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ABSTRACT

Gridded radar-based quantitative precipitation estimates (QPEs) are potentially ideal inputs for hydro-

logical modeling and monitoring because of their high spatiotemporal resolution. Beam blockage is a com-

mon type of bias in radar QPEs related to the blockage of the radar beam by an obstruction, such as

topography or tall buildings. This leads to a diminishment in the power of the transmitted beam beyond the

range of obstruction and a systematic underestimation of reflectivity return to the radar site. A new spatial

analysis technique for objectively identifying regions in which precipitation estimates are contaminated by

beam blockage was developed. The methodology requires only a long-term precipitation climatology with no

prerequisite knowledge of topography or known obstructions needed. For each radar domain, the QPEs are

normalized by climatology and a low-pass Fourier series fit captures the expected precipitation as a function

of azimuth angle. Beam blockage signatures are identified as radially coherent regions with normalized values

that are systematically lower than the Fourier fit. Precipitation estimates sufficiently affected by beam

blockage can be replaced by values estimated using neighboring unblocked estimates. The methodology is

applied to the correction of the National Weather Service radar-based QPE dataset, whose estimates origi-

nate from the NEXRAD network in the central and eastern United States. The methodology is flexible

enough to be useful for most radar installations and geographical regions with at least a few years of data.

1. Introduction

Over the past decade, hydrological monitoring and

modeling has been greatly enhanced with the increased

availability of high-resolution gridded precipitation

datasets. Gridded radar-based precipitation estimates

are available at high resolution with very low-latency

times and form the core of such rainfall analyses as the

National Weather Service’s Stage IV precipitation

analysis (Lin and Mitchell 2005) in areas of good radar

coverage. Radar-based precipitation estimates typically

provide better spatiotemporal resolution of pre-

cipitation than other measurement systems or retrievals.

One downside is that radar estimates often contain

biases due to the spatial differences in the sampling

properties of a radar beam. In normal operations, the

vertical sampling of the hydrometeor profile is limited to a

fixed set of tilt angles whose altitude above ground level

and above radar height is range dependent. This leads to a

spatial heterogeneity of radar estimates related to the

distance of the beam from the radar site that produces

range-dependent biases. Numerous correction algorithms

having been developed to deal with such biases (e.g.,

Andrieu and Creutin 1995; Vignal et al. 1999; Vignal and

Krajewski 2001; Zhang et al. 2008; Krajewski et al. 2011),

often relying on the vertical profile of reflectivity (VPR).

Another well-understood type of bias and the focus of

this paper is beam blockage, which can be defined as a

sudden interception of a transmitted radar beam, in most

cases by a fixed nonmeteorological obstruction, such as a

tall building or terrain feature (Smith 1998; Krajewski

et al. 2006). For obstructions near the radar site, the effects

of the beam blockage in precipitation estimation can be

minimized through the use of higher, unblocked beams.

When this is the case, regions at some distance beyond the

obstruction where estimates are derived from the lower,

blocked beams will be contaminated by beam blockage.
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Hydrometeors beyond the location of beam in-

terception are systematically unsampled or are sampled

by a reduced-power beam. A reduction in the transmitted

beam causes a diminished return beam, a low-biased

reflectivity value, and a low-biased estimation of pre-

cipitation through application of a reflectivity–rainfall

(Z–R) relationship (Joss andWaldvogel 1990; Smith 1998;

Bech et al. 2003). In mountainous regions beam blockage

is nearly impossible to escape (Joss and Waldvogel 1990),

and in these regions gridded precipitation estimates usu-

ally rely on other sources (Krajewski et al. 2010; Zhang

et al. 2013), even if the radar is installed at a peak in the

topography (Joss and Lee 1995).

An example of a region affected by beam blockage is

south of the Pittsburgh, Pennsylvania (KPBZ), radar

(Fig. 1, bottom left). TheAlleghanyMountains run through

the southeastern portion of the radar-effective coverage

area, with some evidence of this topography leading to

lower reflectivity returns. Of greater interest is the topog-

raphy in the immediate vicinity of the KPBZ radar site.

Beams traveling southward encounter buildings on terrain

that are 30m in elevation higher than the radar site within

2km of transmission (Fig. 1, top). A significant obstruction

is the 11-story-tall Yorktown Hall near the campus of

Robert Morris University (Fig. 1, top), a building that was

constructed in 1972 on ground that is more than 10m in

elevation higher than the KPBZ radar site. The reduction

in transmitted beam power beyond a few kilometers south

of the radar site is clearly evident (Fig. 1, bottom right).

Most recent approaches for correcting beam blockage

in the United States have utilized dual-polarization ra-

dar parameters, which are now widely available after

FIG. 1. (top) Elevation with a color legend relative to the KPBZ radar site (1) and the location of Yorktown Hall

(m). (bottom left) KPBZ effective radar coverage area (dotted line), and (bottom right) 36-month PNP.
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recent upgrades to the Next GenerationWeather Radar

(NEXRAD, also known as WSR-88D) network (Istok

et al. 2009). Use of the specific differential phase (KDP)

parameter has been common because of its insensitivity

to beam blockage relative to Z (e.g., Cifelli et al. 2002;

Friedrich et al. 2007; Lang et al. 2009; Zhang et al. 2013).

Specific attenuation A is another parameter insensitive

to blockage and relies less on the drop size distribution

than KDP (Ryzhkov et al. 2014; Diederich et al. 2015).

Another approach has been to use digital elevation

models (DEMs) to identify topographical related block-

ages (e.g., Andrieu et al. 1997; Kucera et al. 2004;

Krajewski et al. 2006; Lang et al. 2009). Techniques for

correcting estimates in regions affected by blockages have

utilized the VPR (e.g., Germann et al. 2006; Tabary 2007).

All of these approaches use information available in

real time and knowable to the radar operators. How-

ever, gridded precipitation estimates are several steps

removed from the suite of radar data collected at indi-

vidual sites.While individual beam blockage corrections

may have been applied prior to precipitation estimation,

such corrections are difficult because of the low signal-

to-noise ratios of partial beam blockages. Also, while

on-site near-real-time beam blockage correction algo-

rithms may continue to improve, there is a need for

correction of beam blockage in archived precipitation

analyses for purposes such as input to land surface

models for development of soil moisture climatology.

In this paper, we describe and validate an objec-

tive algorithm to detect regions of beam blockage in

Cartesian-gridded radar-based precipitation estimates.

Unlike previous approaches to detect beam blockage, this

algorithm operates directly on precipitation estimates

rather than reflectivity or other such radar data. We as-

sume that beam blockage obstructions are fixed in time

and apply the algorithm to accumulated precipitation es-

timates over 36-month periods, enhancing the signal-to-

noise ratio over single-volume-scan information.

This paper is one of a set of three for detection and

correction of long-term precipitation estimates. An-

other discusses methods for detecting and correcting for

range-dependent biases (using data that are adjusted by

the methods of this paper). The third describes a two-

dimensional Kriging procedure to detect biases not

characterized as beam blockage or range dependent.

The complete set of papers describes a comprehensive

algorithm for reduction of errors in radar-based pre-

cipitation estimates.

2. Data

This study uses the daily National Weather Service

(NWS) quantitative precipitation estimates (QPEs),

which are gridded precipitation analyses covering the

continentalUnited States (CONUS) andwhich represent a

subjective merging of radar-, gauge-, and satellite-based

precipitation estimates (Lin and Mitchell 2005). Our study

region avoids the western CONUS (Fig. 2), where the

QPEs rely more heavily on gauges and digital elevation

models (Zhang et al. 2013). The NWS QPE grids use the

Hydrologic Rainfall Analysis Project (HRAP) coordinate

system, a polar stereographic projection with a roughly

4-km spatial resolution (Fulton 1998). The NWS QPEs,

which we obtained from online (water.weather.gov/precip/

p_download_new), are temporally complete since 1 Janu-

ary 2005. In this study, daily QPE data were aggregated to

36-month totals and were converted to percent of

normal precipitation (PNP) using the Parameter-

Elevation Regressions on Independent Slopes Model

(PRISM) 1981–2010 climate normals (Daly et al.

1994), which are also available on the HRAP grid. The

same PRISM normals values were used to normalize

gauge observations for algorithm validation.

3. Algorithm

a. Overview

Beam blockage is most naturally described using

radar-centric polar coordinates, with the horizontal co-

ordinates being distance and azimuth. Here we follow

the convention of azimuth values beginning at zero in

the northward direction and increasing clockwise. The

term radial will refer to a straight line extending from

the radar site to the edge of a radar domain. Beam

blockage is manifested as an underestimation of pre-

cipitation that is azimuthally bounded and limited to

locations beyond the radius of the blockage. This un-

derestimation due to blockage should be radially con-

sistent beyond an obstruction in regions with a single

blockage feature, though other effects such as beam

broadening and overshooting can complicate this as-

sumption in the cases of partial blockage. Therefore, our

algorithm emphasizes methods for minimizing spurious

blockage related to range-related radar effects.

The four major steps in the algorithm are as follows:

1) Determine the location of QPE grid cells in radar-

centric polar coordinates.

2) Find and flag grid cells with apparent azimuthally

bounded precipitation underestimates.

3) Identify blocked regions using flagged grid cells

forming contiguous radially consistent precipitation

underestimates.

4) Identify the apparent location of the blockage.

Once the QPE grid cells subject to beam blockage

have been identified, the precipitation estimates within
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those cells may simply be flagged as erroneous or ad-

justed using any convenient method. Section 5

describes a method that uses information collected

during the blockage identification procedure to adjust

precipitation totals in the flagged grid cells.

b. Locating grid cells within radar coverage areas

The NWSQPE dataset uses data from the NEXRAD

network as the primary input. Therefore, we assigned

each HRAP grid cell to a single NEXRAD site (Fig. 2),

choosing the one that was the shortest geographical

distance. There are more sophisticated techniques for

delineating effective coverage areas (Breidenbach et al.

1999, 2001; Testik and Gebremichael 2010), but these

require separate observations from multiple radars,

which is not information included in the NWS QPE

dataset. As blending of data from multiple radars to

produce QPE-type analyses becomes more common,

the algorithm can be modified to allow detection of

apparent beam blockages whose blockage strength de-

creases with distance from the radar as data from other

radars contribute to the analysis.

Each radar domain is mapped onto a two-dimensional

polar coordinate grid (d, u) using the radar site as the

origin, d as the distance from the radar site, and u as the

azimuth angle. The polar grid is segmented into non-

overlapping annuli with a width of 10km (e.g., Fig. 3) and

nonoverlapping slices extending from the radar site to the

edge of the radar domain (we call these azimuthal sec-

tors) with a constant width of 18 (08–18, 18–28, etc.). This
azimuthal sector width corresponds to the half-power

beamwidth of the NEXRAD radars (Fulton et al.

1998). Polar coordinates are computed for each grid cell

(dGC, uGC) using the latitude–longitude coordinates of

the cell centroid and the radar site location. Each grid cell

is assigned to the annulus into which its midpoint falls.

For this study, we devised a new quantity called the

fraction of each grid cell [fraction of grid cell (FOG)]

that falls within each azimuthal sector. FOG is com-

puted by passing an arc through the gridcell centroid

(dGC, uGC), with a length that is the width of the grid cell.

Each grid cell has a value FOG(i,Q) ranging from 0 to 1

for all 360 azimuthal sectors, such that

�
3598

Q508

FOG(i,Q)5 1. (1)

For example, if the arc used to compute FOG for grid cell i

spans exactly the 08 and 18 azimuthal sectors (28 in width),

then FOG(i, 08)5 0.5 and FOG(i, 18)5 0.5. For grid cells

FIG. 2. Location of the NEXRAD radar sites (small 1 signs) and coverage areas (black lines) in our study

region. The area covered by the three River Forecast Centers (RFCs) in the western CONUS have gray

shading.

1410 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 34

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/12/21 06:25 PM UTC



near the radar site, the arc will span several azimuthal

sectors with FOG values closer to zero than to one.

c. Flagging HRAP grid cells with lower-than-expected
precipitation

Many factors can cause radar-based precipitation esti-

mates to be low, only one of which is beam blockage. For

example, there may also be errors in the applicability of

theZ–R relationship, or range-dependent biases. Ground

truth (gauge) data are generally not available at sufficient

spatial resolution to identify the spatial signature of

narrow beam blockages. Instead of comparing pre-

cipitation estimates to other data, the algorithm looks for

the spatial signatures of beam blockage within the pre-

cipitation estimation pattern itself.

Grid points that are candidates for beam blockage are

identified by comparison with other grid points within

the same annulus. A smooth Fourier series function is fit

to the PNP (as a function of azimuth angle) of all grid

cells within an annulus. The Fourier series represents a

function with a periodic signal as a summation of sine

and cosine waves and is particularly useful for azi-

muthally dependent functions (Brandwood 2012). In

our study, we compute the Fourier series fit P̂ as

P̂(u)5 �
k

n51

A
n
cos

�
2pnu

3608

�
1B

n
sin

�
2pnu

3608

�
, (2)

whereAn andBn are coefficients for each wavenumber n

(l 5 3608/n) and k is the maximum wavenumber in the

summation.

Given a departure of the PNP value P from the

Fourier series fit P̂, we compute the residual for each

grid cell (P 2 P̂). Grid points that are affected by

beam blockage should have substantially lower PNP

than the smooth function would predict. The grid cell

i with the largest negative residual among all n grid

cells is flagged as possibly beam blocked. We then

determine how anomalous grid cell i is relative to the

other grid cells within the same annulus. Grid cell i is

flagged if the ratio R of the squared residual to the

mean squared residual of all other grid cells, com-

puted as

R(i)5
[P(i)2 P̂(i)]2

1

n2 1
�
n

j51,j6¼i

[P( j)2 P̂( j)]2
, (3)

exceeds some threshold ratio value R0.

The process is then repeated for the same annulus,

but with grid cell i excluded from the Fourier function

fit. Additional grid cells are successively flagged as

possibly beam blocked until there is no longer any grid

cell whose R(i) exceeds the threshold. In our study

area, a value of R0 5 5.0 sufficiently separated grid

cells with lower-than-expected PNP from other grid

cells (e.g., Fig. 4).

The Fourier fit should adequately capture the spa-

tial variability of precipitation without overfitting the

data. If k is too small, then natural spatial variability

may be mistaken for lower-than-expected pre-

cipitation, and vice versa if k is too large. Various

values of k were tested by checking the flagging of grid

cells in radar domains that had clear visual evidence of

beam blockage—for example, the performance of

Fourier series fits for an annulus in the Columbus Air

Force Base, Mississippi (KGWX), radar domain with

clear visual evidence of beam blockage (Fig. 4). A low-

wavenumber fit (k 5 3) is effective at finding broader

regions of negative residuals but is not as adept at

finding slimmer regions (Fig. 4c). Conversely, the

overfit of the higher wavenumber (k 5 24) is better at

finding slimmer regions of negative residuals but fails

to identify broader regions of blocking (Fig. 4g).

Overall, an intermediate wavenumber fit (k 5 12)

provides the most satisfactory solution to the flagging

of grid cells in the KGWX domain and the others in

our study region.

After the flagging procedure is completed for all

annuli, a quantity called the gridcell blockage indicator

b is computed at grid cell i as

b(i)5 12
P(i)

P̂(i)
. (4)

FIG. 3. KGWX radar domain with the 10-km annuli surrounding

the radar site (1 sign)
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FIG. 4. KGWX radar domain. (a) Grid cells in the 90–100-km annulus and (b) P values

(black:P# 0.7; whiteP$ 1.2). (c)Grid cells flagged using k5 3 (red), and (d) the Fourier

series fit (k5 3) for grid cells in the 90–100-km annulus. (e),(f) As in (c),(d), but with

k 5 12. (g),(h), As in (c),(d), but with k 5 24. The small black plus signs indicate the

location of the KGWX site and the red dots indicate flagged grid cells.
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d. Determining blocking strength from flagged grid
cells

After determining the individual gridcell blocking

indicators, we look for radial consistency of nonzero

b values in each azimuthal sector. Those suffering from

beam blockage should have a substantial proportion of

flagged (b . 0) to unflagged grid cells. However, simply

counting the number of grid cells flagged in a given az-

imuthal sector (18 azimuthal sector are denoted as Q) is

not an effective beam blockage criterion due to the

complexities in the spatial relationship of the HRAP

grid cells to azimuthal sectors. Some grid cells may lie

entirely within an azimuthal sector, while others may

encompass only a tiny corner and may be primarily af-

fected by blocking presence or absence along a different

azimuthal sector.

For each Q, we determine the blocking strength

using only grid cells with nonzero FOG(Q) values. In

an azimuthal sector with beam blockage, grid cells

with the highest values of FOG (a metric that indicates

the percentage overlap of the gridcell width with Q)

should systematically have positive values of b. We

propose that the value of b when FOG 5 1 should be

the most direct measure of the extent to which beam

blockage is affecting precipitation estimates within a

azimuthal sector. However, very few grid points are

completely within a single azimuthal sector (i.e.,

FOG 5 1). Therefore, we need to use a function to

determine the value of the blocking indicator when

FOG5 1. We accomplish this by fitting a simple linear

regression (SLR) to values of b as a function of FOG

(e.g., Fig. 5).

In general, some grid cells in a blocked azimuthal

sector will be unblocked, that is, will lie between the

radar and an obstruction. Also, grid cells close to the

radar will typically overlap many azimuthal sectors,

making it unlikely that the effect of blocking would be

linear as a function of FOG. To mitigate these issues,

only grid cells greater than or equal to the median

distance from the radar site are used to compute the

SLR fit at FOG5 1 in each azimuthal sector. Because of

the polar coordinate geometry, this excludes only one-

quarter of the area.

The SLR fit at FOG5 1 is designated as the azimuthal

sector blocking strength B, with positive values in-

dicative of beam blockage. The SLR fit for two azi-

muthal sectors (Fig. 5) at the KGWX radar shows a clear

difference between those affected by beam blockage

(e.g., 3588) and those unaffected (e.g., 908).
Computing the blocking strength of each azimuthal

sector is straightforward, but it does not determine

whether actual beam blockage is present. The choice of

an azimuthal sector blocking strength threshold value

(B0) that optimally identifies beam blockage while

generally excluding cases of no beam blockage

requires a trial and error examination of potential

values. Ideally, a single threshold value such as 0.1

would adequately identify blockage of azimuthal sec-

tors in all 102 radar coverage areas within the study

domain. An azimuthal sector blocking strength value of

0.1 implies a 10%decrease in precipitation for grid cells

completely within an azimuthal sector and is sufficient

for many radar domains. This threshold was found to be

appropriate for radars with noisier, or highly variable,

precipitation distributions (e.g., Fig. 6a) but was found

to be too high for radars with a smoother precipitation

distribution (e.g., Fig. 6b). Noisiness is measured with a

quantity called the mean absolute blocking strength B,

defined as

B5
1

3608
�
3598

Q508

jB(Q)j . (5)

The blocking strength threshold value B0 in our algo-

rithm is then

B
0
5min(0:1,B). (6)

For reference, B 5 0.25 in the Jacksonville, Florida

(KJAX) radar domain and B5 0.05 in the North Platte,

Nebraska (KLNX) radar domain.

e. Locating obstructions within azimuthal sectors

The last major step in the algorithm determines the

distance from the radar site at which blockage initiates

for azimuthal sectors whose values of B exceed the

predetermined threshold. In general, obstacles may

block more than one azimuthal sector simultaneously,

so contiguously blocked azimuthal sectors are grouped

together. Each such ‘‘multisector’’ S(Q1, Q2) is treated

as a single case of beam blockage (e.g., Fig. 7). If moving

clockwise around an arc, multisector S is bounded by the

FIG. 5. Gridcell blocking strength bi as a function of FOG(i,Q) in

two azimuthal sectors of the KGWX domain: B(908) 5 20.0064

(r) and B(3588) 5 0.3677 (d).
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left side of azimuthal sector Q1 and right side of azi-

muthal sector Q2 (where Q1 , Q2, unless S contains the

3598 radial) with an azimuthal width dS5 Q1 2 Q2 1 1.

Although the transmitted beam may intercept multiple

fixed obstructions as it travels away from the radar site,

the algorithm identifies a single dominant blockage

distance within a multisector.

Each blocked S is partitioned into annulus sectors

SA(d1, d2, Q1, Q2) using the same 10-km annuli as the

Fourier series flagging (subscript A to denote being

bounded by an annulus and to differentiate from the full

multisector). This subsetting is done to find the distance

of the obstruction dB from the radar. For each annulus

sector q, we determine an annular sector blocking

FIG. 6. Grid cells identified using B0 5 0.1 in (a) KJAX and (b) KLNX radar domains.
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indicator bA(q) as a weighted average of all n(q) over-

lapping grid cells, such that

b
A
(q)5

1

n(q)
�
n(q)

i51

FOG(i)3 b(i) . (7)

It should be noted that the computation of bA(q) uses

only grid cells within annulus sector q. Our conceptual

model of blocking is a beam being fully or partially

blocked by an obstruction and then affecting pre-

cipitation estimates at distances beyond the obstruction.

Thus, if blockage begins at annulus sector x, then we

should see consistently large values of bA at farther

distances than for annulus sectors closer to the radar

site.

Therefore, we compute the annular sector blocking

strength BA(q) as the median of all bA values extending

from q to the edge of the radar domain. Based on the

vertical geometry of the radar beam (Rinehart 2004),

any obstruction dB(S) should be within reasonable

proximity to the radar site, that is, dB # dmax (a pre-

defined maximum distance from the radar for any po-

tential obstructions). A dmax value of 100 km was

deemed to be an appropriate constraint for our study

area. This is largely based on the long-range beam

blockage signatures noticeable in the KGWX radar

domain (Fig. 7). Constraining dB eliminates false de-

tection of beam blockage features at longer ranges, such

as the minimum in PNP at the western edge of the

KGWX radar domain (Fig. 7).

For multisectors deemed to have blockage, a stepwise

procedure determines which annular sector contains the

beam blockage obstruction by using an ‘‘outside in’’

approach. The innermost annular sector q(Q1, Q2) sat-

isfying at least one of the following three sets of criteria

is deemed to contain the obstruction:

1) BA(q)$ B0 and bA(q)$ B0. This is the most natural

criterion.

2) bA(q) $ B0, nA $ 3, and at least 75% of annulus

sectors satisfy bA(q)$B0/(Q22Q11 1), where nA is

the number of annulus sectors beyond q.

3) BA(q)$ B0/(Q2 2Q1 1 1) and BA(q) is greater than

all BA values in annulus sectors beyond q.

Whereas criterion 1 is intuitive, criteria 2 and 3workedwell

for NWS QPEs within the testing period. Other metrics

and/or thresholds may yield better results for different

datasets. For criteria 2 and 3, the threshold B0 is reduced

as a factor of the number of azimuthal sectors contained in

the multisector. In wider multisectors, partial blockage at

the edges can reduce the overall annulus sector blocking

strength value bA, so a lower threshold is appropriate.

Azimuthal sectors initially designated as ‘‘blocked’’ in

which no annular sectors meet any of the three criteria are

changed to ‘‘unblocked’’ in the algorithm. For azimuthal

sectors deemed blocked, dB is narrowed down to the

FIG. 7. Grid cells in azimuthal sectors (grouped by color) deemed blocked in the KGWX domain.
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innermost grid cell i within the annular sector chosen by

the criteria above for which

b(i)

�
Q2

q5Q1

FOG(i,Q
q
)

.
B

0

Q
2
2Q

1
1 1

. (8)

The dB is set as the distance of this innermost gridcell

centroid di to the radar site. The beam blockage de-

tection algorithm is complete upon determining the lo-

cation of obstructions in each of the blocked azimuthal

sectors (i.e., Fig. 7).

f. Temporal consistency of azimuthal sector blocking
strength

The blockage detection algorithm was run for each

possible 36-month period in the time frame of our study,

January 2005–December 2012, for all 102 radars in our

study domain. Our assumption is that because beam

blockage is caused by a fixed obstruction, blocked azi-

muthal sectors should have a single B and a single dis-

tance of the obstruction from dB for the entirety of the

study period. Precipitation estimates, even aggregated

over multiyear periods, have enough randomness to

cause spurious blockage (and nonblockage) assess-

ments. To minimize the impact of spurious assessments,

we determined the median blocking strength value

b (Q) for each azimuthal sector over the entirety of the

study period. For azimuthal sectors with a nonzero

blocking strength, the distance of the obstacle from the

radar dB(Q) is the median of the dB values.

The assignment of a constant blocking strength is ap-

propriate for most azimuthal sectors. However, there are

exceptions in which the time series of blocking strengths

shows a clear discontinuity between nonzero and zero (or

vice versa) values (e.g., Fig. 8). We designed a simple test

to identify the special cases inwhich the status of blocking

changed within the study time frame, likely due to the

growth or removal of trees and construction or de-

molition of buildings. A simple linear regression line was

fit to the time series of azimuthal sector blocking strength

values. If the slope m of the fit surpassed a threshold m0

(e.g., Fig. 8), then the blocking status of the azimuthal sector

was deemed to change at a single point in the time series.

An appropriate value was found to bem05 B0O (n36 – 1),

with n36 as the number of 36-month B values in the time

series (n36 5 61 in our study).

Time series analysis is useful for identifying changes in

blocking status, but the limited range of possible values

fB 5 0; B $ B0g is not ideal for pinpointing a specific

time for the change. A better metric to use is the de-

parture of precipitation from an expected value (e.g.,

Fourier series fit), which has a continuous range of

possible values. All azimuthal sectors with m exceeding

the threshold m0 signals a potential change in blocking.

For these azimuthal sectors, the departureD (uppercase

D to differentiate from distance to the radar d) is com-

puted using all n grid cells with centroids lying both

1) within the azimuthal sectors and 2) beyond the me-

dian range of the azimuthal sector as

D(Q, t)5 �
n

i51

FOG(i,Q)3 [P̂(i, t)2P(i, t)]. (9)

FIG. 8. Time series of the 36-month blocking strength values for

(top to bottom) azimuthal sectors: KGWX 908 and 3588, and

KLNX 3598 and 1298.
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A positive departure in (7) indicates a lower-than-

expected precipitation total.

For a blocked azimuthal sector, the distribution should

be centered on a positive value with Gaussian-like vari-

ance. For azimuthal sectors with a change in blocking

status, the expectation is for a transition from one dis-

tribution to the other over a length of time equal to the

temporal resolution of the data, in our case 36 months.

The beginning of this transition period is designated point

tB. For the case of blocking initializing (ceasing) at tB, we

expect the departureD to increase (decrease) during the

transition period as a linear function of nt, the number of

months following the initialization of the blockage.

The transition period is found as the single period for

which the two endpoints D(Q, t1) and D(Q, t2), where

t1, t2, have the largest absolute difference with the same

sign as mB. The candidate pairs used to determine the

transition period are limited to the following (units are

months):

1) Each pair where t2 2 t1 5 36.

2) Each pair with t1 5 December 2007 (first 36-month

period in study) and 6 # t2 2 t1 , 36.

3) Each pair with t2 5 December 2012 (last 36-month

period in study) and 6 # t2 2 t1 , 36.

The last two criteria allow for identification of tran-

sition periods that cannot be fully encompassed by the

time series of 36-month departures. If the transition

period is identified using a pair of departure values

meeting criterion 1 or 3, then the changepoint tB 5 t1. If

the transition period is found using criterion 2, then the

changepoint tB 5 t2 2 36 and is earlier than December

2007. In this study, the range of possible changepoints is

July 2005–June 2012 (e.g., Fig. 9).

We then partition the time series of 36-month blocking

strengths into discrete blocked, unblocked, and transition

periods. For changepoints found using criterion 2 or 3,

either the blocked or unblocked period is outside the

footprint of the time series of B(Q) values. If the blocked

period is within the bounds of the time series, then the

single azimuthal sector b (Q) is found as the median of

the values only within the blocked period. If the blocked

period lies outside the time series, then a simple linear

regression line is fit to the B(Q) values in the transition

period; the value of b(Q) is the value of the fit where the

line intersects the blocked period. The single azimuthal

sector obstruction distance dB(Q) is found as the median

of the dB values from the algorithm transition period and

the algorithm blocked period, if available.

g. Adjustment of precipitation for blocking

Once the blocked period is identified, any appropri-

ate method for correcting for the blockage may be

applied. In our algorithm, the basic methodology for

adjusting precipitation estimates in grid cells affected

by beam blockage is straightforward given the in-

formation collected by the detection algorithm. Our

method lends itself better to making adjustments on

shorter time scales (i.e., 1-month totals) and aggregat-

ing rather than adjusting the data at longer time scales

and disaggregating.

In our study, we adjusted 1-month precipitation and

aggregated to longer time scales. At each grid cell i and

time t, we use the gridcell metric FOG and d in con-

junction with the azimuthal sector metrics b(Q) and dB
to determine a beam blockage strength value BGC at

each grid cell:

B
GC

(i, t)5 �
3598

Q508

w(Q, t)

3

(
0, if d(i), d

B
(Q)

FOG(i,Q)3b(Q) , if d(i)$ d
B
(Q)

.

(10)

A weighting term w 5 1 if azimuthal sector Q is either

always blocked or is considered blocked at time t,

otherwise w 5 0. The adjusted precipitation total

PADJ (i, t) is

P
ADJ

(i, t)5
P(i, t)

12B
GC

(i, t)
. (11)

FIG. 9. Time series of the 36-month departures from the initial

Fourier series fits for the azimuthal sectors in (a) Fig. 8c and (b) Fig.

8d. The gray circles indicate the transition period fromblocking (no

blocking) to no blocking (blocking) in (a) [(b)]. The large circle in

(b) is the transition between nonblocking and blocking periods.

JULY 2017 MCROBERT S AND N I EL SEN -GAMMON 1417

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/12/21 06:25 PM UTC



FIG. 10. (a) Original 36-month NWS QPE field 36-month ending 31 Dec 2012,

(b) result of the beamblockage detection procedure, and (c) adjustment ofP values for

grid cells identified in the detection procedure.
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Figure 10 is a comparison of the original and adjusted

precipitation fields for a sample 36-month period, which

best illustrates the benefits of our methods.

4. Validation of beam blockage detection
algorithm

a. Procedure

The beam blockage detection algorithm relies only on

deciphering specific spatial properties of the radar pre-

cipitation estimates. This self-reliance means that gauge

data, which were not used at all in either the beam

blockage detection or the QPE adjustment, can be used

as an independent data source to assess the validity of the

algorithm. At each grid cell, the algorithm computed a

time series of BGC to assess the underestimation bias

related to beam blockage, using the Fourier series anal-

ysis as a reference to do so. Where gauges are available,

we can similarly assess the gauge-based underestimation

bias using observational data through computing a

quantity in the same manner as the blocking strength

B
G
(i, t)5 12

P(i, t)

P
G
(i, t)

. (12)

The goal of this validation exercise is to objectively

determinewhether the gauge-based underestimation bias

computed in (12) is systematically larger within grid cells

deemed blocked by the detection algorithm than those

determined to be not blocked. A simple approach would

be to divide the grid cells in each radar domain into a

blocked group and an unblocked group and compute

statistics on the underestimation bias in each group.

However, radar underestimation of precipitation gener-

ally increases with distance from the radar site (Fabry

et al. 1992; Smith et al. 1996; Seo et al. 2000). Given the

spatial properties of beam blockage, the grid cells in the

blocked group are systematically farther from the radar

site, which would introduce a range-dependent bias into a

comparison between the two groups.

A better approach will compare the underestimation

bias of the blocked grid cells to grid cells with a similar

distribution of d values. One method for doing so is to

rotate the beam blockage detection field identified by

TABLE 1. Overall underestimation bias for the blocked grid cells determined by the detection algorithm (actual), and average of the three

rotated configurations (rotated) for different accumulation periods (months). Biases are computed for five thresholds of FOGGC.

Period

FOGGC threshold

$10% $50% $75% $90% 100%

Actual Rotated Actual Rotated Actual Rotated Actual Rotated Actual Rotated

All 0.067 0.012 0.095 0.021 0.110 0.025 0.120 0.027 0.122 0.030

1 0.027 20.031 0.051 20.031 0.070 20.029 0.076 20.028 0.070 20.024

3 0.056 0.006 0.083 0.008 0.100 0.012 0.107 0.014 0.110 0.017

6 0.064 0.019 0.095 0.021 0.109 0.025 0.117 0.027 0.123 0.030

9 0.061 0.021 0.098 0.024 0.114 0.027 0.123 0.029 0.126 0.033

12 0.063 0.021 0.099 0.025 0.115 0.029 0.124 0.030 0.126 0.034

18 0.075 0.017 0.101 0.027 0.116 0.030 0.126 0.032 0.129 0.036

24 0.075 0.009 0.100 0.028 0.115 0.030 0.128 0.033 0.127 0.036

36 0.074 0.010 0.100 0.028 0.111 0.029 0.126 0.033 0.128 0.037

TABLE 2. Overall underestimation bias for the blocked grid cells determined by the detection algorithm (actual), and average of the three

rotated configurations (rotated) for different accumulation periods (months). Biases are computed for four thresholds of BGC.

Period

FOGGC threshold

$0.01 $0.05 $0.10 $0.25

Actual Rotated Actual Rotated Actual Rotated Actual Rotated

All 0.069 0.007 0.130 0.026 0.158 0.037 0.227 0.073

1 0.032 20.032 0.088 20.029 0.121 20.020 0.205 20.008

3 0.060 0.006 0.117 0.013 0.145 0.025 0.219 0.057

6 0.067 0.018 0.127 0.025 0.162 0.037 0.236 0.073

9 0.063 0.020 0.132 0.027 0.163 0.039 0.242 0.081

12 0.065 0.019 0.132 0.029 0.163 0.042 0.242 0.078

18 0.078 0.012 0.134 0.032 0.162 0.042 0.235 0.081

24 0.078 0.001 0.135 0.033 0.160 0.042 0.225 0.079

36 0.077 20.004 0.138 0.034 0.162 0.043 0.200 0.089
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the algorithm while keeping the PNP fields P and PG

fixed in space. We rotate the blockage field by 908, 1808,
and 2708 to obtain three comparison configurations,

respectively. For each rotation r, we compute the un-

derestimation bias BG of a control group of grid cells

identified by the rotated blockage field. This method

allows for a comparison of the beam-blockage-

dependent underestimation bias to a similar subset of

grid cells with the infiltration of range-dependent bia-

ses minimized.

b. Results of algorithm validation

Table 1 summarizes the results of the valida-

tion exercise for different thresholds of beam block-

age (i.e., 100% represents total blockage), using

gauges with no more than 10% of data missing. The

fraction of the grid cell deemed blocked (FOGGC) is

computed as

FOG
GC

(i, t)5 �
3598

Q508

w
Q
(Q, t)

(
0, if d(i), d

B
(Q)

FOG(i,Q)3b(Q) , if d(i)$ d
B
(Q)

. (13)

The validation exercise confirmed the expectation

that gauges located in grid cells identified as blocked

by the algorithm should have a significantly larger

gauge-based underestimation bias than those in the

rotated blockage fields. Also, the underestimation

bias increases as a function of the percentage of the

grid cell blocked.

Table 2 is a similar table, comparing the underesti-

mation bias for the actual configuration to the control

groups, but is grouped by thresholds of BGC. The un-

derestimation bias increases as the blocking strength

increases for both the actual and control groups, but the

magnitude of the actual configuration is several times

larger than the controls for all thresholds.

In addition, the originalP estimates were compared to

PADJ for grid cells with FOG . 0 and collocated with

gauges (Table 3). The adjustment of the precipitation

was more effective as the value of FOG increased,

around 30% for grid cells deemed at least 90% blocked.

Additionally, the adjustment was more effective with an

increase in accumulation period (see Table 4).

5. Discussion

This paper outlined an algorithm to objectively locate

beam blockage features in gridded precipitation esti-

mates. Beam blockage has been and will remain a

challenging issue to deal with, even with advances in

radar technology. There is no fundamental solution to

improve the quality of reflectivity return in regions af-

fected by beam blockage. Our solution compares the

spatial patterns in long-term radar precipitation estimates

with the expected geometry of beam blockage. An ad-

vantage to our approach over previous attempts is the

TABLE 4. As in Table 3, but with data categorized by the length of accumulation period (months).

Period Original RMSE Adjusted RMSE Change in RMSE (%)

All 0.037 0.033 210.9

1 0.113 0.110 22.9

3 0.058 0.055 26.1

6 0.041 0.037 29.6

9 0.034 0.030 211.7

12 0.031 0.027 213.1

18 0.029 0.025 214.3

24 0.026 0.022 215.9

36 0.023 0.019 217.8

TABLE 3. Average root-mean-square error (RMSE) for the P

and PADJ estimates relative to gauges for grid cells identified with

at least partial blockage (FOGGP. 0). Data are categorized by the

amount of blockage in the grid cells and represent all the accu-

mulation periods in Tables 1 and 2. One square error value is

computed as the difference between a gauge and radar (original

and adjusted) PNP values.

FOGGC (%)

Original

RMSE

Adjusted

RMSE

Change in

RMSE (%)

,10 0.042 0.041 21.1

10–20 0.030 0.028 23.6

20–30 0.036 0.035 23.5

30–40 0.032 0.030 26.5

40–50 0.036 0.031 212.6

50–60 0.032 0.028 213.9

60–70 0.043 0.031 227.5

70–80 0.032 0.026 220.7

80–90 0.047 0.040 216.0

90–100 0.056 0.039 230.2

100 0.056 0.041 227.4
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minimal amount of real-time information that is required

to run the algorithm. Once the radar and gridcell met-

adata information (including the gridded precipitation

normals) is configured, the only real-time inputs to the

algorithm are the gridded precipitation estimates.

The detection algorithmdoes not require any knowledge

of the radar specifications or vertical characteristics (spe-

cific differential phase, specific attenuation, VPR, etc.);

therefore, it is easily applicable to a number of different

purposes. The algorithm can handle real-time datasets that

are either radar-derived or multisensor datasets (i.e., the

NWSQPEs) and is computationally inexpensive due to the

relatively small amount of real-time input data.

The detection procedure can be run infrequently and

still be effective. In fact, if one assumes the blocking ob-

structions to be fixed in time and space, then the algorithm

needs to be run only a single time. However, there is

quite a bit of manual intervention that went into the de-

velopment of the algorithm, so usage for a different net-

work may take several days of implementation. Tasks

include obtaining all the relevant metadata and optimiz-

ing the different parameters corresponding to decision

points in the algorithm. Relevant metadata needed are

not only the coordinates of grid cells and radar sites but

also the assignment of grid cells to radars and determining

the distance, azimuth angle, and height of each grid cell to

the nearest radar site.

If our algorithm for correcting the identified blocked

grid cells is followed, then the corrections can be applied

for precipitation totals on all time scales using a single

value of blocking strength at each grid cell. There are al-

ternatives for adjustment of the original precipitation

value to account for beam blockage. One could compute

themean or median of a time series of blocking indicators

at each grid cell and apply this to the entire time series of

precipitation. Another method is to pick a single time—

36-month (or shorter) period—at each grid cell as being

representative of a single blockage indicator for the entire

time series.

The primary focus of this paper was the detection of

beam blockage rather than the adjustment of the pre-

cipitation totals. In the future, we plan to further in-

vestigate optimizing the use of the blocking indicator in

adjusting precipitation estimates affected by beam

blockage. Also, we will work to reduce the amount of

manual adjustments in the current procedure, so that

implementation in other systems is more straightfor-

ward and requires less manual intervention.
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