
LONG-TERM HIGH-RESOLUTION RADAR RAINFALL FIELDS FOR URBAN HYDROLOGY1

Daniel B. Wright, James A. Smith, Gabriele Villarini, and Mary Lynn Baeck2

ABSTRACT: Accurate records of high-resolution rainfall fields are essential in urban hydrology, and are lacking
in many areas. We develop a high-resolution (15 min, 1 km2) radar rainfall data set for Charlotte, North Caroli-
na during the 2001-2010 period using the Hydro-NEXRAD system with radar reflectivity from the National
Weather Service Weather Surveillance Radar 1988 Doppler weather radar located in Greer, South Carolina. A
dense network of 71 rain gages is used for estimating and correcting radar rainfall biases. Radar rainfall esti-
mates with daily mean field bias (MFB) correction accurately capture the spatial and temporal structure of
extreme rainfall, but bias correction at finer timescales can improve cold-season and tropical cyclone rainfall
estimates. Approximately 25 rain gages are sufficient to estimate daily MFB over an area of at least 2,500 km2,
suggesting that robust bias correction is feasible in many urban areas. Conditional (rain-rate dependent) bias
can be removed, but at the expense of other performance criteria such as mean square error. Hydro-NEXRAD
radar rainfall estimates are also compared with the coarser resolution (hourly, 16 km2) Stage IV operational
rainfall product. Stage IV is adequate for flood water balance studies but is insufficient for applications such as
urban flood modeling, in which the temporal and spatial scales of relevant hydrologic processes are short. We
recommend the increased use of high-resolution radar rainfall fields in urban hydrology.

(KEY TERMS: precipitation; radar; rain gages; urban hydrology; NEXRAD; rain gage networks; rainfall-runoff;
spatial and temporal resolution.)
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INTRODUCTION

The National Weather Service (NWS) Next-Gener-
ation Radar (NEXRAD) (Heiss et al., 1990) network
has provided high-resolution rainfall fields over the
conterminous United States (U.S.) for more than
10 years. These long-term rainfall records, when
subject to proper quality control and bias correction,
represent a valuable resource for hydrologists and
engineers, particularly in urban settings, where

spatially continuous rainfall estimates at high spa-
tial and temporal resolutions are necessary (see
Schilling, 1991; Smith et al., 2002; Berne et al.,
2004b; Creutin et al., 2009; Emmanuel et al., 2012;
Looper and Vieux, 2012) and where dense rain gage
networks can be difficult and expensive to install
and maintain.

Long-term (10-year) bias-corrected radar rainfall
fields at the 15-min temporal resolution and 1-km2 spa-
tial resolution have been developed for several metro-
politan areas in the U.S. with the Hydro-NEXRAD
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processing system (Krajewski et al., 2010b) and have
been used to examine such diverse topics as urban
modification of rainfall (Smith et al., 2012; Wright
et al., 2012; Yang et al., 2013), storm event hydrologic
response (Wright et al., 2012; Smith et al., 2013;
Yang et al., 2013), and frequency analysis of extreme
rainfall (Wright et al., 2013; see Overeem et al., 2009
for related work in the Netherlands) and flooding
(D.B. Wright, J.A. Smith, and M.L. Baeck, 2013,
manuscript in revision). The accuracy of these data-
sets and the effectiveness of the bias-correction proce-
dures have not been thoroughly demonstrated,
however. In addition, the utility of these bias-
corrected Hydro-NEXRAD fields has not been compared
to that of commonly used operational radar- or multi-
sensor rainfall estimates.

More generally, radar rainfall fields have been
used in a variety of urban flood studies (e.g., Bedient
et al., 2000; Smith et al., 2002, 2005a, 2007; Vieux
and Bedient, 2004; Vieux and Vieux, 2005; Sharif
et al., 2010a; Villarini et al., 2010, 2013; Wright
et al., 2012), but have yet to achieve wide acceptance
by researchers or practicing engineers due to a long-
standing lack of familiarity with their use or a lack of
confidence in their accuracy (Wilson and Brandes,
1979; Einfalt et al., 2004).

This study addresses these gaps, and in doing so,
demonstrates the strengths and weaknesses of long
records of high-resolution bias-corrected radar rain-
fall fields relative to other rainfall datasets (namely,
rain gages and operational multi-sensor rainfall prod-
ucts). We focus on the spatial and temporal scales
that are relevant for urban hydrology and present
several potential applications. These scales depend on
location and on the relevant physical processes, but
are generally on the order of several minutes to sev-
eral hours and tens of meters to tens of kilometers
(see Schilling, 1991 and Berne et al., 2004b for more
detailed discussion of length and time scales in urban
hydrology).

Any comparison of radar pixel observations to rain
gage accumulations will reflect not just measurement
errors but also the different spatial sampling proper-
ties of the two instruments (see, e.g., Anagnostou
et al., 1999; Ciach and Krajewski, 1999; Villarini and
Krajewski, 2009). These errors are particularly evident
for short aggregation periods and for larger radar pix-
els. Radar measures reflectivity, or the amount of
backscattered radiation from a radar beam, in a vol-
ume of air of up to several cubic kilometers. Backscat-
tering will occur due to liquid or frozen precipitation as
well as ground obstructions and atmospheric phenom-
ena. Rain gages, meanwhile, measure ground surface-
level rainfall over an area of approximately 0.1 m2.
Both instruments may exhibit measurement biases. In
this study, we focus only on radar bias.

Two types of radar rainfall biases and correspond-
ing correction procedures are examined in this study.
The first type is mean field bias (MFB) (Smith and
Krajewski, 1991; Seo, 1998; Seo et al., 1999) which
does not vary in space and arises due to variability in
Z-R relationships (discussed further in the following
section) and radar calibration errors (Villarini and
Krajewski, 2010b). The second type is called condi-
tional bias (CB) (see Ciach et al., 2000, 2007; Villarini
et al., 2008b). A general overview of radar rainfall
estimation can be found in Krajewski and Smith
(2002), while error sources in radar rainfall estimates
are discussed in detail in Villarini and Krajewski
(2010b) and Krajewski et al. (2010a). Interested read-
ers are pointed to studies that address spatio-
temporal uncertainties in radar rainfall estimates
(e.g., Ciach and Krajewski, 1999; Germann et al.,
2009; Villarini and Krajewski, 2009, 2010a; Kirstetter
et al., 2010) and a number of studies that examine
the propagation of radar rainfall uncertainties in
hydrologic models (e.g., Borga, 2002; Hossain et al.,
2004; Gourley and Vieux, 2005; Borga et al., 2006;
Habib et al., 2008; Germann et al., 2009; Schr€oter
et al., 2011; Vieux and Imgarten, 2012).

This study focuses on the following topics:

1. Long-term (10-year) high-resolution (15 min,
1 km2) bias-corrected Hydro-NEXRAD radar
rainfall datasets are evaluated and compared
against observations from a dense urban rain
gage network for the Charlotte, North Carolina
metropolitan region. Error statistics associated
with a biased (henceforth referred to as “uncor-
rected”) dataset and two MFB-corrected datasets
(corrected at daily and hourly timescales) are
examined for accumulation periods ranging from
15 min to 12 h for the warm (April-September)
and cold (October-March) seasons.

2. Conditional bias for a range of accumulation
periods relevant to urban hydrology for the
warm (April-September) and cold (October-
March) seasons is examined. Some comments
are made about the challenges associated with
the use of CB correction in hydrologic practice.

3. The accuracy and utility of the coarser-resolu-
tion (hourly, 16 km2) Stage IV operational rain-
fall product from the National Center for
Environmental Prediction (NCEP) (see http://
www.emc.ncep.noaa.gov/mmb/ylin/pcpanl/stage4
for more information) is discussed with respect
to Hydro-NEXRAD radar datasets.

4. The impact of the number of rain gages on MFB
estimation is evaluated. Many studies have
examined the effects of rain gage number, den-
sity, and configuration on direct measurement of
rainfall (see, e.g., Thol, 1972; Rodriguez-Iturbe
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and Mejia, 1974; Moore et al., 2000; Villarini
et al., 2008a), but we are not aware of any stud-
ies that have examined rain gage networks spe-
cifically for radar MFB bias correction.

5. Estimates of heavy rainfall from bias-corrected
Hydro-NEXRAD datasets, dense rain gage net-
works, and the Stage IV operational rainfall
product are examined for several urban hydro-
logic applications across a range of spatial and
temporal scales. Applications include the charac-
terization of the regional climatology (spatial
variability of long-term rainfall patterns) of
warm season rainfall, examination of the flood
water balance for a set of storms, and in-depth
examination of several extreme tropical and
nontropical storms.

DATA AND METHODS

The Charlotte metropolitan area is an ideal set-
ting for flood hydrology research due to the available
data resources and the variety of recent flood-
producing tropical storms and organized thunderstorm

systems. The Blue Ridge Mountains to the west
affect storm initiation and evolution across the
region (Weisman, 1990a, b; Murphy and Konrad,
2005) while local topographic relief is minimal.
Radar estimation of rainfall for characterization of
several extreme floods in Charlotte has been exam-
ined in Smith et al. (2002), Turner-Gillespie et al.
(2003), and Villarini et al. (2010). Two NWS
Weather Surveillance Radar 1988 Doppler (WSR-
88D) radars, Greer, South Carolina (KGSP) and
Columbia, South Carolina (KCAE) cover the Char-
lotte area. The KCAE radar is located such that
beam blockage over the Charlotte area is a major
problem (see Villarini and Krajewski, 2010b for fur-
ther discussion of beam blockage). The KGSP radar
has been selected for use in this study due to the
lack of beam blockage and the favorable range
(approximately 130 km; Figure 1, left panel) from
the Charlotte area. Analyses indicate that range
effects on radar rainfall estimation for the Charlotte
metropolitan region are minimal (results not shown).

Radar rainfall estimates from the KGSP radar
are bias-corrected using rain gage measurements
from 71 5-min resolution gages of the Charlotte
Raingage Network (CRN) (Figure 1, right panel)
operated jointly by the U.S. Geological Survey
(USGS) and Charlotte-Mecklenburg Storm Water
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FIGURE 1. Study Region. Left panel: KGSP radar location, 200-km range envelope of the KGSP radar umbrella, state boundaries, regional
topography, and the Charlotte metropolitan boundary. Right panel: Charlotte metropolitan area with the location of Charlotte Raingage

Network (CRN) rain gages, U.S. Geological Survey (USGS) stream gages, and outlines of three subbasins of Little Sugar Creek.
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Services. Most of these gages have been operational
since at least 1995 and the network is subject to a
high degree of quality control. The availability of
contemporaneous radar and CRN rain gage observa-
tions is generally good for the 2001-2010 period (Fig-
ure 2). The CRN is one of the most dense and best
maintained urban rain gage networks in the world
and thus is valuable for radar validation (see, e.g.,
Villarini et al., 2010).

The USGS also maintains a dense network of
approximately 40 stream gages in the Charlotte
metropolitan area. Three stream gages have been
selected for detailed intercomparison of basin-scale
radar and rain gage estimates of extreme rainfall and
for examining relationships between rainfall and
urban flood response at a variety of spatial and tem-
poral scales. The three chosen gages delimit sub-
catchments of Little Sugar Creek, which drains much
of central Charlotte (Figure 1, right panel). The sub-
catchments range in size from 6.7 to 110 km2 and are
highly urbanized (see Table 1). Streamflow data are
available at a resolution of 15 min for the 2001-2010
study period.

The Hydro-NEXRAD processing system was devel-
oped specifically for the production of rainfall
estimates for hydrologic applications, and converts
three-dimensional polar coordinate volume scan
reflectivity fields from NWS WSR-88D radars into
two-dimensional Cartesian surface rainfall fields
through a rainfall-reflectivity (Z-R) relationship of
the form R = aZb, where R is rain rate in mm/h, and
Z is the radar reflectivity factor in mm6/m3.

Two common parameterizations of the Z-R rela-
tionship are available for NEXRAD, the “standard,”
and a second that is occasionally used for tropical
storm conditions (Fulton et al., 1998). The choice of
Z-R relationship can impart substantial differences
on resulting radar rainfall estimates (see Smith et al.,
2005b), although these differences can be minimized
through bias correction. We use the standard convec-
tive Z-R relationship (a = 0.017, b = 0.714), as well as
a 53-decibel (dBZ) hail threshold and several stan-
dard quality control algorithms including the removal
of anomalous propagation returns (Steiner and
Smith, 2002), and hail detection and mitigation (Bae-
ck and Smith, 1998; Fulton et al., 1998).

We compute and compare MFB at two time scales:
daily (12-12 Coordinated Universal Time [UTC]) and
hourly. The MFB computation takes the form:

Bi ¼
P

Si
Gij

P
Si
Rij

ð1Þ

where Gij is the rainfall accumulation for gage j for
time period i (in this study, the duration of i is 1 day
or 1 h), Rij is the rainfall accumulation for the radar
pixel containing gage j for time period i, and Si is the
index of the rain gage stations for which both the
rain gage and the radar report positive rainfall accu-
mulations during time period i. Each 15-min radar
rainfall field within time period i is then multiplied
by the bias correction factor Bi. For time periods in
which less than five gages reported positive rainfall,
a bias value was computed from long-term seasonal
rainfall totals (warm season: April-September, or cold
season: October-March) by dividing the total seasonal
gage-estimated rainfall by the total uncorrected
radar-estimated rainfall, excluding tropical storms.
The rainfall estimates from the two bias-correction
time scales, as well as from the uncorrected Hydro-
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FIGURE 2. Top panel: Number of Charlotte Raingage Network
Rain Gages Reporting and Properly Functioning by Month
from 2001 to 2010. Bottom panel: Percent of KGSP 15-min

radar periods available per month from 2001 to 2010.

TABLE 1. Land Surface Characteristics for Three Urban Study Watersheds.

Watershed/USGS Gage Name USGS ID
Area
(km2)

2006 Urban
Land Use (%)

2006
Impervious (%)

Slope
(%)

Little Hope Cr. at Seneca 02146470 6.7 98 41 5.9
Little Sugar Cr. at Medical Ctr. 02146409 31 98 48 5
Little Sugar Cr. at Archdale 02146507 110 97 32 5.8
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NEXRAD and the NCEP Stage IV multi-sensor prod-
uct, are compared throughout this study.

The daily variant of the bias correction procedure
is the same as that used in previous urban flood
hydrology studies (Smith et al., 2012, 2013; Wright
et al., 2012, 2013; D.B. Wright, J.A. Smith, and M.L.
Baeck, 2013, manuscript in revision). Many rain gage
networks in the U.S., including the Community Col-
laborative Rain, Hail and Snow Network (CoCoRaHS)
(http://www.cocorahs.org/), much of the National Cli-
mate Data Center Network, and historical USGS rain
gages report on a daily, rather than subdaily basis,
so daily bias correction has the potential advantage
of widespread applicability. Daily rain gage accumu-
lations are also less subject to measurement errors
than subdaily accumulations (see, e.g., Ciach, 2003),
simplifying quality control prior to bias correction.

In this study, CB is modeled using the methodol-
ogy presented in Villarini and Krajewski, 2009, which
involves fitting a power law function of the form:

R̂TðtÞ ¼ aRRðtÞb ð2Þ

to the result of a locally weighted scatterplot smooth-
ing (LOESS) (Cleveland, 1979) of the gage-radar
pairs, where t is the aggregation period, a and b are
empirical parameters, RR(t) is the radar pixel rainfall
estimate, and R̂TðtÞ is the estimate of true rainfall.

With the exception of the analyses of regional rain-
fall climatology, no range correction algorithms are
used in this study. In other settings, particularly
those more distant from the radar installation or that
span a larger portion of the radar range envelope,
range correction based on vertical profile of reflectiv-
ity corrections may be necessary (see, e.g., Andrieu
and Creutin, 1995; Seo et al., 2000; Vignal and
Krajewski, 2001; Berne et al., 2004a; Germann et al.,
2006; Bellon et al., 2007; and Krajewski et al., 2011).

Stage IV rainfall fields provide hourly multi-sensor
rainfall estimates with a nominal spatial resolution of
16 km2 over the conterminous U.S. Each of the twelve
NWS River Forecast Centers (RFC) creates an hourly
regional multi-sensor precipitation estimate (MPE) by
merging NEXRAD radar and rain gage (and, in some
cases, satellite-based) measurements which are then
mosaicked into the nationwide Stage IV product in
near-realtime at NCEP. Quality control for the rain-
fall estimates that form the MPE is not necessarily
uniform and metadata is generally not available
regarding the data and procedures that have been
used for any particular time period or location. Stage
IV has been used for hydrologic applications ranging
from hydrologic modeling in the southwestern U.S.
(e.g., Sharif et al., 2010a, b; El Hassan et al., 2012) to
the characterization of tropical storm rainfall and

flooding along the Atlantic coast (Villarini et al.,
2011). Several studies have focused on validating
Stage IV rainfall estimates (e.g., Westcott et al., 2008;
Habib et al., 2009; Cunha et al., 2012). Its resolution
is coarse compared to what is generally considered
necessary for urban hydrology (Schilling, 1991; Smith
et al., 2002; Berne et al., 2004b).

Rainfall associated with tropical cyclones is identi-
fied using the Hurricane database from the National
Oceanographic and Atmospheric Administration
(NOAA) National Hurricane Center (see Jarvinen
et al., 1984; Neumann et al., 1993). Any rainfall
occurring 12 h before to 12 h after a center of circula-
tion passes within 500 km of Charlotte is classified as
tropical in origin (see Hart and Evans, 2001; Kunkel
et al., 2011; and Villarini and Smith, 2010 for similar
classification criteria for tropical rainfall).

BIAS-CORRECTION OF RADAR RAINFALL

Mean field bias correction performed at the daily
and hourly scales significantly improves radar esti-
mates of 15-min and 12-h rainfall accumulations com-
pared with the uncorrected Hydro-NEXRAD
(Figure 3). The effect of the 53 dBZ hail threshold is
clearly evident in the uncorrected 15-min accumula-
tions, imposing a maximum rainfall rate of approxi-
mately 100 mm/h (Figure 3, top-left panel). The
extent of scatter is similar for both bias-corrected
datasets and is significantly less than that of the
uncorrected dataset. The effect of the hail cap is no
longer apparent (Figure 3, center and right panels).
The data are more highly scattered for 15-min accu-
mulations than for 12-h accumulations since both
gage and radar measurement errors tend to be less
severe as observations are temporally aggregated
(Habib et al., 2001; Ciach, 2003).

Conditional bias is illustrated in Figure 3 by the
dashed lines which show the results of LOESS
regression. CB at the 15-min scale is similar for all
three datasets but is greater for the uncorrected data
than for either corrected dataset at the 12-h scale.
For rainfall accumulation periods between 15 min
and 12 h, scatter and CB decrease with increasing
accumulation time, particularly for the two bias-cor-
rected datasets (results not shown). MFB correction,
therefore, significantly reduces CB, at least for long
accumulation periods. These results are consistent
with Villarini et al. (2010), who did not find any
significant CB in storm total rainfall after MFB
correction.

Error statistics are computed relative to co-located
rain gage observations for warm- and cold-season
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15-min, 1-h, 3-h, and 12-h time radar rainfall accu-
mulations for the uncorrected and two MFB-corrected
Hydro-NEXRAD datasets (Table 2). The Pearson cor-
relation coefficient (r), root-mean-square error (RMSE),

and mean absolute error (MAE) all improve substan-
tially with bias correction. MFB correction performed
at the hourly scale gives the best results at shorter
accumulation periods, especially 1 h. At longer
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FIGURE 3. Comparison of Co-located Rain Gage and Radar-Estimated Rainfall Accumulations for the KGSP Radar for Uncorrected Radar
(left panels), and Radar with Mean Field Bias Correction Done at the Daily (center panels) and Hourly Scales (right panels) for All Seasons
for the 2001-2010 Period. Rainfall accumulations are shown at the 15-min (top panels) and 12-h (bottom panels) scales. Conditional bias is
highlighted using a locally weighted scatterplot smoothing fit (dark gray dashed lines). Darker shading indicates a higher point density.

TABLE 2. Error Statistics for 15-min, 1-h, 3-h, and 12-h Rainfall Accumulations for Uncorrected Radar Rainfall
and Radar Rainfall with Mean Field Bias Correction at the Daily and Hourly Scales.

Season Statistic Uncorrected Daily Hourly Uncorrected Daily Hourly

15 min 1 h

Warm r 0.717 0.762 0.773 0.8 0.856 0.866
RMSE (mm) 0.311 0.279 0.276 0.731 0.606 0.593
MAE (mm) 0.026 0.023 0.022 0.087 0.071 0.067

Cold r 0.459 0.673 0.688 0.546 0.777 0.81
RMSE (mm) 0.282 0.172 0.165 0.821 0.436 0.381
MAE (mm) 0.022 0.018 0.016 0.077 0.06 0.05

3 h 12 h

Warm r 0.822 0.885 0.893 0.828 0.911 0.913
RMSE (mm) 1.468 1.161 1.136 3.468 2.53 2.526
MAE (mm) 0.237 0.183 0.173 0.873 0.612 0.606

Cold r 0.59 0.843 0.864 0.595 0.899 0.889
RMSE (mm) 2.012 0.906 0.791 6.171 2.02 1.998
MAE (mm) 0.411 0.264 0.229 0.789 0.458 0.425

Note: RMSE, root-mean-square error; MAE, mean absolute error.
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accumulation periods, the accuracy of the two bias-
corrected datasets converge. Correlation is generally
higher for the warm season than for the cold season
for all accumulation periods, particularly for the
uncorrected dataset. This is likely due to bright band
enhancement of radar reflectivity above the atmo-
spheric freezing level or difficulty in discriminating
between liquid and frozen precipitation with both
gages and radar (Borga et al., 2002; Rinehart, 2004;
Hazenberg et al., 2011). Post-bias correction RMSE
and MAE are greater for the warm season than for
the cold season for all accumulation periods due to
higher rain rates during the summer months.

Error statistics are also computed for the NCEP
Stage IV rainfall product for 1-, 3-, and 12-h accumu-
lations (Table 3). During the warm season, Stage IV
estimation errors are comparable to the uncorrected
Hydro-NEXRAD. Stage IV performs better than the
uncorrected Hydro-NEXRAD during the cold season.
In no instance does the Stage IV perform as well as
either bias corrected Hydro-NEXRAD dataset,
although 1-h cold season accumulations are similar
for Stage IV and bias-corrected Hydro-NEXRAD. It
should be pointed out that Stage IV pixel accumula-
tions are more likely than Hydro-NEXRAD pixel
accumulations to deviate from co-located rain gage
accumulations due to the coarser spatial resolution of
Stage IV. This impact is likely to be more significant
during the warm season due to the sharp spatial gra-
dients that characterize summertime convective pre-
cipitation. That may explain some of the differences
between the Stage IV and the bias-corrected Hydro-
NEXRAD, as well as the fact that the uncorrected
Hydro-NEXRAD performs comparably to the Stage
IV during the warm season in spite of its substantial
biases. It is unclear whether CRN gages are merged
into the Stage IV estimates, but in general, the rain
gage networks that are merged into Stage IV esti-
mates are sparser than the CRN network, and may
therefore underestimate spatially small convective
rain cells.

Conditional bias can be removed by applying the
CB correction shown in Equation (2) (Figure 4; see

Table 4 for the power law parameters a and b used
for CB correction), but at the expense of other perfor-
mance criteria such as RMSE and MAE (note the
error statistics and the increased scatter above the
1:1 line in Figure 4). This tradeoff between CB and
other performance criteria is noted in Ciach et al.
(2000), and occurs because MFB-corrected estimates
are by definition unbiased with respect to a multipli-
cative factor. Whether or not to use CB correction in
practice would depend, therefore, on the particular
application: if the estimation of extreme rain rates is
important, CB correction may be appropriate. For
applications which require accurate estimation of
rainfall depths over relatively long accumulation peri-
ods, CB correction is likely not desirable. No subse-
quent analyses in this study employ CB correction.

The spatial structure of rainfall estimates from the
CRN network and corresponding MFB-corrected
radar pixel estimates are examined at the 15-min
scale. We calculate the spatial correlation by calculat-
ing the correlation between all 15-min gage/pixel
accumulations that have a given separation distance
d. The spatial correlation is somewhat lower for the
rain gages than for the radar for both warm and cold
seasons, likely due to differences in properties of spa-
tial sampling and error properties of the two instru-
ments (Figure 5). Warm season spatial correlation is
lower than in the cold season, due to sharper spatial
gradients in summertime convective rainfall.

The temporal structure of radar bias is examined
by computing the autocorrelation of the sum of all
positive rain gage measurements divided by the sum
of all co-located uncorrected Hydro-NEXRAD radar
pixel rainfall estimates at the 15-min scale (Figure 6,
top panels). During the warm season, there is persis-
tent autocorrelation until about the 9-h time lag,
suggesting that MFB correction performed at time
scales longer than 1 h is appropriate. Autocorrelation
in 15-min bias is higher in the warm season than the
cold season for separation lags up to approximately
9 h. This may be due to seasonal differences in atmo-
spheric properties that affect the propagation of the
radar beam or difficulties in determining precipita-
tion phase during the cold season. The lack of multi-
hour persistence in the autocorrelation of 15-min bias

TABLE 3. Error Statistics for 1-, 3-, and 12-h Rainfall
Accumulations for Stage IV Radar Data from 2002 to 2010.

Season Statistic 1 h 3 h 12 h

Warm r 0.809 0.851 0.884
RMSE (mm) 0.733 1.403 3.115
MAE (mm) 0.094 0.241 0.837

Cold r 0.795 0.852 0.882
RMSE (mm) 0.433 0.913 2.313
MAE (mm) 0.064 0.167 0.568

Note: RMSE, root-mean-square error; MAE, mean absolute error.

TABLE 4. Power-Law Parameters for Conditional Bias
Correction Procedure. The cold season is October-March,

the warm season is April-September.

Season Parameter 15 min 1 h 3 h 12 h

Warm a 1.285 1.053 0.979 1.059
b 1.088 1.072 1.063 1.015

Cold a 1.219 0.956 0.964 0.952
b 1.153 1.098 1.031 1.010
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FIGURE 4. Demonstration of Conditional Bias (CB) Correction of T-Hour Radar Rainfall Estimates. Error statistics with and without CB
correction are shown. Shading represents relative density of scatter pairs after mean field and CB correction. Locally weighted scatterplot
smoothing has been done on mean field bias corrected Hydro-NEXRAD radar data prior to CB correction (dashed lines) and after CB correc-
tion (solid lines). Top left panel: 15-min scale. Top right: 1-h scale. Bottom left: 3-h scale. Bottom right: 12-h scale. RMSE, root-mean-square
error; MAE, mean absolute error.
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Season (October-March, bottom panels). Dashed lines represent the results of nonlinear least squares regression fits to power law functions.
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during the cold season corroborates the error statis-
tics in Table 2, which show that MFB correction at
the hourly, rather than daily, scale yields greater
improvement over bias-correction at the daily scale
during the cold season compared with the warm
season.

We also examine the temporal structure of radar
and rain gage rainfall estimates, computed as the
autocorrelation of the mean of all positive 15-min
gage accumulations and of corresponding daily MFB-
corrected radar accumulations (Figure 6, bottom pan-
els). Temporal correlation of rainfall is lower in the
warm season than in the cold season, again due to
sharper spatial gradients in summertime convective
rainfall. The temporal correlation structure of rainfall
shows the inverse relationship (lower in the warm
season, higher in the cold season) of that of radar
bias.

RAIN GAGE NETWORKS FOR BIAS CORRECTION

Villarini et al. (2008a) demonstrate that accurate
direct estimation of rainfall at high spatial and tem-
poral resolution using rain gages requires very high
gage densities. Most urban settings in the U.S. and
elsewhere lack the high number of rain gages that
are available in the Charlotte metropolitan area

through the CRN network (71 gages, or approxi-
mately one gage per 35 km2). The NEXRAD radar
network, however, provides high-resolution rainfall
estimates for all major urban areas in the contermi-
nous U.S. Fewer gages are necessary for MFB esti-
mation than for the direct high-resolution estimation
of rainfall. It is useful, therefore, to examine the
effect that the number of available gages has on the
estimation of MFB.

We perform daily MFB correction using all
n-choose-k combinations of 1, 5, 10, 25, and 50 CRN
gages. We then compute the daily RMSE and MAE at
the daily scale between the bias-corrected radar pixel
accumulations and co-located rain gage accumula-
tions and compare these error statistics to those from
bias correction based on the entire 71-gage CRN net-
work (Figure 7). Daily RMSE and MAE decreases
exponentially from about 4.70 and 1.35 mm, respec-
tively to about 3.60 and 1.60 mm as the number of
gages used in bias estimation increases from 1 to 25.
For more than 25 gages, improvement in RMSE and
MAE is negligible. We do not examine the optimal
geometric arrangement of gages; however, boxplots in
Figure 7 consider all possible configurations and thus
bound the possible range of errors for a given number
of rain gages.

A network of 25 rain gages is sufficient to accu-
rately estimate and correct for MFB at the spatial
extent of the CRN rain gage network (approximately
2,500 km2). This is comparable to gage densities in
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many urban areas in the U.S. and elsewhere, sug-
gesting that MFB correction of radar rainfall is feasi-
ble in many settings. We suggest, however, that more
detailed studies should be conducted to assess the
generalization of these conclusions to other settings
and to examine over what spatial scales MFB correc-
tion is accurate.

RADAR-DERIVED RAINFALL CLIMATOLOGY

Long-term bias-corrected radar rainfall datasets
can be used to examine regional rainfall patterns

(see Overeem et al., 2009; Smith et al., 2012; Wright
et al., 2012). In this study, mean June-July-August
(JJA) rainfall and mean number of JJA heavy rain
(rainfall exceeding 25 mm) days are calculated over
the region surrounding the Charlotte metropolitan
area for the 2001-2010 period (Figure 8). Regional
analyses require careful consideration of the effects
of range from the radar on rainfall estimates. In
this section, the effects of long-term range-dependent
bias for both quantities were removed for this analy-
sis by separating the radar domain into concentric
range rings, computing the mean quantity for each
ring, and then multiplying each cell in the radar
domain by the ratio of its range ring mean quantity
to the radar domain mean quantity. In addition, the
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effect of missing records on seasonal rainfall means
was addressed by computing a seasonal mean cell-
by-cell from available records and then multiplying
it by the ratio of the total number of 15-min periods
in the season to the number of available 15-min
radar fields.

There is a clear local maximum in both mean
rainfall and mean number of heavy rain days
within and downwind (northeast) of the city. This
downwind rainfall maximum is consistent with
observations using a variety of instruments in other
urban areas (see, e.g., St. Louis, Missouri: Chang-
non et al., 1971; Changnon, 1979; Atlanta, Georgia:
Diem and Mote, 2005; Diem, 2008; Mote et al., 2007;
Shepherd et al., 2002; Rose et al., 2008; and Wright
et al., 2012; and Baltimore, Maryland: Smith et al.,
2012). It has been suggested that this downwind
rainfall maximum can be attributed to urban heat
island effects on circulation (e.g., Huff and Vogel,
1978; Hjelmfelt, 1982; Bornstein and Lin, 2000;
Thielen et al., 2000) and on urban roughness effects
on low-level moisture convergence (e.g., Huff and
Vogel, 1978; Hjelmfelt, 1982).

Analysis of regional rainfall patterns and urban
rainfall modification using rain gage networks is dif-
ficult due to the limited spatial extent or limited
gage density of most networks (see, e.g., Diem and
Mote, 2005). The CRN network covers only the
Charlotte metropolitan area, and there are only
approximately 40 daily Global Historical Climatology
Network rain gages within the 40,000 km2 domain
shown in Figure 8. Previous studies of urban
enhancement of precipitation in Baltimore (Ntelekos
et al., 2007) and St. Louis (Huff and Vogel, 1978)
have shown that regional topography can play an
important role on precipitation in urban areas.
Future urban rainfall studies should address topo-
graphic impacts, and long-term bias-corrected radar
rainfall fields can provide a useful tool for evaluat-
ing such storm motion and evolution in ways that
would not be possible using only rain gage observa-
tions (Wright et al., 2012).

RAINFALL-RUNOFF RESPONSE

In this section we examine the utility of different
rainfall datasets for urban rainfall-runoff and flood
water balance studies in Charlotte. Rainfall-runoff
response is examined by developing a sample of flood
events at each station based on a peak discharge
threshold. The threshold is selected to extract an aver-
age of five flood events per year from 2001 to 2010
USGS instantaneous discharge records for the three
study watersheds, leading to a population of 50 flood
peaks per watershed. Once a peak is selected, no other
peak occurring in a 48-h period centered on the time of
the selected peak can be included, ensuring that events
with multiple peaks are not double counted. Fifteen-
minute basin-averaged rainfall time series are gener-
ated using Hydro-NEXRAD rainfall fields that have
been MFB corrected at the daily scale and at the hourly
scale. Similar peaks-over-threshold analyses using
long-term Hydro-NEXRAD datasets in Atlanta and
Baltimore are shown in Wright et al. (2012) and Smith
et al. (2013), respectively. In addition, basin-averaged
rainfall time series are generated from the CRN using
inverse distance weighting (IDW) interpolation with
15-min time resolution, and from the Stage IV multi-
sensor radar rainfall product at hourly resolution.

Table 5 shows the median peak discharge per unit
area and its variability as well as the median
response time and its variability based on each of the
four basin-averaged rainfall time series for each of the
three study watersheds. We define response time as
the time elapsed between the time of occurrence of
the centroid of maximum 6-h rainfall and the time of
peak discharge. The timing of the maximum 6-h rain-
fall, and thus the response time, can vary depending
on the rainfall dataset being considered. Variability is
represented by the dimensionless coefficient of varia-
tion (CV), which is the sample standard deviation
divided by the sample mean. The magnitude and vari-
ability of peak discharge per unit area decreases with
increasing area. Interestingly, all four rainfall data-

TABLE 5. Variability in Median Peak Discharge and Response Time (elapsed time between the occurrence of the
rainfall centroid of the 6-h maximum rainfall and the time of maximum discharge) for Peaks-Over-Threshold Events.

Quantities in parentheses are dimensionless coefficients of variation (standard deviation divided by mean).

Median Response Time (h)

Watershed

Median Peak
Discharge
(m3/s/km2)

Daily
Correction

Hourly
Correction CRN Stage IV

Little Hope Cr. at Seneca 2.44 (0.69) 0.79 (1.42) 0.84 (1.43) 0.85 (1.22) 1.08 (1.22)
Little Sugar Cr. at Medical Ctr. 1.91 (0.35) 0.72 (1.59) 0.64 (1.61) 0.67 (1.58) 1.08 (1.17)
Little Sugar Cr. at Archdale 1.17 (0.43) 1.82 (0.69) 1.72 (0.75) 1.79 (0.47) 2.16 (0.75)

Note: CRN, Charlotte Raingage Network.
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sets show that the median response time for Little
Sugar Creek at Medical Center is equal to (Stage IV)
or less than (all other datasets) the median response
time for Little Hope Creek, despite being larger (31
and 6.7 km2, respectively). This is likely because Lit-
tle Sugar Creek at Medical Center has more impervi-
ous area (48% compared with 32% for the other two
study basins) and much of its urbanization is situated
close to the basin outlet. The variability of response
time based on three of the rainfall datasets (excluding
Stage IV) is higher for Little Sugar Creek at Medical
Center than for Little Hope Creek, pointing to the
importance of the spatial distribution of urban land
cover (see Meierdiercks et al., 2010 and Wright et al.,
2012), as well as the spatio-temporal distribution of
rainfall in controlling the variability of flood response.
Response times based on the Stage IV data are longer
than for the other datasets for all three watersheds
due to its coarser temporal resolution (hourly rather
than 15-min). This suggests that the resolution of the
Stage IV data is inadequate for applications in which
precise timing is required and the temporal scales of
the runoff and flood-generating processes are less
than several hours.

We also examine rainfall-runoff response in terms of
runoff ratio, which is defined as the percentage of rain-
fall that leaves the basin as discharge. For each of the
50 storms from each basin, we compute 1-, 3-, 6-, and
12-h maximum rainfall and runoff depths and the
associated runoff ratios using each of the four rainfall
datasets. From these values, we then compute the
median 1-, 3-, 6-, and 12-h maximum rainfall and run-
off depths and median runoff ratios as well as the CVs
(Table 6). Rainfall depths and runoff ratios show little
difference between the Hydro-NEXRAD datasets bias-
corrected at daily and hourly scales, suggesting that
for the urban flood water balance studies like those
presented in Wright et al. (2012) and Smith et al.
(2013), MFB estimation and correction at time scales
finer than daily may be unnecessary.

Stage IV median 1-h maximum rainfall depths are
lower than the other datasets for all three basins,
likely because the hourly resolution of the Stage IV
does not capture extreme short-duration rain rates.
For longer accumulation periods the differences in
rainfall depths between different datasets are small.
The underestimation of 1-h rainfall depth leads to
high median 1-h runoff ratios compared with the
other datasets. It is likely that runoff production in
hydrologic models that employ infiltration schemes
that are tied directly to rain rate (such as Green-
Ampt infiltration) would be adversely affected by the
coarse resolution of Stage IV rainfall estimates. This
would be especially true for small urban basins where
response times and flow paths are short and runoff
production is predominantly Hortonian (surface run-

off that occurs due to rainfall rates exceeding soil
infiltration rates). Agreement between the Hydro-
NEXRAD and Stage IV datasets for time periods
greater than 1 h suggests that Stage IV is adequate
for estimating rainfall depth and flood water balance
computations for larger basins where the time scales
of runoff production and channel processes are long
relative to the resolution of the rainfall estimates.

The median 1-h maximum rainfall depth for Little
Hope Creek calculated from the CRN dataset is
higher (22.7 mm) than the median depths for the two
Hydro-NEXRAD datasets (18.6 mm for daily bias cor-
rection; 19.6 mm for hourly bias correction). CRN
rainfall depths tend to be greater than the other
datasets in Little Hope Creek for longer accumulation
periods, although the relative difference is less than
at the 1-h scale. This may be due the presence of CB
in radar estimates, which is more prevalent for
shorter accumulation periods. However, there is little
evidence of underestimation by the bias-corrected
radar rainfall for the larger basins, perhaps because
the overall rain rates are lower, or because CB
decreases with increasing averaging area. An alter-
nate explanation is the poor rain gage coverage in
Little Hope Creek. There is only one rain gage
located within the basin, on its western boundary
(see Figure 1, right panel), and so the IDW interpola-
tion routine may not properly capture the sharp spa-
tial gradients in warm season convective rainfall that
would comprise much of the peaks-over-threshold
population for that watershed. This question could be
addressed by examining co-located radar rainfall esti-
mates and very dense rain gage observations, but is
not possible given the gage density in Charlotte.

The variability in rainfall depths in Little Hope
Creek is lower for the interpolated gage dataset than
for the radar datasets, possibly due to poor gage cover-
age in the basin. Differences in rainfall depth variabil-
ity between the CRN data and the radar-based data
are less significant for the larger basins, although
there is still a tendency for the CRN rainfall depths to
be less variable than the radar rainfall depths. It is
possible that more sophisticated interpolation methods
(see, e.g., Seo, 1998) could compensate for limited gage
density and yield more physically realistic results, but
these methods necessarily introduce assumptions
about spatial and/or temporal rainfall structure that
may in reality vary significantly by season or by storm.

EXTREME STORM CASE STUDIES

We examine six extreme rainfall events that pro-
duced significant flooding in Charlotte to compare
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flood-producing rainfall from tropical storms to that
from nontropical storms, and to compare estimates of
extreme rainfall from bias-corrected Hydro-NEXRAD,
the CRN gage network, and Stage IV. Three are trop-
ical storms: Tropical Storm Fay (26-27 August 2008),
Hurricane Jeanne (27-28 September 2004), and Hur-
ricane Frances (7-8 September 2004), and three are

warm-season convective systems: 7-8 June 2003, 15-
16 August 2006, and 4-6 May 2009.

Scatterplots of 1- and 12-h radar vs. gage accumu-
lations for the tropical cyclones illustrate severe
underestimation of extreme rainfall during tropical
events in the uncorrected Hydro-NEXRAD data (Fig-
ure 9, left panels). Using the tropical Z-R relationship
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FIGURE 9. Scatterplots of Charlotte Raingage Network Rain Gage Accumulations to Corresponding Hydro-NEXRAD Radar Rainfall Accu-
mulations for Three Tropical Storms. Top panels: Hurricane Jeanne, 27-28 September 2004. Middle panels: Tropical Storm Fay, 26-27
August 2008. Bottom panels: Hurricane Frances, 7-8 September 2004. Radar datasets shown are uncorrected Hydro-NEXRAD (left panels),
Hydro-NEXRAD with daily mean field bias (MFB) correction (center panels), and Hydro-NEXRAD with hourly MFB correction (right panels).
Grey filled circles are 1-h accumulations, black circles are 12-h accumulations. RMSE, root-mean-square error.
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for the Hydro-NEXRAD reflectivity-to-rain rate con-
version would likely yield better uncorrected esti-
mates for rainfall associated with the tropical
cyclones (see Villarini et al., 2010 for results using
the tropical Z-R for Hurricane Frances). MFB correc-
tion, however, effectively eliminates this underesti-
mation (Figure 9, center and right panels), obviating

the need for storm type-dependent Z-R relationships.
There is some improvement for both 1- and 12-h
accumulation periods for the Hydro-NEXRAD esti-
mates that have been bias-corrected at the hourly
scale rather than at the daily scale, particularly for
Hurricane Frances. Accumulations for Hurricane
Frances have more scatter than for the other two
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FIGURE 10. Scatterplots of Charlotte Raingage Network Rain Gage Accumulations to Corresponding Hydro-NEXRAD Radar Rainfall Accu-
mulations for Three Nontropical Storms. Top panels: 7-8 June 2003. Middle panels: 15-16 August 2006. Bottom panels: 4-6 May 2009. Radar
datasets shown are uncorrected Hydro-NEXRAD (left panels), Hydro-NEXRAD with daily mean field bias (MFB) correction (center panels),
and Hydro-NEXRAD with hourly MFB correction (right panels). Grey filled circles are 1-h accumulations, black circles are 12-h accumula-
tions. RMSE, root-mean-square error.
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tropical cyclones at both the 1- and the 12-h time
scale. Hourly MFB correction yields lower RMSE
than daily MFB correction for 1-h accumulations for
all three storms, while 12-h RMSE is comparable and
in fact is lower with daily MFB correction for Tropi-
cal Storm Jeanne.

Scatterplots of uncorrected 1- and 12-h Hydro-
NEXRAD radar rainfall versus rain gage accumula-
tions for the nontropical storms (Figure 10, left
panels) contrast with those of the tropical systems.
Uncorrected radar rainfall accumulations show
much less bias for nontropical rainfall than for
tropical cyclone rainfall, especially at the 12-h scale
(Figure 10, center and right panels) and differences
between the uncorrected and bias-corrected radar
datasets are significantly less. There is little differ-
ence between the rainfall accumulations for the
radar rainfall fields corrected at the daily versus
hourly scales. The 1- and 12-h RMSE are lower
for daily, rather than hourly, MFB correction for
the 4-6 May 2009 event, as well as 12-h RMSE for

15-16 August 2006. For the remainder of the time
periods, hourly MFB correction produces somewhat
lower RMSE. The results of these six events sug-
gest that despite the fact that tropical storms are
often characterized by relatively long storm
durations and large spatial extents, subdaily
variability in atmospheric and rainfall properties
that affect radar estimation are more pronounced
than in nontropical storms (see also Smith et al.,
2005b).

Scatterplots of 1- and 12-h Stage IV rainfall
accumulations show large variability in bias com-
pared to the corrected Hydro-NEXRAD datasets
(Figure 11). Stage IV tends to underestimate rain-
fall for Hurricane Jeanne and for the June 2003
and August 2006 storms, and to overestimate for
Tropical Storm Fay and for the May 2009 storm.
Because the Z-R selection and multi-sensor merging
is performed in near-realtime at the RFC and can
be influenced by the subjectivity of the operator
and the quality of incoming gage observations, it is
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FIGURE 11. Scatterplots of Charlotte Raingage Network Rain Gage Accumulations to Corresponding Stage IV Multisensor Rainfall Accumu-
lations for Three Tropical and Three Nontropical Storms. Top left: Hurricane Jeanne, 27-28 September 2004. Top center: Tropical Storm
Fay, 26-27 August 2008. Top right: Hurricane Frances, 7-8 September 2004. Bottom left: 7-8 June 2003. Bottom center:
15-16 August 2006. Bottom right: 4-6 May 2009. Grey filled circles are 1-h accumulations, black circles are 12-h accumulations. RMSE,
root-mean-square error.
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very difficult to assess the underlying causes for
biases in Stage IV rainfall estimates. Some of the
bias evident in the Stage IV data may be attribut-
able to its coarser resolution since it may not
capture the sharp spatial rainfall gradients in
convective cells that produce high rain rates in non-
tropical storms as effectively as the higher-resolution
Hydro-NEXRAD. Stage IV 12-h RMSE is actually
lower than either bias-corrected Hydro-NEXRAD
dataset for 7-6 June 2003, but is higher for every
other event.

Time series plots of basin-averaged rainfall and
discharge observations illustrate the variability of
rainfall and discharge and the importance of timing
for urban flooding (Figures 12 and 13). Bias-
corrected Hydro-NEXRAD datasets underestimate
high basin-averaged rain rates for Little Hope
Creek (6.7 km2) relative to the CRN IDW-interpo-
lated estimates for Hurricane Jeanne (Figure 12,
top panel; Stage IV time series omitted for clarity)
and vice versa for Little Sugar Creek at Archdale
(Figure 12, bottom panel; Stage IV time series omit-
ted for clarity). Examination of rainfall time series
for other events does not reveal systematic struc-
ture to the relative magnitudes of gage-interpolated
and Hydro-NEXRAD basin-averaged rainfall rates
as a function of event type, basin size, or any other
factor (results not shown). The lack of evident
systematic differences in the rain gage and Hydro-
NEXRAD basin-averaged time series suggests that
CB at the basin scale is minimal. In all cases, the
temporal structure of radar rainfall estimates is
roughly consistent with the interpolated CRN, espe-
cially for Little Sugar Creek at Archdale (110 km2).
The precise timing of the gage-estimated rainfall
may be erroneous in Little Hope Creek since there
are no gages in the central part of the basin, and
so storm movement over the basin may not be
properly represented.

Basin-averaged rainfall time series and discharge
for the June 8, 2003 storm (nontropical) illustrate the
importance of high temporal resolution for urban
flooding (Figure 13, CRN time series is omitted for
clarity). The elapsed time between peak rainfall and
peak discharge for Little Sugar Creek at Medical
Center is shorter than for Little Hope Creek, consis-
tent with the analyses presented in Table 5. In addi-
tion, the peak discharge for Little Sugar Creek at
Medical Center, which occurs at about 02:15 UTC,
occurs in response to a second small rainfall pulse
lasting from 1:30 to 2:00 UTC. A hydrologic model
forced with coarse temporal resolution Stage IV data
would not be capable of capturing this rise in dis-
charge due to the second rainfall pulse, and thus
would not be capable of simulating the peak dis-
charge for the event.

SUMMARY AND CONCLUSIONS

This study examines long-term (10-year) high-
resolution (1 km2, 15-min) bias-corrected radar rain-
fall datasets developed using the Hydro-NEXRAD
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processing system, focusing on their applications to
urban hydrology. The main findings of this study are:

1. Systematic errors in calibration and Z-R rela-
tionships can lead to multiplicative biases in
radar rainfall estimates. MFB correction using a
rain gage network can substantially reduce
these biases. MFB correction performed at the
daily scale is often, but not always, comparable
in accuracy to MFB correction performed at the
hourly scale. Thus, the fact that many rain gage
data are available only at the daily scale is not
a major limitation to their usefulness for bias
correction of radar rainfall fields. Rainfall esti-
mation during the cold season is more challeng-
ing than during the warm season due to bright
band enhancement of reflectivity and difficulties
discriminating between frozen and liquid precipi-
tation.

2. High-resolution (15-min, 1 km2) bias-corrected
rainfall estimates using the Hydro-NEXRAD
processing system show better agreement with
rain gage estimates than the NCEP Stage IV
MPE product (hourly, 16 km2). The higher
spatial and temporal resolution of the Hydro-
NEXRAD estimates is especially important in
urban areas, where the relevant hydrologic pro-
cesses are characterized by short time and
length scales.

3. Conditional (rain rate-dependent) bias is still
evident in Hydro-NEXRAD radar rainfall esti-
mates after MFB correction. The KGSP radar
tends to underestimate high rainfall rates rela-
tive to rain gage observations. The magnitude of
CB decreases with increasing accumulation per-
iod. CB can be explicitly eliminated but only at
the expense of other performance criteria such
as RMSE and MAE. The use of CB correction
may therefore depend on the application, and
more investigation is necessary to determine for
which applications CB correction may or may
not be appropriate.

4. The spatial and temporal structure of Hydro-
NEXRAD radar rainfall fields is similar to that
of rain gage-estimated rainfall, and observable
differences are likely attributable to the sam-
pling properties of the two instruments. Both
spatial and temporal correlation for radar and
gage-estimated rainfall is lower in the warm
season than in the cold season, since warm-sea-
son precipitation in the Southeastern U.S. is
characterized by sharp spatial rainfall gradients
associated with convective storms. The temporal
correlation of MFB, however, is lower during
the cold season than during the warm season,
suggesting that the measurement of cold-season

precipitation using radar is a major challenge
and that subdaily bias correction may be more
important in the cold season than in the warm
season.

5. Approximately 25 rain gages over a 2,500 km2

area are adequate to accurately estimate MFB at
the daily scale in the Charlotte area. Many
urban areas in the U.S. and elsewhere have simi-
lar gage densities, suggesting that MFB correc-
tion of radar rainfall for many urban areas is
feasible, even in locations where there are insuf-
ficient numbers of gages to accurately obtain
direct high-resolution gage-based measurements
of rainfall over large areas. More work is needed
to determine how these results can be general-
ized to other settings and to different time scales.

6. Response times, computed from rainfall and
runoff for 50 flood events for three basins rang-
ing in size from 6.7 to 110 km2, vary depending
on the rainfall dataset used. Response times
based on the Stage IV radar rainfall product are
longer than for the higher-resolution rainfall
datasets, suggesting that Stage IV rainfall data
may not be adequate for applications such as
flood hydrologic modeling in which precise tim-
ing is critical. Response times calculated from
the Hydro-NEXRAD datasets are comparable to
those calculated from a dense gage network.

7. Storm event water balance computations for 50
storms using basin-averaged rainfall estimates
and corresponding USGS discharge for the three
study basins vary by rainfall dataset. Hydro-
NEXRAD fields with daily MFB correction yield
similar rainfall depths to fields with hourly MFB
correction. Rainfall depths from bias corrected
Hydro-NEXRAD fields are comparable to those
calculated from the dense rain gage network
except at short time periods (1-h) for Little Hope
Creek, the smallest basin. This discrepancy may
be due to CB in radar estimates, which is more
prevalent at short time scales, or to poor rain
gage coverage in Little Hope Creek. For accumu-
lation periods greater than 1 h, Stage IV rainfall
estimates and runoff ratios, as well as corre-
sponding variability, are broadly consistent with
other datasets. The variability of the rain gage-
interpolated rainfall depths is lower than for the
other datasets for most watersheds and most time
periods, possibly due to the effects of the smooth-
ing resulting from the interpolation routine. More
sophisticated interpolation schemes may yield
more realistic variability, but would require
additional assumptions regarding rainfall struc-
ture. Due to the continuous spatial sampling,
radar rainfall fields do not require such assump-
tions.
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8. In-depth examination of three tropical and three
nontropical storm systems reveal that uncor-
rected Hydro-NEXRAD using the standard Z-R
relationship severely underestimates extreme
rainfall from tropical storms. This underestima-
tion is much less pronounced for nontropical
storms. MFB correction at either the daily or
hourly scale effectively eliminates systematic
bias for both tropical and nontropical storms,
suggesting that if MFB is used, it is not neces-
sary to vary the Z-R relationship according to
storm type. Hourly MFB correction provides
slight improvements over daily MFB correction
in rainfall estimates for tropical storms, while
the two bias correction timescales are equivalent
for nontropical storms. This suggests that the
variability in atmospheric and rainfall proper-
ties of tropical storms that affect radar rainfall
estimation is more prominent than in nontropi-
cal storms. Bias in Stage IV estimates ranges
from substantial underestimation to substantial
overestimation with no apparent relation to
storm type.

9. Examination of time series of basin-average
rainfall and of streamflow show that there is no
systematic temporal structure to differences in
basin-averaged rainfall estimates from rain
gages and bias-corrected Hydro-NEXRAD radar
rainfall fields, and that both rain rate magni-
tude and timing generally agree between the
gages and the bias-corrected radar rainfall.
The coarser-resolution Stage IV does not cap-
ture the temporal structure of flood producing
rainfall. Dual-polarization upgrades to the NEX-
RAD network were completed in 2012 and are
an important step forward in precipitation esti-
mation using radar, with the potential to reduce
or eliminate the need for bias correction and
especially to improve cold season precipitation
estimation. It will be a long time, however,
before polarimetric radar records approach the
length of existing single-polarization NEXRAD
data records, so existing single-polarization
archives combined with bias correction will con-
tinue to be a valuable resource for hydrologists
well into the next decade.

In conclusion, we have demonstrated that bias-
corrected high-resolution radar rainfall fields such as
those from Hydro-NEXRAD can be comparable to or
better than observations from dense rain gage net-
works, and have major advantages over coarser reso-
lution multi-sensor products such as NCEP Stage IV.
This is particularly important in areas that lack
dense gage coverage. The spatially continuous sam-
pling of rainfall over large areas means that radar

can provide information that is useful both for
researchers and practitioners. Questions remain such
as how to deal with CB and how to improve the mea-
surement of cold season precipitation, but high-
resolution radar rainfall can and should play a larger
role in urban hydrology. The long-term bias corrected
datasets will be made available to other researchers
by request, and we encourage practitioners to exam-
ine the possible role of radar rainfall in their work.
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