 6 h QPEs that can be input to NWSRES. Most of the NWS
RFCs east of the Rockies use radar information via the multi-sensor
precipitation estimator (MPE) system. The hourly MPE QPE is in-
gested by the RFC’s client NWS Weather Forecast Offices to fur-
ther improve the flash flood monitoring and prediction (FFMP)
system, which uses gridded high resolution QPE (1km by lkm
by 5 min) to produce flash flood forecasting (Kitzmiller et al.
2011). This gridding improves both the hourly and 6 h QPEs over
current gauge-only methods in the western United States and pro-
vides positive impacts on main-stem river flood forecasts, as well as
local flash flood forecasts.

Quantitative Precipitation Estimation Packages
and Products

Offline versions of both MRMS and MPE were set up at the NOAA
Earth System Research Laboratory (ESRL) for retrospective QPE
analyses. Both systems have been described extensively in the
literature (for MRMS, see Zhang et al. 2011a; for MPE, see
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Lawrence et al. 2003; Seo et al. 2010). Nevertheless, MPE data
are only available for a subset of the rain events in this study. When
available, MPE is used as a proxy for Mountain Mapper because
the ESRL version of MRMS does not include Mountain Mapper
and the MPE gauge-only QPE (i.e., GMOSAIC) uses PRISM cli-
matology in a similar fashion to the Mountain Mapper technique.

Description of MRMS System

In this section, the salient features of MRMS with regard to the
present analysis are described. For details, the reader is referred to
Zhang et al. (2011a). MRMS is a distributed computing architec-
ture with four major processing components. These system sections
consist of (1) single radar processing, (2) two and three dimensional
radar mosaics, (3) next-generation QPE (Vasiloff et al. 2007), and
(4) evaluation. System input data sources comprise of NEXRAD
level-II data, rapid update cycle (RUC) model-based hourly rainfall
analyses (Benjamin et al. 2004), lightning data, hydrometeorological
automated data system (HADS), and regional rain gauge networks.

MRMS Products of Interest: Gauge-Only, Radar-Only,
Radar VPR, and Gauge Correction

Once the precipitation type has been identified and the 2D hybrid
scan reflectivity fields are mosaicked using a weighting algorithm
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to account for both distance and height of the radar beams from
different radars. QPE is then derived based on the methodologies
described in Zhang et al. (2011a). The mosaicked field has a spatial
resolution of 1 km by 1 km and an update time of 2.5 min. The QPE
fields in MRMS include radar-only, radar-only with VPR correc-
tion, radar with VPR and gauge correction, and gauge-only QPE.
MRMS produces these rainfall products based on the availability of
input data. 1 and 3 h rainfall accumulations are calculated every
5 min, and the 6, 12, 24, 48, and 72 h rainfall accumulations
are aggregated from 1 h accumulations. QPE results are calculated
from radar reflectivity resulting from all quality control mecha-
nisms, mosaicking technique, and the appropriate identification
of precipitation type (Zhang et al. 2011a). The implementation
of dual polarization rainfall algorithms within MRMS is still under
development. Therefore the MRMS radar-only QPE is only based
on the measured reflectivity, whereas the radar-only with VPR
correction computes QPE using the corrected reflectivity and the
default Z — R relation for stratiform rain (i.e., Z = 200R'). In this
paper, the default Z — R relation is replaced with the Z — R relation
given by Martner et al. (2008) and Zhang et al. (2012), which
is developed particularly for nonbright band rain in northern
California coastal mountain regions

Z = 44R™! (1)
where Z is in mm®m—3; and R is in mmh~!.

One of the major challenges encountered with radar rainfall es-
timation is attempting to derive QPE from radar reflectivity obser-
vations for areas where such observations are enhanced by melting
ice particles to form the so-called bright band. In order for MRMS
to have an efficient real-time application for bright band correction,
a two-step approach is used to determine the VPR. The first step is
to calculate the mean volume scan VPR using the method described
in Vignal et al. (2000). Then, model an idealized VPR from the
mean values as described in Zhang et al. (2008).

In MRMS, gauge-based radar rainfall correction is conducted
based on the technique described in Ware (2005).

Data Set

In this paper, the data set stems from a combination of operational
radar and gauge observations as well as data from the NOAA
Hydrometeorology Testbed (HMT) in the Russian River basin
north of San Francisco, CA. Twenty-seven days of rainfall data col-
lected during the months of March, November, and December
of 2012 and February of 2014 are considered, including the follow-
ing rain events: March 14-16, March 27-28, November 17-21,
November 28-30, December 1-6, December 20-23 of 2012, and
February 7-9 of 2014. Dominant precipitation in this region during
the cool season is stratiform rain (Matrosov et al. 2014) with radar
bright band heights ranging from about 1.5 to 2.5 km above the
mean sea level (MSL) as observed by the NOAA S-band profiler
located at Santa Rosa, CA (STR-Fig. 1). Bright band heights for
each day are shown in Table 1.

MRMS rain gauge input consists of 57 gauges (hereafter re-
ferred to as analysis gauges) that are a combination of California
Data Exchange Center (CDEC) gauges, NWS HADS gauges, and
the NOAA HMT gauges (green dots in Fig. 1). Prior to MRMS
gauge processing, a QC algorithm is performed on the analysis
gauges to remove possible outliers or uncertain gauge values
(Zhang et al. 2011b). Validation gauges (red squares in Fig. 1),
which are independent from the analysis gauges, are comprised
of nine gauges from the CDEC, HADS, and HMT gauge sets.
For the validation gauge selection, an attempt has been made to
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Table 1. Bright Band (BB) Heights Observed by the NOAA S-Band
Profiler Located Near Santa Rosa, CA (STR) Located (32.8515°,
—122.8022°) at An Elevation of 32 m MSL

Date (YYYY/MM/DD)

BB height (m)

2012/03/14 2,000
2012/03/15 2,000
2012/03/16 2,000
2012/03/27 1,500
2012/03/28 1,500
2012/11/16 NA

2012/11/17 2,250
2012/11/18 2,000
2012/11/19 NA

2012/11/20 2,250
2012/11/21 2,250
2012/11/28 2,000
2012/11/29 2,000
2012/11/30 2,000
2012/12/01 NA

2012/12/02 2,250
2012/12/03 NA

2012/12/04 2,500
2012/12/05 2,500
2012/12/06 NA

2012/12/20 2,000
2012/12/21 2,000
2012/12/22 1,250
2012/12/23 1,500
2014/02/07 1,500
2014/02/08 2,500
2014/02/09 2,250

Note: NA indicates that data were not available for this date.

achieve a balance of high and low elevations and a range of dis-
tances to the KPIX radar. The gauge elevations (indicated by the
blue bars) relative to the radar beam heights and beam widths are
illustrated in Fig. 2. The QC process for the validation gauges com-
prised of cross correlating with each other and visually identifying
and removing outlying gauge values.

MRMS radar input data comprises the surrounding NEXRAD
radars (i.e., KMUX, KDAX, KBHX, and KBBX) with the addition
of the TV station radar (i.e., KPIX) (Fig. 1). The NEXRAD radars
are conducting volume scans in precipitation mode and delivering
observations updated every five to six minutes, whereas the KPIX
radar was primarily operated in a single scan mode with an update
every minute. To gain insight into KPIX radar calibration, a
common volume between the NEXRAD KDAX radar beam at
1.38° elevation and KPIX radar beam at 0.5° elevation at a range
of 56 km from both radars was selected to cross compare reflec-
tivity observations. The mean difference in reflectivity was found to
be 2.2 dBZ for measurements greater than 15 dBZ for a six-hour
rain event occurring on March 17, 2012, and thus indicates that
KPIX is slightly underestimating compared with KDAX radar.

In addition, an examination of beam blockage of the two nearest
radars (KDAX and KPIX) over the validation gauges is presented.
KDAX provides the lowest NEXRAD unobstructed scan over the
Russian River valley at 1.45° elevation for average atmospheric
propagation conditions. Fig. 3 shows mountain profiles of beam
blockage as seen from KDAX and KPIX in the direction of the
Russian River basin, in Fig. 3(a). The red squares are the validation
gauge locations, and the yellow and red dashed lines indicate the
radar azimuth range over the region of interest. In the Fig. 3(b),
KDAX radar azimuth ranges from 255 to 330°. The KDAX
radar beam at 1.45° tilt is occluded between 260 and 290° and
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Fig. 2. (Color) Beam heights: (a) 1.45° sweep of KDAX radar; (b) 0.5° sweep of KBBX radar; (c) 0.5° sweep of KMUX radar; (d) 0.5° sweep of KPIX
radar, where the green lines are beam top, center, and bottom; blue bars show heights of validation gauges above MSL, and range and azimuth relative
to radars; black dashed lines indicate sample bright band height for rainfall event March 14, 2014

is highlighted by the light blue region in the Fig. 3(a). The Fig. 3(c)
shows that there is no beam blockage for KPIX at 0.0 degree as it
scans in azimuth from 260 to 340°, where the beam bottom is again
the red horizontal line. The red crosses in the middle and bottom
panel indicate relative direction in azimuth and height of validation
gauges in regard to the radar position.

Evaluation

Comparison of QPEs is performed on a pixel-by-pixel manner.
The MRMS QPE products are output onto a gridded map in
0.01° latitude and longitude resolution, which is approximately
1.11 km N-S and 0.87 km E-W. Accumulations from the validation
gauges are interpolated to the same grids to facilitate comparisons
between the gauge amounts and the MRMS-derived QPE. The val-
idation gauge QPE is derived from an inverse distance weighting
(IDW) scheme described in Simanton and Osborn (1980), which is
defined as follows:

Fley) =Y wiley)f, @
i=1

.

d’

wilx.y) = ot 3)
i=1qp

where f; = gauge value; b = power parameter; d; = distance from
interpolation point to gauge i; and i = gauge number. In this paper,
b = 2 and aradius of influence is used such that the distance for the
radius of influence extrapolates the gauge point value over the
approximate area of a single radar pixel and provides a more
representative comparison between various QPE products and val-
idation gauge measurements.
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In addition to the MRMS QPE products, evaluation is also
performed for a Simple KPIX rainfall product. In order to derive
Simple KPIX QPE, the KPIX radar reflectivity measurements are
gridded to a 0.01° latitude-longitude grids covering the domain of
interest accounting for the Earth’s curvature. The rainfall rates are
then calculated using the Martner Z — R relation given in Eq. (1).
Rainfall amounts at different time scales can then be obtained by
accumulating rainfall rates from each consecutive scan that typi-
cally occurs every minute. This QPE technique determines rainfall
rate only from radar reflectivity and no rain gauge data is used.
Therefore, it has the advantage of avoiding the complexity involved
in generating QPE in the MRMS system. During the rainfall events
in this study, the majority of KPIX radar scans are conducted at
an elevation angle of 0.5° with a few at 0.0°. For simplicity, only
0.5° elevation measurements are used to derive non-MRMS,
KPIX-only QPE.

Statistics of interest for this study include the root-mean-square-
error (RMSE), normalized mean bias (NB), correlation coefficient
(CC), and the normalized standard error (NSE), which are calcu-
lated by comparing the common grid points between the MRMS
QPE fields and the validation gauge QPE fields as follows:

RMSE = \/(Rg — Rg)> (4)

(Rg — Rg)

B = (Rg)

_ 2R = (Rg))(Rg — (Rg))]
VY (Re = (Rp) P/ (RG = (Rg))?

(IRr — Rg|)

NSE = (Rg)

(7)
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Fig. 3. (Color) (a) Mountain profiles of beam blockage for KDAX and KPIX radar in the direction of the Russian River basin (Data SIO, NOAA, U.S.
Navy, NGA, GEBCO, Image Landsat © 2015 Google, Data LDEO-Columbia, NSF, NOAA); (b) KDAX radar beam at 1.45° tilt is blocked between
260 and 290°; (c) red horizontal line is KPIX radar 0.0° beam bottom, indicating no beam blockage

where Rp = QPE estimate; R; = validation gauge measurement;
and the angle brackets indicate the sample average.

In order to minimize the errors introduced from miniscule rain-
fall amounts, a threshold criterion was applied to ensure the statis-
tics were representative of consistent rainfall accumulating events.
This criteria was derived by comparing the hourly rainfall product
values with the hourly validation gauge rainfall values. It has been
found that rainfall estimates of 2 mm or below generated NSEs
much greater than 100%. For illustration purposes, Fig. 4(a) shows
the NSEs for MRMS radar-only rainfall product on December 23,
2012, whereas Fig. 4(b) illustrates and NSEs of MRMS radar
rainfall products with VPR and gauge correction. Here the errors
become smaller with increasing accumulation.

Results and Discussion

The QPE evaluation consists of two components: determine which
QPE methodology produces the best QPE in the lower Russian
River basin and evaluate the impact of KPIX in this region. An
evaluation of KPIX was conducted to quantify the impact of using
this radar data for QPE because, as noted previously, the nearest
NEXRAD (i.e., KDAX) is severely blocked at low scan elevations
(below 1.45°) over the Russian River watershed in Sonoma County,

© ASCE

E5016002-5

and both KMUX and KBBX NEXRAD are sampling well above
the bright band (Fig. 2). As noted previously, KPIX is located on
MLt. Vaca (elevation of 860 m MSL) and has an unobstructed view
of the precipitation in this area. Assuming KPIX is well calibrated
and attenuation at C-band is not severe, it is anticipated that
KPIX data would produce the best radar-based QPE for the
validation gauges shown in Fig. 1. Vertically pointing S-band pro-
filer (STR) data indicates bright band height near the Russian River
watershed. An example is presented in Fig. 5, which shows a time-
height section of precipitation over the S-band profiler at Santa
Rosa from 00Z on December 21, 2012 through 00Z on December
23, 2012. Fig. 5 also shows the height of the KPIX beam at 0.0 and
0.5° in regards to the bright band observed height, and the
NEXRAD radar KDAX beam height at 1.3°.

A visual assessment of low elevation reflectivity scans from
KPIX and KDAX is presented in Fig. 6. This example illustrates
the ability of KPIX for sensing incoming precipitation across
Sonoma County and beam blockage suffered by KDAX.

To further evaluate the impact of KPIX and determine which
method of generating QPE is best in a quantitative manner, several
different QPE grids, representing radar-only, gauge-only, and com-
bination of radar and gauge correction were generated. The 1, 3,
and 6 h comparisons of QPE with the validation gauges for
normalized mean bias, normalized standard error, correlation
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Fig. 5. (Color) (a) Time series of Santa Rosa S-band profiler radar signal-to-noise ratio from 00Z on December 21 to 00Z on December 23, 2012,
white dashed lines are KDAX beam width (1.3° tilt) and white solid lines are KPIX beam width (0.0° tilt); (b) corresponding time series of 1 h rain
accumulation from gauge located near profiler and MRMS KPIX-only based rainfall estimates

coefficient, and the root mean square error are shown in Fig. 7. The
numerical results of all four statistics are also given in Table 2.
The MRMS QPE to the validation gauge comparisons are
conditioned on the KPIX beam sampling below the bright band
(BB) and the validation gauge observing more than 2 mm of pre-
cipitation in a six-hour period where the choice of Z — R is appro-
priate for nonbright band conditions. The conditioning means that
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comparisons between QPE products and validation gauges occur
only when the top of KPIX beam is below the bright band (Fig. 2)
at the location of each validation gauge. It is anticipated that sam-
pling below the BB (i.e., rain region, Fig. 2) provides the biggest
impact of KPIX for QPE performance. The primary metrics of
measurement are the normalized mean bias and the normalized
standard error. This is done to show the percentage differences
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Fig. 7. (Color) Evaluation results of 1, 3, and 6 h rainfall products: (a) normalized mean bias; (b) normalized standard error; (c) correlation coefficient;
(d) root mean square error

between the radar and gauge pairs. The additional metrics of cor- hourly rainfall from the analysis gauges is used to bias correct the
relation coefficient and root mean square error are provided and radar observations for that hour. Operationally this would not be
give additional information regarding the QPE performance. In possible, as not all the gauges report on an hourly basis with rainfall
operating the MRMS code in a retrospective mode, the observed computed at the top of each hour. This provides a significant
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Table 2. MRMS QPE Products and Simple KPIX QPE for 1, 3, and 6-h Accumulation Periods

Period of RMS error CcC NB NSE
accumulation (h) MRMS product MRMS radar input (mm) (%) (%) (%)

1 Gauge only KPIX only 3.05 40 —32.74 63.06
1 Gauge only NEXRAD + KPIX 3.43 42 —36.12 62.33
1 Gauge only NEXRAD only 3.47 40 —34.86 62.78
1 Radar only KPIX only 4.19 18 —6.70 72.55
1 Radar only NEXRAD + KPIX 4.61 25 —5.57 72.71
1 Radar only NEXRAD only 4.96 20 2.68 78.20
1 Radar with VPR KPIX only 3.70 24 —23.59 68.13
1 Radar with VPR NEXRAD + KPIX 4.33 27 —22.08 66.87
1 Radar with VPR NEXRAD only 4.04 31 —20.62 66.36
1 Radar with VPR & GC KPIX only 2.82 49 —19.52 56.36
1 Radar with VPR & GC NEXRAD + KPIX 3.14 50 —20.27 56.51
1 Radar with VPR & GC NEXRAD only 3.17 49 —18.00 56.36
1 Non-MRMS product (simple KPIX QPE) KPIX only 3.22 55 —41.80 63.47
3 Gauge only KPIX only 6.77 58 —32.56 57.68
3 Gauge only NEXRAD + KPIX 7.72 59 —36.70 58.09
3 Gauge only NEXRAD only 7.65 59 —35.01 58.65
3 Radar only KPIX only 8.42 38 —19.60 63.55
3 Radar only NEXRAD + KPIX 9.42 40 —16.62 64.38
3 Radar only NEXRAD only 9.26 42 —11.98 66.75
3 Radar with VPR KPIX only 7.94 46 —34.47 61.43
3 Radar with VPR NEXRAD + KPIX 8.91 46 —31.38 60.48
3 Radar with VPR NEXRAD only 8.38 52 —32.12 59.83
3 Radar with VPR & GC KPIX only 5.96 66 —18.72 49.47
3 Radar with VPR & GC NEXRAD + KPIX 6.87 65 —21.08 50.52
3 Radar with VPR & GC NEXRAD only 6.72 66 —19.53 50.90
3 Non-MRMS product (simple KPIX QPE) KPIX only 7.59 63 —40.55 60.08
6 Gauge only KPIX only 10.83 64 —34.36 53.96
6 Gauge only NEXRAD + KPIX 12.43 65 —38.70 55.77
6 Gauge only NEXRAD only 12.22 65 —36.78 55.76
6 Radar only KPIX only 12.98 44 —25.76 59.54
6 Radar only NEXRAD + KPIX 14.85 44 —21.93 59.70
6 Radar only NEXRAD only 14.19 47 —19.76 61.64
6 Radar with VPR KPIX only 12.73 50 —39.93 58.71
6 Radar with VPR NEXRAD + KPIX 14.43 49 —35.74 58.30
6 Radar with VPR NEXRAD only 13.51 57 —36.93 57.95
6 Radar with VPR & GC KPIX only 9.24 71 —20.16 44.59
6 Radar with VPR & GC NEXRAD + KPIX 10.70 71 —23.05 46.64
6 Radar with VPR & GC NEXRAD only 10.37 72 —20.76 45.36
6 Non-MRMS product (simple KPIX QPE) KPIX only 12.52 66 —40.87 56.77

Note: MRMS products are gauge-only, radar-only, radar with VPR, and radar with VPR and gauge correction.

advantage to the gauge bias correction scheme for MRMS. Fig. 7
also includes the Simple KPIX rainfall evaluation results.

In general, the normalized mean bias [Fig. 7(a)] shows that
for below the BB almost all the methods underestimate QPE with
respect to the validation gauges for the 1 to 6 h accumulation peri-
ods. Fig. 7(a) also indicates that for each MRMS product group
(e.g., radar-only QPEjs), the biases tend to be within close proximity
of one another, which gives the sense that varying radar input
doesn’t alter the bias significantly. For 1 h accumulations, the
MRMS radar-only QPE shows the least amount of bias in compari-
son to the MRMS QPE with VPR and gauge correction and the
MRMS gauge-only products; however, the radar-only also show
low correlation [Fig. 7(c)]. An example of the data scatter for
1 h accumulation of the MRMS QPE products and the Simple
KPIX QPE is seen in Fig. 8 when driven by KPIX only radar input.
The radar-only bias slightly increases (becomes more negative) as
the accumulation period increases, and is essentially the same as the
VPR and gauge correction QPEs at the 6 h accumulation period.
For the other statistics, MRMS radar-only gives the highest error
for all products (poorest performance). The Simple KPIX QPE
produces the greatest negative bias and is much larger than the
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MRMS KPIX QPE, but at the same time shows good correlation
results.

Initially, VPR correction was not anticipated to impact QPE for
locations below the BB. However, in the mean bias results, when
considering MRMS radar with VPR correction [Fig. 7(a), Table 2],
these show larger bias in regards to the MRMS radar-only, and the
normalized standard error is reduced with respect to MRMS radar-
only. This indicates that MRMS VPR correction is decreasing the
radar-only QPE by some quantity (more bias), such that the overall
errors are less with respect to radar-only. The larger bias with VPR
correction is most likely attributable to the fact the MRMS software
is using the RUC model analysis of freezing level instead of the
S-Profiler (STR) observed freezing level where the height used
for correction maybe lower than the direct profiler observations.
Additional analysis is needed to verify this hypothesis but is be-
yond the scope of this study.

Considering the normalized standard error for these same prod-
ucts [Fig. 7(b)], the best performance is seen in the MRMS with
VPR and gauge correction, and there is very little difference in
performance among the products with different radar input. The
VPR and gauge correction QPE also performed best in terms of
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Fig. 8. (Color) Scatter plots of MRMS and simple-KPIX rainfall estimates versus validation gauge observations: (a) MRMS radar-only; (b) MRMS
gauge-only; (c) MRMS radar with VPR and gauge correction; (d) KPIX-only; validation gauge elevations are color-coded

correlation coefficient [Fig. 7(c)] and for RMS error [Fig. 7(d)] over
the range of accumulation periods.

MRMS gauge-only products provide the second best perfor-
mance overall. However, these products have a large consistent
negative bias in 1, 3, and 6 h accumulation QPE, which is also
unanticipated given the location of several analysis gauges in
the Russian River basin (Fig. 1). The gauge bias is explored in more
detail below. The results for NSE show similar trends to the cor-
relation coefficient and to the root mean square error (Table 2).

In order to understand and interpret the large bias given by the
MRMS gauge-only results in reference to the validation gauges
[Fig. 7(a), 35-40% negative bias], a non-MRMS gauge bias analy-
sis between the MRMS input gauges and validation gauges (i.e., the
green and red gauges in Fig. 1) was conducted. This approach
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calculates the bias between each individual validation gauge and
the surrounding analysis gauges that occur within a specified radius
of influence. In Fig. 9, the normalized bias is shown for each val-
idation gauge and the corresponding analysis gauges (color-coded
with symbols). The radius of influence is varied from 5 to 40 km.
These overall results show good agreement between the gauges.
The cumulative bias is indicated by the red dashed line and is
within 10% of zero. As mentioned previously, the MRMS gauge-
only product goes through a QC process, and is then corrected
using radar data (Ware 2005). Therefore, the large biases seen be-
tween MRMS gauge-only product may stem from either the QC
process or the radar correction technique.

MPE was also used to contrast the performance of the MRMS
QPE on a subset of cases (10 days) when MPE data was available.
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Fig. 9. (Color) Normalized mean bias as a function of radius of
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MPE uses a different approach to construct gauge-only and bias
adjusted radar QPEs. Specifically, the MPE gauge-only QPE
(GMOSAIC) uses PRISM climatology, similar to the Mountain
Mapper technique used by the CNRFC. The MPE results are added
in Fig. 7 and indicate that the combined radar-gauge MPE product
(MMOSAIC) performed similarly and slightly better with a NSE of
57.2%, 42.8%, and 38.4% for 1 h, 3 h, and 6 h, respectively, than
GMOSAIC with values of 57.0%, 43.4%, and 39.5% for 1 h, 3 h,
and 6 h, respectively, further pointing to the challenge of using ra-
dar data for QPE in the Russian River basin.

Conclusions

The evaluation results of different rainfall products for the coastal
rainfall events in this study indicate that the MRMS QPE product
that implements VPR and gauge correction gives the best overall
performance. Except for the bias, the non-MRMS Simple KPIX
radar-only QPE does as good as the MRMS radar-only QPE prod-
ucts where the large bias can be attributed to KPIX calibration and
attenuation. Results from varying the MRMS radar input on the
QPE products indicate that there is not much difference in perfor-
mance between KPIX and NEXRAD, such that the use of KPIX
only radar input is equivalent to driving MRMS with NEXRAD
only radar-input. Conceptually, the combination of KPIX and
NEXRAD would provide the best combination of input data and
would be thought to perform best overall. Nevertheless, the errors
attributable to the complex terrain gradient may outweigh this
advantage. QPE using KPIX can be compromised because of the
manner in which the radar is calibrated, where the amount of
calibration, clutter filtering, and scan strategies have not been for-
malized. However, the use of KPIX does informally provide opera-
tional forecasters within the local forecast office with improved
situational awareness (i.e., a heads-up on storms moving into
the area), which NEXRAD cannot provide for this particular
region.

In regards to real-time QPE calculation, gauge correction to im-
prove QPE is not possible. For these kinds of requirements, the
MRMS product radar with VPR correction shows good perfor-
mance without the use of gauge correction. Simple KPIX for this
type of application does show good correlation but has large bias.
Without the availability of gauge data for real-time applications, the
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value of KPIX becomes more important for forecasters in order to
better observe incoming precipitation and assess flash flood poten-
tial at short time intervals (one hour or less).
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