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ABSTRACT

The traditional algorithm for hybrid radar scans uses standard terrain digital elevation model (DEM)
data and the latitudes, longitudes and altitudes of contributing radar stations. While radar station location
information is often inaccurate, signal blockages due to trees, buildings, and other surface objects are not
included in the DEM data. Accordingly, hybrid scan elevations derived using this traditional algorithm are
prone to errors. Here, reflectivity climatology data (the frequency of occurrence of reflectivity) are used to
improve the algorithm for hybrid scans. Three parameters are introduced, then applied to evaluation of
signal blockage for every radar bin using a fuzzy logic technique. This new algorithm provides an improved
determination of the lowest unblocked elevation for hybrid scans. The new algorithm is validated by exam-
ining the scope and continuity of the calculated hybrid scan reflectivity in a case study, and the performance
of this climatology-based algorithm is evaluated relative to the traditional terrain-based algorithm. The
climatology-based hybrid scans are then used to examine the spatial coverage provided by the operational
weather radar network over the Tibetan Plateau. The results indicate that the terrain-based hybrid scan
algorithm introduced errors that caused obvious V-shaped gaps in hybrid scan reflectivity. By contrast, the
climatology-based hybrid scan algorithm more accurately determined the lowest unblocked elevation and
reduced the impacts of blockage. The coverage map illustrates the limitations of the weather radar network
over the Tibetan Plateau. These limitations inhibit the usefulness of the radar data. Additional radar or
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observational data are needed to fill these gaps and minimize the impacts of signal blockage.
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1. Introduction

Radar beam blockage reduces the quality of radar
data and restricts its applications over complex ter-
rains (Pellarin et al., 2002); accordingly, beam block-
age is one of the problems that must be considered
in determining the optimal locations of weather radar
sites (Bandalo, 1992). Complex terrain introduces in-
evitable blockages around the radar site, affecting the
quality of radar data at lower elevations. The radar
reflectivity at these lower elevations is the most useful
information for estimating surface precipitation, espe-

cially in areas of complex terrain (Joss and Waldvogel,

1990; Sauvageot, 1994). Hybrid radar scans include
only the lowest radar bins that do not have significant
blockages (O’Bannon, 1997). These radar bins, which
may result from different tilts at different locations,
consist of two-dimensional polar coordinate grids. Hy-
brid scans play an important role in reducing the im-
pacts of radar beam blockages and improving radar
estimates of precipitation (Chang et al., 2009). These
scans are also highly useful for analyzing the spatial
coverage of weather radar networks (Maddox et al.,
2002).

The NOAA National Severe Storms Laboratory
(NSSL) developed an automatic hybrid scan algorithm
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(O’Bannon, 1997). It is based on the terrain, radar
beam model (or power density function), and propa-
gation path of a radar beam. This algorithm calculates
the beam blockage rate and hybrid scan angle of ele-
vation, and depends on terrain data rather than the
radar mode and scan strategy. Hybrid scans using this
algorithm have been widely used in WSR-88D opera-
tional radar networks over standard terrains (Fulton et
al., 1998), and have improved quantitative estimates
of precipitation in regions of complex terrain (Morin
and Gabella, 2007).

Chinese scientists have evaluated hybrid scans by
calculating beam blockage rate (Yang et al., 2009; Xiao
et al., 2008a, b); however, the beam blockage infor-
mation in these algorithms is determined under the
assumption of standard beam propagation and only
accounts for major blockages. The actual blockages
and clutter distributions can deviate from these as-
sumptions due to anomalous beam propagation, clut-
ter contamination from side lobes, and blockage by
trees and buildings that are not included in terrain
data.

Reflectivity climatologies have been used to study
the distributions of precipitation in a variety of geo-
graphical regions (Kuo and Orville, 1973; Steenburgh
et al., 2000; Heinselman and Schultz, 2006). This
method has also been used to build rainfall detection
maps that account for beam blockages not represented
under standard propagations (e.g., Krajewski and Vi-
gnal, 2001).

climatologies can provide useful information in areas

These studies suggest that reflectivity

of complex terrain, where quantitative precipitation
estimates based on radar observations are often prob-
lematic due to signal blockage.

The Tibetan Plateau, which is over 4500 m above
sea level, greatly affects the weather and climate of
southeastern China, eastern Asia, and even the world
(Xu and Chen, 2006). The objective of the third Ti-
betan Plateau atmospheric science experiment is to
clarify the mechanisms that control the energy and wa-
ter cycles of the Tibetan Plateau and surrounding ar-
eas, as well as the effects of these cycles on regional and
global climate. This experiment requires a variety of
data, including a reanalysis platform, satellite remote
sensing observations, and comprehensive surface ob-
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servations. Weather radar observations are an impor-
tant component of the surface observational network,
and are useful for understanding the role of cloud and
precipitation processes in the water cycle over the Ti-
betan Plateau (Liu et al., 2002). However, the appli-
cation of radar observations over the Tibetan Plateau
is limited by severe beam blockage associated with the
complex terrain. To present, little research has been
done to examine this problem. Hybrid scans can min-
imize the impact of terrain on radar observation data;
however, the hybrid scan elevations calculated using
the traditional terrain-based algorithm are often inac-
curate because standard terrain data do not account
for trees, buildings, and other surface objects (Chang
et al., 2009). Therefore, one important step toward de-
veloping a more useful radar network is to construct
a hybrid scan algorithm that does not rely on terrain
data and radar location. Such an algorithm would re-
duce the impact of terrain on radar data, enhancing
the utility of the new-generation weather radar net-
work to studies of cloud and precipitation processes
over the Tibetan Plateau.

In this study, three months of radar data from
May to July 2010 are analyzed to investigate the
characteristics of the beam blockage distributions for
radars over the Tibetan Plateau. A new hybrid scan
algorithm based on the reflectivity climatology is de-
veloped. Section 2 describes the data used to derive
the reflectivity climatology. Section 3 describes the
methodology used to identify blockages in the reflec-
tivity climatology and the derivation of the hybrid
scan algorithm based on this climatology. Section 4
presents a comparison of hybrid scans made using the
new reflectivity climatology-based algorithm to scans
made using the traditional terrain-based algorithm.
Section 5 provides an analysis of the radar coverage
over the Tibetan Plateau. The results are summarized

in Section 6.
2. Data

2.1 Radar and terrain data

The radar data used in this paper are from two op-
erational Doppler radars in the Qinghai weather radar
network. One of the radars is located in Xining while
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Table 1. Parameters of the radar stations
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Mode Longitude Latitude Elevation (m) Gate number
Xining CD 101.7750°E 36.5978°N 2446 1000
Haibei CD 100.9100°E 36.9500°N 3132 1000

the other is located in Haibei. Both radars operate on
a 5.5-cm wavelength (C band) with a beam width of
1°. Both radars also share the same scan mode, with a
volume coverage pattern (VCP) of 21 with 9 elevation
angles (0.5°, 1.5°, 2.4°, 3.4°, 4.3°, 6.0°, 9.9°, 14.6°,
and 19.5°). A single scan takes 56 min to complete.
Table 1 lists the radar parameters, including mode,
longitude, latitude, elevation, and gate number.

The terrain data are 1/250-K digital eleva-
tion model (DEM) data with a resolution of
0.0008333°x0.0008333°, and are provided by the State
Bureau of Surveying and Mapping of China.

2.2 Frequency of occurrence of reflectivity

The radar reflectivity climatology is defined as the
frequency of occurrence of reflectivity (FOR) that ex-
ceeds a certain threshold. The climatology is calcu-
lated on a pixel-by-pixel basis in (spherical) coordi-
nates (similar to Krajewski and Vignal, 2001).

FOR(j, i, k) = % % 100%, (1)

where N is the number of total volume scans, n is
the number of scans with reflectivity higher than the
threshold, and 4, j, and k indicate the ordinal numbers
of the radar bins in the azimuthal, range, and elevation
directions, respectively. The values of FOR range from
0 to 1, with 0 indicating that no radar echoes higher
than the threshold are detected (e.g., the location is
obscured by an object that completely blocks the radar
beam) and 1 indicating that echoes are detected for
all scans (e.g., power return from a stationary object,
such as a tall building or mountain). Approximately
21600 volume scans have been obtained from the Xin-
ing radar over the three continuous months from May
to July 2010. These volume scans are used to ana-
lyze the relationship between FOR and beam blockage.
Figures la;—1f; show maps of FOR (> —-32 dBZ) for
the first through sixth tilts of the Xining radar, while
Figs. lag—1fy; show the radar reflectivity of a precip-
itation event at 0340 UTC 16 July 2010 observed by

the first through sixth tilts of the Xining radar.

The frequency of occurrence of reflectivity and the
hybrid scan reflectivity (Fig.
lated, with the lowest five tilts of the Xining radar
blocked to varying degrees. The radar reflectivity is

1) are strongly corre-

missing and the value of FOR is 0 when the radar
beam is completely blocked. The value of reflectiv-
ity is lower in partially blocked radial sectors than in
adjacent unblocked radial sectors. The reflectivity is
continuous when the radar beam is unblocked, and the
value of FOR exceeds that of blocked areas at the same
radial distance. The purposes of this paper are (1) to
identify sectors that have no blockages and (2) to de-
termine the lowest unblocked tilt angle of the radar for

sectors with blockages (i.e., the hybrid scan elevation).

3. Construction of hybrid scans by reflectivity

climatology

3.1 Blockage discrimination method

3.1.1 Discrimination parameters

To calculate hybrid scans, it is first necessary to
identify blockage. This paper suggests the use of three
parameters to identify blockages. These parameters
can be deduced by analyzing the sample distribution
functions derived from the calibration dataset (where
all FOR values have been manually labeled as blocked,
partially blocked or unblocked). The three relevant pa-
rameters comprise the relative frequency of occurrence
of reflectivity (RFOR), the azimuthal variety of fre-
quency of occurrence of reflectivity (AVFOR), and the
vertical variety of frequency of occurrence of reflectiv-
ity (VVFOR). Calculation of these three parameters is
conducted in a polar coordinate system, with determi-
nation of each azimuthal direction and the slant-range
The resolution is 1°x0.25

km (radial resolution x gate width) with a horizontal

of every elevation angle.

range of 250 km. The parameters are determined as
follows.

1) Relative frequency occurrence of reflectivity
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Fig. 1. (ai—f1) FOR of reflectivity > —32 dBZ from the first tilt (a1) to the sixth tilt (f1) of the Xining radar; (as—f2)
radar reflectivity observed by the Xining radar at 0340 UTC 16 July 2010 from the first tilt (az) to the sixth tilt (f2).

(RFOR)
N, o
MFOR( ) =3 SRl 3)
i=1

FOR is the frequency of occurrence of reflectivity (see
Eq. (1)).
radar volume scans are used. MFOR is the mean value

FOR is more representative when more

of FOR at the same range distance from the radar (Eq.
(3)). The indices 4, j, and k indicate the ordinal num-

bers of the radar bins in the azimuthal, range, and

elevation directions, respectively, and N, stands for
the total number of azimuthal bins.

The relative frequency of occurrence of reflectivity
(RFOR) accounts for the fact that if some azimuths
are partly blocked and other azimuths are unblocked,
FOR will generally be higher in the unblocked areas
than MFOR at the same range from the radar site.
By contrast, FOR in partially blocked areas will gen-
erally be lower than MFOR at the same range from
the radar site.

2) Azimuthal variation of frequency of occurrence
of reflectivity (AVFOR)

AVFOR(j, i, k) = /|[[FOR(j,i + 2, k) — FOR(j,i — 1, k)] x [FOR(j,i + 1, k) — FOR(j,i — 2, k)]|.

AVFOR accounts for the fact that the boundary
regions between completely blocked and unblocked re-
gions have evident gradients in FOR along the tan-
gential direction. The tangential gradient in FOR is
typically smaller in uniformly unblocked regions.

3) Vertical variation of frequency of occurrence of

(4)
reflectivity (VVFOR)
VVFOR(, i, k) =
FOR(j, i, k + 1) — FOR(j, , k) 5

HEIGHT(j, 4,k + 1) — HEIGHT(j, 1, k)’

where HEIGHT indicates the vertical distance betw-
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een the radar bin and the ground. The height differ-
ence between beams at two elevation angles increases
VVFOR accounts for
the fact that, in unblocked regions, FOR is typically

with distance from the radar.

larger at lower elevations than at higher elevations. In
partially blocked areas, the opposite is typically true:
FOR is generally less at lower elevations than at higher
elevations.
8.1.2 Statistical features of blockage identification pa-
rameters

The ideal statistical characteristics should be de-
rived from numerous samples that cover actual un-
blocked and partially blocked areas, including samples
that encompass a variety of ranges and elevation an-
gles. Partially blocked and unblocked areas at each
elevation are discriminated by artificial determination
through analysis of the FOR and reflectivity for a
large-scale precipitation case (Fig. 1). The three dis-
crimination parameters RFOR, AVFOR, and VVFOR
are calculated from the FOR values for the unblocked
and partially blocked areas. Figure 2 shows the dis-
tribution frequencies of RFOR, AVFOR, and VVFOR.
The partially blocked areas have lower values of RFOR
but higher values of AVFOR and VVFOR. Further-
more, the spatial variability tends to be greater in par-
tially blocked sections than in unblocked sections.
8.1.3 Fuzzy logic technique for identifying blockage

The distribution frequency density curves of the
parameters for discrimination between the unblocked
and partially blocked sections intersect; accordingly,
unblocked and partially blocked areas cannot be com-
pletely discriminated using fixed parameter thresh-
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olds. We therefore suggest using a fuzzy logic method
(FLM) to distinguish the unblocked areas from the
partially blocked areas. The most relevant character-
istic of FLM is that it does not require detailed quan-
titative values of discrimination parameters; rather,
it divides the parameters into various categories and
then applies loose classification rules to determine an
optimal result. This approach is characterized by good
extensibility and compatibility. The traditional FLM
(Mendel, 1995; Zadeh, 1965) covers four stages: fuzzi-
ness, rule judgment, integration, and de-aliasing. In
this paper, concrete system structures are constructed
by taking the three discrimination parameters RFOR,
AVFOR, and VVFOR as input parameters. The out-
put parameters then indicate whether a region is par-
tially blocked or unblocked. Triangular membership
functions with a basic trigonometric form are used to
deal with the fuzziness of the three discrimination pa-
rameters. The formula is given by

0, X <zxl, X > 23;
X —zxl
3—X

100 x 2272 29 < X < a3,
3 — x2

The distribution frequency density of each pa-
rameter in Fig. 2 is used to determine the member-
ship function thresholds for unblocked and partially
blocked areas. Fuzziness is accounted for by using
the membership function to turn the input parame-

ters into a fuzzy base. Figure 3 presents the fuzzy
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Fig. 2. Probability densities of (a) RFOR, (b) AVFOR, and (c) VVFOR in unblocked (solid) and partially blocked

(dashed) regions.
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Fig. 3. Membership functions for (a) RFOR, (b) AVFOR, and (c) VVFOR.

base for unblocked areas that accords with the mem-
bership functions for the three discrimination param-
eters discussed above. Rule deduction is equivalent to
the calculation of the conditional probability functions
for the unblocked and partially blocked regions:

P=> wph, (7)
=1

where [ indexes the input parameters, n is the number

of parameters (n = 3 in this case), P, indicates the con-

tribution of parameter [ to the probability that an area

is unblocked (the value of P, is equal to Y;), and w; in-
n

dicates the weight of parameter [, with > w; = 1. P is
1=1
the conditional probability that an area is unblocked.

If P > 0.5, the area is classified as unblocked, while if
P < 0.5, it is classified as partially blocked. This clas-
sification is applied to the full three-dimensional distri-
bution of conditional probabilities P(j, 4, k) (evaluated
for each combination of radar range bin j, azimuthal
direction bin ¢, and elevation bin k) to determine the
lowest unblocked elevation angle at each horizontal lo-
cation, Elepin (7, 7). This information can then be used

to construct hybrid scans.
3.2 Construction of hybrid scans algorithm

The unblocked conditional distribution P(j,1, k)
allows us to evaluate whether the radar beam is
partially blocked or not at elevation k, azimuth i, and
range j. Proceeding from low elevations to high eleva-
tions, identification of the first P(j,¢, k) > threshold
in a radar bin establishes the lowest elevation angle

for which the radar beam is unblocked. By contrast,
identification of P(j,i, k) < threshold indicates an el-
evation angle that is partially blocked; the condition
P(j,i,k + 1) of the next lowest elevation angle must
then be examined. This procedure is iterated until the
lowest unblocked elevation angle Eleyi, (7,%) is identi-
fied for all radar bins (j, 7). Hybrid scans can then be
constructed using this information.

Figure 4a shows the hybrid scan elevations the
Xining determined from reflectivity climatology using
blockage discrimination and radar FOR from continu-
ous volume radar scans at Xining between May and
July 2010.

severely affected by blockage. The radar coverage of

This figure shows that the radar in is

all but the eastern and northwestern areas requires el-
evation angles greater than 2.4°. The blockage is most
severe in the southern azimuthal direction, with radar
coverage blocked at elevation angles below 6.0°.

The hybrid scan reflectivity (HSR) is defined as
the reflectivity factor that corresponds to the hybrid
scan elevation for each radar bin. Figure 4b shows the
HSR derived using volume scan data from the Xin-
ing radar at 0340 UTC 16 July 2010. Comparison to
the radar reflectivity evaluated at each elevation an-
gle between the first and sixth tilts (Figs. lag—1fs)
indicates that the HSR is unaffected by discontinu-
ities while retaining the spatial scope of the original
data. This improvement indicates that the hybrid scan
method introduced above can effectively discriminate
between the partially blocked and unblocked sections
of the Xining weather radar, that the identified hybrid
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Fig. 4. (a) The hybrid scan elevation (m) for the Xining
the Xining radar at 0340 UTC 16 July 2010.

scan elevations are reliable, and that the hybrid scan
reflectivity can be used for quantitative precipitation
estimation (QPE).

4. Evaluation of the hybrid scan method

4.1 Comparison and analysis of two methods

of hybrid scans

The traditional algorithm for obtaining hybrid
scans uses standard terrain DEM data along with the
latitude, longitude and altitude of radar stations to
calculate the radar beam blockage rate. The rational-
ity of this hybrid scans algorithm is reflected in the
resulting HSR, which is continuous and effective over
a large spatial range. In this section, the HSR gener-
ated by the traditional terrain-based hybrid scan algo-
rithm is compared with that generated by the reflectiv-
ity climatology-based algorithm described above. This
comparison is performed in the context of a large-scale
stratiform precipitation event.

Figure 5 shows the hybrid scan elevations for the
terrain-based and reflectivity climatology-based hy-
brid scans along with the corresponding HSR. Terrain-
based hybrid scans for the Xining radar are completely
free from blockage at the fifth tilt (Fig. 5a;), whereas
the reflectivity climatology-based hybrid scans are not
free from blockage until the sixth tilt (Fig. 5as).

Comparison of the HSR obtained from the Xin-
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radar and (b) the hybrid scan reflectivity (dBZ) observed by

ing radar by hybrid scans based on the two different
5b; and 5bsy) indicates that the
terrain-based algorithm potentially creates three V-

algorithms (Figs.

shaped gaps in HSR. For the first gap (solid arrow),
the reflectivity climatology-based algorithm indicates
that the hybrid scan elevation is the third tilt, while
the terrain-based algorithm determines that the hy-
brid scan elevation is the second tilt. For the second
gap (dashed arrow), the reflectivity climatology-based
algorithm indicates that the hybrid scan elevation is
the fourth tilt, while the terrain-based algorithm iden-
tifies the third tilt. For the third gap (dashed circle),
the reflectivity climatology-based algorithm identifies
the sixth tilt, while the terrain-based algorithm iden-
tifies the fifth tilt. These three V-shaped gaps are cre-
ated because the terrain-based hybrid scan elevations
in these locations are lower than the actual lowest un-
blocked elevation angle. These gaps do not appear in
the HSR calculated using the reflectivity climatology-
based algorithm.

Gaps in HSR can also be created by the identifi-
cation of hybrid scan elevations that are higher than
the lowest unblocked tilt, because radar coverage at
higher tilts is not so extensive as radar coverage at
lower tilts.

The advantage of the reflectivity climatology
method is that it can accurately calculate the lowest

unblocked elevation for use in hybrid scans. The iden-
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Fig. 5.

the terrain-based algorithm and (a2) the reflectivity

Hybrid scan elevations according to (ai)

climatology-based algorithm; terrain-based hybrid scan re-
flectivity observed by the (bi) Xining, (c1) Haibei, (di1)
Naqu, and (e;) Linzhi radars; reflectivity climatology-
based hybrid scan reflectivity observed by the (bz) Xining,
(c2) Haibei, (d2) Naqu, and (e2) Linzhi radars.

tification of hybrid scan elevations that are lower or
higher than the actual lowest unblocked elevation by
the terrain-based method can lead to V-shaped gaps

in HSR or discontinuous reflectivity. Areas experi-
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encing precipitation may be mistakenly judged to be
precipitation-free. The results are similar in analyses
of HSR observed by the radars at Haibei, Naqu, and
Linzhi.

4.2 Statistic analysis method

A statistical averaging method is now developed
to further evaluate the effectiveness of the different hy-
brid scan algorithms. This method is based on the fact
that the frequency of precipitation echoes at different
unblocked azimuths on the same elevation and at a
same range from the radar should not differ greatly.
Furthermore, the average reflectivity of different az-
imuths at the same distance remains roughly constant
over sufficiently long periods of time. By contrast, the
average reflectivity of azimuths that are partially or
completely blocked at the same elevation and range
is typically lower than the average reflectivity of un-
blocked azimuths.

The statistical averaging is performed by accumu-
lating the reflectivity at a given elevation over time,
then divided by the number of radar scans included,

according to the following formula:

n

> aik), (8)

=1

(4,1, k) =

S|

where z;(j,14, k) is the reflectivity observed in the jth
radar bin along the ith azimuth on the kth elevation
during the Ith of n volume scans, and z(j,4, k) is the
average reflectivity over those n volume scans. When
the value of k is 1, 2(j,4, 1) is the average reflectivity
on the first elevation. The index k can be replaced
by the terrain-based hybrid scan elevation k4(j,%), in
which case Z(j,4,kq(i,7)) is the average of terrain-
based HSR. Likewise, k can be replaced by the reflec-
tivity climatology-based hybrid scan elevation k.(j, ),
in which case z(j,14, k.(j,7)) is the average of the cor-
responding reflectivity climatology-based HSR.

The average reflectivity of the Xining radar at dif-
ferent elevations and the averages of HSR using both
hybrid scan algorithms are calculated from 2034 radar
volume scans taken during the 13 large-scale strati-
form precipitation events observed at Xining between
2008 and 2010. The results show that the average re-
flectivity z(80, 1, 5) along the fifth tilt at a location 20
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km from the radar (for which the length of the range
bin is 0.25 km) changes with the variation of the az-
imuth (Fig. 6a), as does the average reflectivity at the
same range in the sixth tilt (2(80,1,6); Fig. 6b). The
terrain-based (Z(80, 1, k4(80,1)); Fig. 6¢) and reflectiv-
ity climatology-based (Z; Fig. 6d) average HSR values
also change with the variation of azimuth.

The frequency of occurrence of reflectivity (FOR;
Fig. 1f1) and the reflectivity (Fig. 1f2) at the sixth tilt
indicate that the radar beam on this elevation is not
blocked; however, the average reflectivity at this ele-
vation changes with the variation of the azimuth (Fig.
6b), with a range of 20 to 30 dBZ. The variations on
the fifth tilt are much larger, consistent with the indi-
cation from the FOR and reflectivity at this level that
the radar beam is partially blocked near 180°. The av-
erage reflectivity near the 180° azimuth drops sharply
to less than 10 dBZ (Fig. 6a). This observed reflectiv-
ity is substantially weaker than the average reflectivity
at the unblocked azimuths on the same tilt, and the

difference in reflectivity with azimuth is much larger

30
(a)

25

20

Reflectivity (dBZ)

1 41 81 121 161 201 241 281 321
Azimuth (degree)

30

(c)

20

Reflectivity (dBZ)

1 41 81 121 161 201 241 281 321
Azimuth (degree)
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on the fifth tilt than on the sixth.

These results can be used to analyze the effective-
ness and reliability of the two hybrid scan algorithms.
The variation of the terrain-based average HSR with
azimuth (Fig. 6c¢) indicates sharp drops to lower than
10 dBZ near the 5°, 45°, and 180° azimuths, suggest-
ing that the radar beams are either completely or par-
tially blocked at these azimuths. This result is con-
sistent with the three V-shaped gaps in the Xining
radar observations of terrain-based HSR (Fig. 5by).
The climatology-based average HSR also varies with
azimuth, but within the range of 20 to 30 dBZ (Fig.
6d). This result indicates that the climatology-based
hybrid scan radar beams are unblocked, and is con-
sistent with the continuous spatial coverage provided
by the climatology-based HSR observed by the Xining
radar (Fig. 5ba).

Overall, the application of the reflectivity clima-
tology algorithm provides more accurate calculations
of the lowest unblocked elevation and maximizes the
utility of radar data within the spatial coverage of the
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Fig. 6. The dependence of average reflectivity on azimuth according to (a) the fifth tilt, (b) the sixth tilt, (c) the
terrain-based HSR, and (d) the climatology-based HSR at a distance of 20 km from the radar site.
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Fig. 7. Mosaic hybrid scan beam heights (x10% m) relative to (a) sea level and (b) the altitude of the Xining radar

station over Qinghai.

radar. The hybrid scan reflectivity calculated accord-
ing to the reflectivity climatology algorithm can be
used for radar-based quantitative precipitation estima-
tion (QPE), diminishing the impact of terrain blockage
and improving the accuracy of QPE.

5. Doppler weather radar coverage over the
Tibetan Plateau

Given appropriate hybrid scan elevations, the
beam height H can be calculated with the radar beam
height formula under the condition of standard atmo-

spheric propagation. The formula is as follows:
H = h + rsin(elv) 4 r% cos?(elv) / (2R, ), (9)

where h is the altitude of the radar station, r is the
slant range, R, is the equivalent earth radius, and elv
is the hybrid elevation angle.

The hybrid scan beam heights from the two
Doppler weather radars (Xining and Haibei) are mo-
saicked to assess radar coverage over the Tibetan
Plateau, including Qinghai Province. Observations
from the radar with the lower hybrid scan beam height
are adopted in cases of coverage overlap. Figure 7a
shows the mosaic hybrid scan beam heights above sea
level over Qinghai. Most of the radar coverage areas
are more than 4000 m above sea level. The altitude of
the Xining radar station (2445 m) is lower than that of
the Haibei radar station (3123 m); the mosaic hybrid
scan beam heights are therefore also reported relative
to the altitude of the Xining radar station (Fig. 7b).

Figure 7b shows that the areas to the south and north-
east of the Xining radar station and to the west of
the Haibei radar station have particularly high beam
heights. The hybrid scan beam heights of many ar-
eas exceed 8 km, where precipitation echoes cannot
be detected. The non-uniform distribution of reflec-
tivity vertical profiles is an influential error in radar
QPE:; thus, the coverage of the Doppler weather radar
network in Qinghai is extremely limited. Additional
radar or observation data are needed to fill gaps in
these regions and minimize the impact of topography
to radar QPE.

6. Conclusions

Three months of radar reflectivity data from
radars in an area of complex terrain (the Tibetan
Plateau) from May to July 2010 were used to develop
a reflectivity climatology. This climatology was then
applied to the construction of a new hybrid scan al-
gorithm, with the aim of minimizing the impacts of
beam blockages. The new hybrid scans were then
used to examine the spatial coverage provided by the
operational Doppler weather radar network over the
Tibetan Plateau. The performance of the reflectivity
climatology-based hybrid scans was evaluated relative
to the performance of traditional terrain-based hybrid
scans. The conclusions can be summarized as follows.

(1) The use of reflectivity climatology in the de-
velopment of the new hybrid scan algorithm reduced

the impacts of beam blockages. Hybrid scans require
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the accurate identification of radar coverage. A flexi-
ble algorithm based on fuzzy logic concepts was used
to discriminate between areas of partial blockage and
areas of no blockage. This new hybrid scan method is
based on a large volume and long period of radar data,
and is independent of both the radar mode and the
scan mode. Hybrid scan reflectivity during a large-
scale precipitation event was used to validate the new
hybrid scan algorithm. The results show that the re-
flectivity climatology-based algorithm is both effective
and reliable, and can be applied to other radars.

(2) Comparison of the reflectivity climatology-
based hybrid scan algorithm with the traditional
terrain-based algorithm suggests that misidentifica-
tion of the actual lowest unblocked elevation by the
terrain-based algorithm can lead to the V-shaped gaps
in the hybrid scan reflectivity. In such cases, areas
with active precipitation are mistakenly judged to
have no precipitation. The reflectivity climatology-
based algorithm provides a more accurate character-
Further

examination of both sets of hybrid scans using a sta-

ization of the lowest unblocked elevation.

tistical averaging method yielded the same conclu-
sions as the case study. The time-mean terrain-based
HSR is substantially lower at some azimuths than at
other nearby azimuths. These sharp drops in aver-
age HSR are caused by beam blockages. By contrast,
the time-mean climatology-based HSR varies much
less with azimuth because all azimuths are unblocked.
The climatology-based hybrid scan method provides
a more accurate measure of reflectivity and enhances
the utility of radar data within the radar coverage
area.

(3) The coverage of the current weather radar
network in Qinghai is extremely limited, as the mo-
saic hybrid scan heights are high above the ground in
most areas. The non-uniformity of vertical reflectivity
profiles has long been recognized as a major source
of error in radar QPE. Additional radar or other ob-
servational data are needed to fill in the gaps in this
region, so as to minimize the impact of topography on
radar QPE.
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