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ABSTRACT

The vertical refractivity gradient (VRG) is critical to weather radar beam propagation. The most common

method of calculating beam paths uses the 4/3 Earth radius model, which corresponds to standard refraction

conditions. In the present work, to better document propagation conditions for radar electromagnetic waves,

which is essential for hydrology and numerical weather forecast models to more fully benefit from obser-

vations taken from the new-generation weather radar network in China, VRG spatial and temporal variations

in the first kilometers above the surface are explored using 6-yr sounding observations. Under the effects of

both regional climatic and topographic conditions, VRG values for most of the radars are generally smaller

than those of the standard conditions for much of the year. There are similar or slightly larger values at only a

few radar sites. Smaller VRG values are more frequent and widespread, especially during rainy seasons when

weather radar observations are important. In such conditions, beam heights estimated using standard

atmospheric refraction are overestimated relative to actual heights for most of the radars. Underestimates are

much less common and of much shorter duration. However, height deviations are acceptable for being well

within the uncertainty of radar echo height owing to the;18 beamwidth. In coastal areas and the middle and

lower reaches of the Yangtze River, radar observations should be applied with muchmore caution because of

the greater risk of beam blockage and clutter contamination.

1. Introduction

Weather radars are important measurement instru-

ments widely used in modern meteorological services.

Radar observations are not just applied directly for

monitoring and early warning of disastrous weather

events such as severe convection, typhoons, and rain-

storms, but are also used as input to data assimilation

systems to improve initial conditions for numerical

forecast models. The effect of electromagnetic wave

propagation on radar observations is an essential issue

for radar users and researchers. Radar beam propaga-

tion mainly depends on the vertical refractivity gradi-

ent (VRG), so the radar beam height can be calculated

using the VRG. The VRG is a direct result of local

thermodynamic conditions, which vary substantially in

space and time. Sometimes, vertical refractivity gradi-

ents are quite sharp. Examples are nighttime clear skies

resulting in a temperature inversion and rapid decrease

of humidity with altitude, warm and dry airflow over

cooler water that is cooled and moistened in its lower

layers, and storm outflows (Caumont et al. 2006). Sharp

vertical refractivity gradients introduce problems, that is,

there may be large errors in the calculated radar beam

height (Sweezy andBean 1963), which are detrimental to

the application of radar data to precipitation assessment

and forecasting (Bellon et al. 2007; Wang et al. 2013),

three-dimensional radar mosaics (Zhang et al. 2005;

Xiao et al. 2008), and numerical data assimilation (Gao

et al. 2006). Such gradients cause abnormal refraction

and, as a result, radar beams bend to the ground. The

result is that radar echoes contain substantial ground

clutter and low-quality observations, introducing errors

into radar-based quantitative precipitation products

(Moszkowicz et al. 1994; Sharif et al. 2004; Fornasiero

et al. 2005) or numerical models (Zeng et al. 2014). As a

case in point, the distribution of ground echoes in the

Bordeaux region due to anomalous propagation was

derived by applying terrain data (Mesnard and

Sauvageot 2010). Additionally, strong beam blockage

and additional errors in reflectivity estimation are gen-

erated when radar beams bend abnormally to the

ground, causing difficulties in precipitation estimation

(Bech et al. 2003, 2007b; Fornasiero et al. 2006).Corresponding author: Hongyan Wang, whyan@camscma.cn
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Physical processes in the troposphere are too com-

plex to be limited to only statistical descriptions of

spatial and temporal characteristics of atmospheric

refractivity. Nevertheless, statistics of major re-

fractivity parameters such as the average vertical gra-

dient are extremely useful in the practical design of

terrestrial radio paths when long-term statistics of the

received signal must be estimated (Grabner and

Kvicera 2011). As early as the 1950s, Bean and Dutton

(1966) had systematically studied atmospheric re-

fractivity, presented its global distribution, and

constructed a simple model of its vertical distribution

(Bean and Horn 1959; Bean and Dutton 1966). The

International Telecommunication Union (ITU) regu-

larly issues guidance products for global distribution

regarding refractivity and VRG within 1 km of the

surface, based on 5-yr observations (1955–59) at 99

sounding stations around the globe (ITU 2012). How-

ever, these products with large scale but poor spatial

resolution may be inadequate for local use. Further

study by Grabner and Kvicera (2011) showed that the

atmospheric refractivity gradient in the lower tropo-

sphere (within 120m of the surface) can vary

from 2500 to 50N units km21. After analyzing the

variation of radio refractivity in Lithuania within

1.2 km of the surface on 4 and 28 November 2010,

Valma et al. (2010) revealed a regional vertical gradi-

ent of radio refractivity smaller than the value recom-

mended by the ITU. In the 1990s, to increase the

accuracy of weather radar observations, characteristics

and temporal variations of atmospheric refraction in

certain Chinese regions were investigated using

sounding data (Zhang et al. 1991; Dai et al. 1993, 1996).

In those studies, large seasonal variations in the vertical

distribution of atmospheric refraction were found. The

error was largest when the 4/3 Earth radius model is

used. So an improved statistical model was advanced to

reveal local vertical distributions of refraction at vari-

ous regions and sites. In Barcelona, Bech et al. (2002)

studied seasonal variations of propagation conditions

in the first kilometer above the surface using radio-

sonde data. Chang and Zhang (2004) discussed and

developed a theoretical model to simulate VRG dis-

tributions near the surface. Ali et al. (2012) evaluated

the sensitivity of radio refractivity to temperature,

pressure, and humidity over a period of 10 years, ob-

serving that radio refractivity reaches maximum values

during the hot and humid months of July and August.

In recent years, studies were conducted to obtain de-

tailed refractivity information in West Africa (Falodun

and Ajewole 2006; Adediji et al. 2011; Ayantunji et al.

2011). Saleem (2016) used satellite remote sensing

data to investigate the spatiotemporal variability of a

modified refractivity gradient at the 700-hPa pressure

level over regions of the Middle East. A numerical

weather prediction (NWP) model was used to evaluate

atmospheric structure at high resolution (Atkinson and

Zhu 2006; von Engeln and Teixeira 2004; Bech et al.

2007a,b; Lopez 2009; Magaldi et al. 2016) to describe or

forecast microwave propagation conditions. The prin-

cipal focus was on superrefraction, which involves

problems that have received greater attention by re-

searchers (Brooks et al. 1999; Atkinson and Zhu 2006;

Chang and Lin 2011).

Radio propagation conditions cause the radar beam to

have different paths, either higher or lower than normal

(Bech et al. 2003). Fornasiero et al. (2005) computed

radar beam paths based on sounding data and derived

atmospheric refractivity for radar beam propagation

using dynamic ground clutter maps and beam blockage

diagrams. Using local model outputs and different

sounding datasets, conditions for radar beam propaga-

tion in the Po Valley of Italy have been investigated

(Fornasiero et al. 2006). As a quality control of the radar

quantitative precipitation estimation, Bech et al. (2003)

evaluated the variability of radio propagation conditions

and modeled beam propagation using the VRG from

three-dimensional NWP fields to correct beam block-

ages for quantitative precipitation estimation, indicating

that although beam blockage correction is generally

robust, with 1-dB departures from standard propagation

conditions less than 10% of the time, extreme anoma-

lous propagation cases would produce greater differ-

ences. To optimize the results of radar data assimilation,

Gao et al. (2006, 2008) investigated methods of tracing

beam paths and examined the sensitivity of radar elec-

tromagnetic wave paths to vertical changes in atmo-

spheric temperature and humidity. They showed that a

strong increase in the magnitude of VRG leading to

radar beam path deviation is often attributable to dra-

matic humidity changes accompanied by severe weather

events. Bodine et al. (2011) also found that refractivity is

most sensitive to moisture, leading to considerable di-

urnal differences. Works to extract near-surface atmo-

spheric refraction information by ground clutter echoes

were done by Fabry et al. (1997) and Park and Fabry

(2011). Fabry et al. (1997) obtained the refractive index

using radar phase measurements from ground targets.

Park and Fabry (2011) estimated instantaneous VRGs

from the ground clutter distribution, assuming that

ground echo coverage varies with the VRG. Zeng et al.

(2014) compared three beam tracing methods to ascer-

tain their reliability and accuracy.

The most common and simple method of calculating

radar beam height uses the 4/3 Earth radius model, which

is based on climatological conditions at the midlatitudes
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of the Northern Hemisphere, and so does China’s new-

generation radar network. However, that network

contains more than 200 radars and mainly covers mid-

to low-latitude regions. Thus, atmospheric tempera-

ture, pressure, and humidity vary widely with area and

elevation, causing changes in VRG that differ sub-

stantially from standard refraction conditions. Seasonal

variation of the refractivity gradient can cause micro-

wave system unavailability under some certain abnor-

mal conditions (Serdega and Ivanovs 2007). Therefore,

the present study is intended to better document the

refraction conditions and their effects from the view-

point of China’s operational weather radars. In the

study, VRG spatiotemporal variations in the first kilo-

meter were disclosed using 6-yr observational data from

sounding stations in China (Fig. 1a). Refractivity con-

ditions and their impacts on radar beam propagation

are also addressed with consideration of the radar net-

work distribution.

This paper is organized as follows: Section 2 briefly

introduces the theoretical basis and method for the

computation of atmospheric refraction and its vertical

gradient. Section 3 analyzes statistical results of the VRG

near the surface in China. Section 4 addresses the VRG

influence on beam paths of operational weather radars.

Then, a summary is presented in section 5.

2. Methodology

a. Refractive index

The refractive index and its vertical distribution are

dependent on actual atmospheric conditions (Smith and

Weintraub 1953; Fabry et al. 1997; Steiner and Smith

2002). For microwave band electromagnetic wave prop-

agation in the atmosphere, atmospheric refraction is a

function of temperature, humidity, and pressure and can

be expressed as follows:

FIG. 1. (a)Weather radars put into operation by the end of 2015 and sounding stations in China.

(b) Terrain of mainland China, with locations of interest marked by text.
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N5 (n2 1)3 106 5 77:6
P

T
1 3:733 105

e
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where P, T, and e are pressure (hPa), temperature (K),

and water vapor pressure, respectively; n is the atmo-

spheric refractive index, usually expressed in terms of

refractivity N. Using sounding data and Eq. (1), N at dif-

ferent levels and its vertical gradient can be determined.

b. VRG model

Based on the layers model (Zhang et al. 1991; Dai

et al. 1996), the refractive index changes linearly with

height in the 1-km layer above the surface [Eq. (2)], but

changes exponentially with height above that level

(equation not shown):

N(h)5N
s
1 (h2h

s
)3G h

s
# h# h

s11
, (2)

where hs and hs11 are the surface elevation and 1-km

height above the surface, respectively; Ns and N(h) are

the refractivities at the surface and at h, respectively; G

is the vertical gradient of the refractive index. At a single

time,N(hs11) is obtained by linear interpolation unless it

can be obtained directly at 1-km height, and G is its

difference with Ns (ITU 2012). The statistical G is de-

termined by the method used by Zhang et al. (1991) and

Dai et al. (1996). That is, there is a strong statistical

correlation between G and Ns as follows:

G52A3 exp(BN
s
) . (3)

Here, A and B are determined by regression. Then,

given the monthly average Ns, the monthly G is

obtained.

c. Radar beam propagation

The beam transmitted by a weather radar is assumed

to be a single electromagnetic radiation ray. The initial

elevation angle of this ray is that of the radar beam

center. The atmosphere is divided into thin layers in the

vertical. When the ray passes from a layer to the one

above, it follows Snell’s law, that is, the change of ray

elevation is related to the vertical gradients of the re-

fractive index between the two layers.

1) EQUIVALENT EARTH RADIUS METHOD

The equivalent Earth radius method is the most

common. The refractive index varies linearly with height

at all levels, but the curvature of a radar ray relative to

Earth’s surface does not vary with height. Thus, the ray

can be treated as a straight line, and the equivalent Earth

radius R0 is computed by Doviak and Zrnić (1993):

R0
5

1

11R
e

dn

dh

R
e
, (4)

where Re is Earth’s radius and dn/dh is the vertical

gradient of the refractive index. The common approxi-

mation is R0 5 (4/3)Re, representing the climate mean

state in the atmospheric boundary layer at the mid-

latitudes of the Northern Hemisphere. Using the

equivalent Earth radius, beam height h can be calculated

from the trigonometric function relationship:

h5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 1R02 1 2rR0 sin(e)
p

2R0 , (5)

where r is slant range from the radar, and e is the

elevation angle.

2) MULTILAYER TRACING METHOD

When dn/dh varies with height, the method of equiv-

alent Earth radius cannot accurately describe the

propagation of the radar ray as mentioned earlier, and

actual vertical variations of the refractive index must be

considered. In such a situation, the multilayer tracing

method based on sounding observations can give more

realistic propagation paths (Caumont et al. 2006; Gao

et al. 2006; Zeng et al. 2014).

Starting from the radar antenna, the beam ray is divided

into segments with small intervals, each segment corre-

sponding to a thin horizontal layer relative to the surface

(here, 25m per layer). The bottom of the first layer is lo-

cated at the radar antenna, followed by the second and

subsequent layers in sequence. For any layer, its bottom

and top are at heights hb and ht, respectively, and its ele-

vation angle is eb. The travel distance of the beam is Dr,

and the top of the layer is the bottom of the one above.

Using a trigonometric function relationship, we have

h
t
5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dr2 1 (R
e
1 h

b
)2 1 2Dr(R

e
1 h

b
) sin(e

b
)

q

2R
e
.

(6)

The elevation angle at the next layer is given by

Fornasiero et al. (2006):

e
t
ffi tan21

6

(R
e
1 h

b
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b
)1 2(R

e
1 h

b
)(h

t
2 h

b
) 11 (R

e
1 h

b
)
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dh

� �� �1/2

(R
e
1 h

b
) cos(e

b
)

0

B

B

B

@

1

C

C

C

A

. (7)
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The value of dn/dh is calculated by

dn=dh5
N

t
2N

b

h
t
2 h

b

3 1026 , (8)

where Nt and Nb are the refractivities of the current

layer and the one above.

d. Data and statistical calculations

Observational data from sounding stations during

2010–15 were used for the refractivity calculation and

statistics. Figure 1a shows the sounding stations used

and operational weather radars at the end of 2015.

Owing to topography (Fig. 1b) and population density,

most radar sites are east of the Tibetan Plateau, whereas

only a few are deployed in the vast region of western and

northern China. Sounding stations are not as dense as

radar sites, but fortunately those stations are usually

near radar sites. Therefore, data from these stations can

represent conditions for radar beam propagation.

Variations of refractivity in the first kilometer of al-

titude are considered important and have been exten-

sively discussed (Bech et al. 2002; Abu-Almal and Kifah

2010; Park and Fabry 2011; ITU 2012). The findings of

these studies support the use of the linear-variation layer

used in the present study [Eq. (2)]. The VRG under

standard refraction is also assumed in the first kilometer

of the atmosphere (Serdega and Ivanovs 2007). We also

focused on the atmospheric layer below 1km. Equation

(1) was used to compute the vertical profile of atmo-

spheric refractivity. Then, a statistical value of G was

retrieved using Eq. (3). Further, the humidity compo-

nent is corrected (Cheng and Zhang 2014; Hao et al.

2015) before use in Eq. (1).

The lowest 0.58 elevation angle of the operational

weather radars was used to analyze the characteristics of

radar beam path that are most affected by refractive

conditions (Park and Fabry 2011). The antenna beam-

width is ;18 (0.958 for most of the radars). The beam

path under the standard refraction condition was com-

puted by Eq. (5). Using actual observation data, all

beam paths calculated by Eqs. (6) and (7) were assumed

correct. Considering that the path of the principal lobe is

split into small rays (Fornasiero et al. 2005; Wang et al.

2014), the radar beam center, top, and bottom can be

calculated separately.

3. Climatological features of VRG

Figure 2 presents monthly values of VRG statistics in

the first kilometer. Figures 2a and 2b are for 0000 and

1200 UTC, respectively. References to topography and

locations in this section are labeled in Fig. 1b.

a. Spatial variations

The values of G over the Tibetan Plateau are the

largest, between 235 and 215 km21 throughout the

year. This is because water vapor content there is always

very low and has a small seasonal change. In Inner

Mongolia, most values are close to 235km21 in winter

and 245km21 in summer, similar to those over the

Loess Plateau in winter. However, negative values of G

can reach 255km21 in the Great Bend of the Yellow

River, and 260km21 over the Weihe Plain in summer,

when warm, moist air from the east crosses that plain

and the Loess Plateau to amass over the Ordos basin.

In the middle and lower reaches of the Yangtze River

valley and Sichuan basin, values are between 270

and 240 km21, and remain smaller than 255km21

during May–October, when northerly and southerly

winds meet to produce warm, moist air. Cold air can

readily accumulate at low levels because of local

mountain–valley circulations, producing inversions or

small lapse rates favorable to increasing jGj in basins. In

general, there is a small-value center around the middle

and lower reaches of the Yangtze River and a weaker

center in the Sichuan basin year-round. Under the in-

fluence of moist airflow from the ocean, there are also

small values in the coastal area along the Yellow Sea

and southern Bohai Sea, between 270 and 240km21;

the smallest values are around Hainan Island, between

290 and 250km21. Accordingly, superrefraction is

frequently observed near coastal radars (Bech et al.

2003; Atkinson and Zhu 2006; Chang and Lin 2011).

There are centers of small values in basins on both sides

of the Mount Tai most of the time, because of persistent

temperature inversions. Indeed, the smallest value

of 280 km21 is in Ruoqiang, accompanied by a strong

nighttime inversion. Because of warm, moist air trans-

port through the Qaidam basin in summer (Lin and

Zheng 1992), strong differences in water vapor content

between summer and winter cause large changes ofG at

the edge of the Tarim basin (Yang et al. 2010); values are

less than250km21 in summer and larger than230km21

in winter, which are unique in northwest China.

b. Temporal variations

Generally, the smallest value of G is during May–

October, and the largest value is duringDecember–April,

although the exact time varies by region. The largest and

smallest values are found during the following months,

respectively: January–March and July–August over the

Tibetan Plateau; April and July–August over Inner

Mongolia and the Loess Plateau; February and May–

October in the middle and lower reaches of the Yangtze

River; January–February and May–August south of the
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Yangtze and in south China; December–January and

July–August along the Bohai Gulf; February and May–

August in the Sichuan basin;December–January andMay

near Hainan Island. As a result, contour lines gradually

move southeast during August–February and retreat

northwest during February–July. In July and August,G is

no larger than the standard value (240km21) everywhere

except over the Tibetan Plateau in the morning and is

smaller throughout China’s central, eastern, and southern

sections in the evening. In February, the values are no

smaller than the standard except over the Hainan Islands,

southern Yunnan, and the plain regions in the morning

and over the middle and lower reaches of the Yangtze

River and Sichuan basin in the evening. The above

findings indicate that temporal variations of the VRG

spatial distribution near the surface in China are syn-

chronized with that of the rainy season. Large vertical

changes of moisture are frequent in environments with

abundant water vapor content, which are likely to cause

strong vertical refractivity gradients. This is supported

by Gao et al. (2008) and Ali et al. (2012).

Most values of G over mainland regions in the

morning (Fig. 2a) are generally smaller by 5–10km21

than in the evening (Fig. 2b). From Fig. 2, there are large

differences along the northern margin of Tarim basin

(about 10–25km21) where the air is dry with small water

FIG. 2. Spatial distribution of VRG near the surface at (a1)–(a12) 0000 and (b1)–(b12) 1200 UTC for each month. Labels 1–12 stand for

January–December. VRG is shown by colored contours with labels.

8 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 57

Unauthenticated | Downloaded 08/20/22 09:42 AM UTC



vapor content, and strong nighttime inversions have

powerful impacts. In coastal regions, where water vapor

contents are large and diurnal temperature variations

are slight, there are few differences between morning

and evening values. Actually, the diurnal variation of

temperature plays the major role in the G difference

between morning and evening.

Our findings generally agree with monthly VRG

values in the first kilometer for February, May, August,

and November suggested by the ITU (2012). The pres-

ent work provides topography-dependent changes of

VRG with much finer spatial distribution to meet the

needs of the weather radar network.

c. Changes of VRG with elevation

Spatial distributions of G shown in Fig. 2 also in-

dicate that the VRG near the surface is closely corre-

lated with topography. In China’s interior, elevations

of the Tibetan Plateau are the highest, and G is the

largest. Along transitional zones in rugged areas, such

as the Tibetan Plateau periphery, southeast rim of the

Inner Mongolia Plateau, and eastern and southern

edges of both the Loess and Yun-Gui Plateaus, the

topography changes sharply, as do VRG spatial varia-

tions. In hilly areas of southeast China, values are

slightly larger than in surrounding areas at lower alti-

tudes, generally with differences around 5 km21. Such

examples are shown at the edges of Mount Wuyi and

the Nanling region.

The scatter graph in Fig. 3 shows VRG change with

surface elevation (MSL). Here, values of G were cal-

culated based on all the data from 2010 to 2015, not for

each month. Values of stations at similar elevations

scatter in a certain range because of varying local at-

mospheric conditions, and the values generally increase

with station elevation, increasing by ;6 km21 per kilo-

meter on average. Values within ;1400m in the morn-

ing and ;300m in the evening are not larger than those

under standard conditions at the majority of locations.

The opposite holds at higher elevations.

4. Influence on operational weather radar

a. Propagation conditions

1) ROLE OF RADAR SPATIAL LOCATION

Given the uneven distribution of operational weather

radars in China, the percentages of radars corresponding

to various G values from the nearest sounding station

are given in Fig. 4. Here, the value at the nearest

sounding station is used to represent the environmental

refraction of the radar. In both Figs. 4a and 4b, except

for the period of January–March during the evening,

values corresponding to the largest percentages are

smaller than under standard conditions. The G corre-

sponding to the largest percentage of radars is smallest

in July and August, and largest in January–March. In

the morning, the minimum and maximum values are

from 260 to 255 km21 and from 245 to 240km21, re-

spectively. For the maximum percentages, G values for

all radars are mainly from260 to 220km21. For mini-

mum percentages, those values are mainly from 280

to235km21. The number of radars varies uniformly for

some G ranges over a long period between April and

November. There is a similar feature in the evening, but

G values corresponding to the largest percentages are

larger than in the morning, by 5210 km21. From April

through October, the warm and rainy season, which

is a critical period for weather radar observations,

70%–80% of the radars have G values smaller than the

standard refraction gradient by 5240km21. Only a few

radars have values $ 220 km21.

2) ROLE OF RADAR HEIGHT

Radar elevation also determines its refractive condi-

tions, basically in the way described in section 3 (Fig. 3).

The elevation of a ground-based radar is determined by

the elevation of the ground and the tower height. For

China’s operational weather radars, tower heights vary

greatly. For simplicity, radar elevation was taken as the

site elevation. In Fig. 5, between 100- and 200-m eleva-

tions, the number of radars is the largest (;19%), fol-

lowed by those between 0 and 100m (15%). In the

morning, annual statistical values of VRG are from260

to 245 km21 below 100m, and from 255 to 240km21

between 100 and 200m (Fig. 3). In the evening, values

are larger by ;5km21. Radars below ;1400m and

FIG. 3. Scatterplot of multiyear statistical VRG with surface el-

evations. Blue plus signs represent VRG points for 0000 UTC, and

red plus signs represent points for 1200 UTC.
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300m constitute ;83% and 43%, respectively. VRG

values are not larger than the standard value below

1400m in the morning and below 300m in the evening.

For radars above 2000m (,10%; Fig. 5), VRG values

are larger than the standard value in both the morning

and the evening, about230 and225 km21, respectively.

Values are smaller in the warm, moist season.

b. Deviation of radar beam height

1) HEIGHT DETERMINATION

Radar beam heights of different VRGs can be com-

puted by Eq. (6). The so-called relative deviations,

which are the difference divided by the beamwidth un-

der standard conditions (Gao et al. 2008), are presented

as a reference for measuring the errors considering the

sampling scales of Chinese radars. If the value of G is

larger than the standard value of 240km21, the actual

elevation is higher than the one estimated using the

standard VRG; otherwise the opposite is the case.

A greater departure ofG from the standard valuemakes

for a larger error. Starting from the standard VRG,

absolute deviations at a distance of 70 km from the

radar change by ;25m for a 10km21 increase (or de-

crease) of G. The statistical boundary values of G, 220

and 280km21, cause deviations of approximately 250

and 100m at a range of 70 km, corresponding to relative

deviations around 24% and 8%, respectively. For a

certain value of G not equal to 240km21, the absolute

deviations are smaller at closer ranges and greater

at further ranges; deviations are from 225 to 50m at a

50-km distance for G between 220 and 280km21,

corresponding to relative deviations from about 23%

to 6%. If the statistical G is used at farther ranges

(i.e., levels above 1 km), (relative) deviations are from

about 2100 to 400m (from 26% to 24%) at a 200-km

distance.

Four sites within key regions of the weather network,

Beijing, Wuhan, Yangjiang, and Sanya, were taken as

examples to illustrate actual beam-height deviations.

Each radar is near a sounding station (marked by thick

circles in Fig. 1a). Monthly average beam heights for the

0.58 elevation angle were calculated based on sounding

data, using a multilayer tracing method. Differences

between average heights and heights under standard

conditions of the beam center and bottom are depicted

in Fig. 6.

Variations of deviations with time are consistent with

statistical VRG. The lowest actual beams are between

May and October, and the highest beams are in January

or February. There are slight underestimates at Beijing

in winter, but overestimates every month at Wuhan and

Sanya, in both the morning and evening. There are

overestimates at all sites in summer. Deviations for

Beijing are slightly larger than at other sites in winter,

and deviations at Sanya are largest in summer. For

FIG. 4. Percentages of weather radars with VRG values at (a) 0000 and (b) 1200 UTC for each month.

FIG. 5. Percentages of weather radars at various elevations.
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FIG. 6. Deviations of monthly average elevations of radar beam center and

bottom as a function of range from those under standard conditions for ra-

dars at (a) Beijing, (b) Wuhan, (c) Yangjiang, and (d) Sanya at (left) 0000

and (right) 1200 UTC. Beam center is shown in (a1), (b1), (c1), (d1), (a2),

(b2), (c2), and (d2). Beambottom is shown in (a3), (b3), (c3), (d3), (a4), (b4),

(c4), and (d4). The four radars and their nearest sounding stations are

marked by thick circles in Fig. 1a.
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Sanya, Yangjiang, and Wuhan, periods with obviously

greater deviations also last at least half a year.

With regard to the beam center (Figs. 6a1,a2, 6b1,b2,

6c1,c2, and 6d1,d2), it is directly related to the positioning

of the radar echo. For Beijing (Figs. 6a1,a2), the largest

positive error in a year is;140mat a range of 100km (the

same range as below), with a relative deviation of 8%,

and the largest negative deviation is about220m, with a

relative deviation of 21.4%. For the site on Hainan Is-

land, Sanya (Figs. 6d1,d2), the deviations are 55–250m,

with a relative deviation of 2.5%215%. For the other

sites, the deviations are no greater than 8.5% over-

estimation and 0.4% underestimation. Also, the farther

the distance is, the larger the deviations are. For example,

the deviations are 200–650m at a 200-km range, with

relative values of 5%–20% at Sanya. In comparison with

the results in the paragraph above, the characteristic de-

viations of actual beam height are consistent with the

values based on statistical VRGs.

From the above results, it is concluded that the de-

viations of radar beam height are well within the un-

certainty of the radar echo height owing to the ;18

beamwidth (Gao et al. 2008; Doviak and Zrnić 1993)

and are thus acceptable for location determination. At

this point, propagation conditions for China’s weather

radar network are generally within the normal range

(Bech et al. 2003).

2) DIFFERENCES WITHIN RADAR BEAM

Although the elevation angle is only 0.58 and the

beamwidth is less than 18, the same value of G causes

approximate height deviations between the beam center

and bottom and vertical beamwidths to remain almost

unchanged relative to standard conditions. However,

there are clear differences between the center (Figs. 6a1,

a2, b1,b2, c1,c2, and d1,d2) and bottom (Figs. 6a3,a4, b3,

b4, c3,c4, and d3,d4) of the actual radar beams traced by

sounding data. In Fig. 6, the lower parts of the beam

have greater deviations than the upper parts, and the

deviations of the lower part of the beam also grow more

rapidly as distances increase. Moreover, the deviations

of the actual beam bottom are much greater than those

calculated from the statistical VRG. Here, Wuhan has

beam bottom deviations from ;60 to 270m at a 50-km

distance and from;500 to2800m at a 200-km distance

between May and October. Deviations at Yangjiang are

slightly smaller. Sanya has the largest beam bottom de-

viations, from up to ;70 to 280m at a 50-km distance

and from;700 to21000m at a 200-km distance in June.

The explanation for these results is that even within the

first kilometer, there are stronger VRGs at elevations

nearer the ground, which are important in affecting ra-

dar observations (Park and Fabry 2011; AbouAlmal

et al. 2014). The beam top plays a minor role and

therefore will not be discussed here.

Given that beam bottom heights are from ;170 to

2440m between 50- and 200-km ranges under standard

conditions, beam bottoms bend to heights ;100m at a

50-km distance and 1500m at 200km. The differences

are remarkable relative to the terrain around the radars

(Fig. 1b). Of course, statistical reduction of VRGs by

superrefraction would be remarkable (Bech et al. 2002).

In coastal areas or around the middle and lower reaches

of the Yangtze River valley, there are situations similar

to Wuhan, Sanya, and Yangjiang. Users of data from

these radars should exercise more caution in interpre-

tation. Somewhat less severe problems of the same na-

ture are expected from the other radars.

5. Discussion and conclusions

The accuracy of the spatial location of weather radar

echoes depends on radar electromagnetic wave propa-

gation paths, and the vertical gradient of atmospheric

refraction is a critical factor that determines ground-

based weather radar wave beam paths. The weather

radar network in China covers a vast area, across which

the geography and climatic conditions change dramati-

cally. Six-year continuous sounding data at 0000 and

1200 UTC were used to study the spatial distribution

and seasonal variations of the VRG in the first kilometer

of altitude and how these refractive conditions affect

beam paths for the operational weather radar network

in China.

Under the effects of both regional climatic conditions

and topography, VRG values are larger in dry regions

and seasons and smaller in moist regions and rainy

seasons. Values generally increase with surface eleva-

tion by about 6km21 per kilometer. In most regions,

values are the smallest in July and August and the

largest in January and February. However, the time

that the largest or smallest value appears is not entirely

the same in different regions. In most inland regions,

morning values are smaller by about 5210km21 than

evening ones, but there are slight differences near coasts.

When compared with the surrounding areas, smaller

values are frequent in basins, lakes, and river valleys,

and larger values are common in hilly or mountainous

areas. The largest VRG values are over the Tibetan

Plateau, between 235 and 220km21 annually. Over

Inner Mongolia and the Yunnan–Guizhou Plateau,

values are nearer to those of standard conditions than

over other regions. There are relatively small values

in the middle and lower reaches of the Yangtze River

and over the Yellow and southern Bohai Seas, from

about 270 to 240km21 throughout the year. The
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smallest values are over Hainan Island, from about

280 to 250km21. The edge of the Tarim basin has

widely varying values, from 280 to 220 km21, distinct

from other locations in northwest China. During the

rainy season when weather radar observations are very

important, for most operational weather radars, VRG

values are generally smaller than the standard value.

Only a few radars have a VRG equal to or slightly larger

than the standard value, except on the Tibetan Plateau.

VRGs smaller than the standard value are dominant in

China’s operational weather radar network. These re-

sults agree overall with those suggested by the ITU and

provide topography-dependent VRG maps with finer

spatial distributions to meet the needs of operational

weather radars.

Relative to actual conditions, radar beam elevations

estimated using standard refraction tend to be over-

estimated for most weather radars during longer pe-

riods, especially in the rainy season. However,

deviations of the beam center are ,20% of the beam

depth, which is well within the uncertainty of the radar

echo height owing to the ;18 beamwidth. This means

that they are within acceptable ranges for China’s

weather radar network. In coastal areas and around the

middle and lower reaches of the Yangtze River, radar

observations should be used with much more caution

because of greater risks of beam blockage and clutter

contamination, given that the lower part of the radar

beam is relatively close to the ground.
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