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Spectrum Analysis of Wind Profiling Radar Measurements

RUAN Zheng1∗ (
���

), MU Ruiqi2 ( ����� ), WEI Ming2 ( �
	 ), and GE Runsheng1 ( ���� )
1 State Key Laboratory of Severe Weather, Chinese Academy of Meteorological Sciences, Beijing 100081

2 Nanjing University of Information Science & Technology, Nanjing 210044

(Received November 12, 2013; in final form May 19, 2014)

ABSTRACT

Unlike previous studies on wind turbulence spectrum in the planetary boundary layer, this investigation
focuses on high-altitude (1–5 km) wind energy spectrum and turbulence spectrum under various weather
conditions. A fast Fourier transform (FFT) is used to calculate the wind energy and turbulence spectrum
density at high altitudes (1–5 km) based on wind profiling radar (WPR) measurements. The turbulence
spectrum under stable weather conditions at high altitudes is expressed in powers within a frequency range
of 2 × 10−5–10−3 s−1, and the slope b is between –0.82 and –1.04, indicating that the turbulence is in the
transition from the energetic area to the inertial sub-range. The features of strong weather are reflected less
obviously in the wind energy spectrum than in the turbulence spectrum, with peaks showing up at different
heights in the latter spectrum. Cold windy weather appears over a period of 1.5 days in the turbulence
spectrum. Wide-range rainstorms exhibit two or three peaks in the spectrum over a period of 15–20 h,
while in severe convective weather conditions, there are two peaks at 13 and 9 h. The results indicate that
spectrum analysis of wind profiling radar measurements can be used as a supplemental and helpful method
for weather analysis.
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1. Introduction

Wind measurements can be analyzed by using

two methods associated with Fourier transforms. The

time-domain method studies energy changes with

time, while the frequency-domain method studies the

distribution of energy with frequency.

Panofsky (1955) and Griffith et al. (1956) em-

ployed the power-spectrum density analysis to study

the spectral characteristics of boundary layer wind.

Van der Hoven (1957) performed a power-spectrum

analysis of horizontal wind over a wide range of fre-

quencies. These studies showed that there appears to

be two major eddy-energy peaks in the spectrum: one

peak at a period of 4 days and the other at a period of

1 min. Between the two peaks, a broad spectral gap

is centered at a frequency ranging from 1 to 10 cycles

per hour (Atkinoon, 1981). Since the 1970s, spectrum

analysis has been applied in boundary layer turbu-

lence studies (Endlich et al., 1969; Bowne and Ball,

1970; Kaimal et al., 1972). Højstrup (1981) developed

a distribution model of the turbulence spectrum in

neutral and unstable stratification, and this has since

been widely used. Panofsky et al. (1982) showed that

the distribution of turbulence spectrum varies for dif-

ferent topographies. Recently, Chellali et al. (2010)

proposed that the features of turbulence spectrum are

affected by topography and spatial location.

In-depth research has been carried out on tur-

bulence spectrum analysis, mainly in boundary layer

wind measurements. Zhang et al. (1987) used obser-

vations of horizontal wind speed from a 320-m meteo-

rological tower to analyze the spectral characteristics

and vertical distribution of turbulence in the bound-

ary layer, and concluded that in the atmosphere, under

both stable and unstable stratification, there are sev-
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eral cycles at a period of a few minutes to 10 min-

utes. Bian et al. (2002) discovered that the turbu-

lence spectrum characteristics of the boundary layer

are consistent with Kolmogorow’s “–5/3 rate,” (Kol-

mogorov, 1941a, b) and confirmed that the power ex-

ponent and exponent function are more appropriate.

Wang and Mao (2004) used wavelets to analyze the

turbulence spectrum characteristics of a convective β-

scale weather system. Spectral analysis has also been

applied to cold windy weather (Luo and Zhu, 1993;

Liu and Hong, 1996; Tian et al., 2011) and cold fronts

(Zhao et al., 1982; Sun and Xu, 1997).

Due to the absence of refined wind measure-

ments, analysis of the energy spectrum and turbulence

spectrum in the atmospheric layer above the bound-

ary layer is limited. By applying wind profile radar

(WPR) in atmospheric soundings (Liu et al., 2003), it

is possible to obtain high-altitude wind data on a con-

tinuous basis. Research on the energy spectrum and

turbulence spectrum based on high-reliability WPR

measurements at altitudes of 1–5 km has thus been de-

veloped (Wang et al., 2007; Wei and Zhang, 2009; Sun

et al., 2012; Yu, 2012). This study aims to provide a

statistical analysis of wind energy and turbulence spec-

trum at 1–5-km heights under various weather condi-

tions.

2. Method

Spectral analysis, which is expressed by frequency

or wavenumber, is a statistical tool to study signal

properties. The Parseval equation is as follows:
∫

∞

−∞

x2(t)dt =
1

2π

∫
∞

−∞

|F (ω)|2dω

=

∫
∞

−∞

|F (f)|2df, (1)

where ω is the angular frequency and f is the fre-

quency. Then, S(ω) = |F (ω)|2, where S(ω) is the

energy spectrum density, indicating the contribution

fluctuation makes to the total energy.

The energy spectrum density estimates are calcu-

lated by using the Fourier transform. The autocorre-

lation function is defined as

R(τ) =

∫
∞

−∞

f(t)f∗(t− τ)dt, (2)

where f(t) =
1

2π

∫
∞

−∞

F (ω)eiωtdω and the Fourier

transform of the autocorrelation function is

R(τ) =
1

2π

∫
∞

−∞

|F (ω)|2eiωτdω

=

∫
∞

−∞

|F (f)|2ei2πfτdf, (3)

in which S(f) = |F (f)|2.

The energy spectrum density estimate is

S(f) =

∫
∞

−∞

R(τ)e−i2πfτdτ. (4)

To reduce the leakage effect caused by the Fourier

transform, an appropriate window should be chosen.

2.1 Wind energy spectrum analysis

In this study, the horizontal wind-speed data used

in the wind energy spectrum analysis are obtained

from WPR measurements. The autocorrelation func-

tion of the time-domain data Vh(t) is

RVh
(τ) =

∫
∞

−∞

Vh(t)V
∗

h (t− τ)dt, (5)

and the Fourier transform for the autocorrelation func-

tion is the unit volume energy spectrum density,

SVh
(f) =

∫
∞

−∞

ρVh(t)Vh(t− τ)e−i2πτtdτ, (6)

where the unit of frequency f is s−1, the unit of air

density ρ is kg m−3, and the unit of horizontal wind

speed Vh is m s−1. The change of air density with

height must be considered in the wind energy spec-

trum analysis of high-altitude wind data. Let SVh
(f)

be the energy density of horizontal wind speed, it can

be calculated as ρV 2

h
s; then, the unit of the unit

volume energy spectrum density can be given as (kg

m−3)(m2 s−1).

The wind energy spectra are used to character-

ize the variation of the wind energy density with fre-

quency, and they are considered to be related to vari-

ous weather systems.

2.2 Turbulence spectrum analysis

Irregular fluctuation is the basic characteristic

of turbulence. Horizontal wind can be calculated as
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Vh = V h + u′, where V h is the mean wind and u′ is

the fluctuation. The Fourier transform of the autocor-

relation function of u′ is the turbulent energy spectral

density.

According to Kolmogorov’s theory (Kolmogorov,

1941a, b), the inertial sub-range is a turbulence region

where the Reynolds number is large enough to meet

local homogeneous isotropic conditions, so its turbu-

lence characteristics only depend on the dissipation

rate. The energy spectral function is defined by

E(k) = Cε2/3k−5/3, (7)

where k is the wavenumber, ε is the turbulence dis-

sipation rate, and C is a constant. The function is

called the “–5/3 law.” The inertial sub-range of the

turbulence energy spectrum can also be expressed by

frequency (Sheng et al., 2003):

S(f) = C1ε
2/3f−5/3, (8)

where S(f) is the turbulence spectrum density. The

turbulence spectrum analysis using wind tower obser-

vations shows that the slope of the turbulence spec-

trum at frequencies between 10−2 and 102 is –5/3 in

the inertial sub-range (Bian et al., 2002).

Figure 1 shows the turbulence spectrum changes

with wave number (Tian et al., 2011). The spectrum

can be divided into five ranges: the dissipation range,

the inertial sub-range, the energy range, the largest

vortex range, and the large eddy range. The energy

range produces turbulent energy, which can neither

be generated nor be dissipated but is transferred to

smaller scales of motion in the inertial sub-range or

changed into internal energy because of the viscosity

of the fluid molecules in the dissipative range. In the

inertial sub-range, the slope of the turbulence spec-

trum is –5/3, which is steeper than the slope in the en-

ergy range but shallower than in the dissipation range

(Kaimal and Finnigan, 1994). The turbulence spec-

trum density is normalized as: S ′

u′ = Su′/σ2

u′ , where

σ2

u′ expresses the variance of wind fluctuation.

2.3 The trend in the turbulence spectrum

The average wind data are usually treated as the

mean wind for data collected over a short period. How-

ever, the mean wind for wind data collected over long

periods changes with time, and is called the trend.

The fluctuation of the wind is obtained by using the

least-square curve fitting to calculate the trend and

deduct it from the wind data. Figure 2 shows the tur-

bulence spectrum with two different methods used for

the mean wind calculation. In Fig. 2a, the average

wind data are treated as the mean wind and in Fig.

2b the trend is calculated as the mean wind. The data

are on 23 June 2011. Figure 2b shows a more distinct

28-h eddy energy.

3. Equipment and data processing

3.1 Instruments

The horizontal wind-speed data used in the spec-

tral analysis are obtained from CFL-08 troposphere

wind profiler radar, which is located at Yanqing, Bei-

jing (40.45◦N, 115.96◦E; 487.90-m elevation). Table 1

summarizes the main properties of the radar. Rigor-

ous calibration and standardization were carried out

on the wind profile radar. Compared with air sound-

ing, the accuracy of the wind profile radar corresponds

with the specification. Deng et al. (2012) evaluated

the detection accuracy of the radar using observations

in 2010.

3.2 Data processing

The wind profile radar provides horizontal wind-

speed data and signal-to-noise ratio (SNR), echo in-

tensity, spectral width, and so on. The data were ob-

Fig. 1. Turbulence spectrum changes with wavenumber.

(From Tian et al., 2011)
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Fig. 2. The turbulent spectra obtained with mean wind derived differently. (a) Average as mean wind and (b) trend

as mean wind.

Table 1. Parameters of the CFL-08 (troposphere II)

wind profiling radar

Parameter Value

Wavelength (mm) 674

Antennae shape Phased array

Antenna section (m2) 9×9

Beamwidth (◦) 4

Antenna gain (dB) 29

Scan patterns Five beams (vertical

direction and four

range distances from

the zenith of 14◦)

Peak transmitter power (kW) 7.7

Minimum detectable power < –140

of receiver (dBm)

Coherent integration 50

FFT count 512

Minimum detection level (m) 240

Maximum detection level (m) 12030

Range resolution (m) 240

Anemometry accuracy Wind speed < 1 m s−1,

wind direction < 10◦

tained from December 2010 to October 2012, at a sam-

pling interval of 6 min. Quality control was applied

as follows. Wind data that had an SNR of less than

–15 dB were removed from the energy spectrum anal-

ysis because of their inaccuracy. Data series that

had five consecutive missing data points were rejected.

When individual missing data occurred in the data se-

quence, neighboring data were used to fill the gap by

using linear interpolation.

According to the duration of different disastrous

weather events, the data length chosen for cold windy

weather and summer rainstorms is 7 days, while 3 days

is chosen for severe convective weather. The trend is

identified in the turbulence spectrum density calcula-

tion. Data used for the turbulence spectrum features

of the stable weather analysis are detected every 6 min

for a period of 24 h.

4. Characteristics of turbulence spectrum at

high altitude

To examine the characteristics of the turbulence

spectrum at high altitude, 10 sets of wind data un-

der stable weather conditions are chosen. The data

period is 24 h and the frequency range is from 10−5

to 10−2 s−1. Figure 3 shows the normalized turbu-

lence spectrum on 28 January 2011 at an altitude of

1110 m. The abscissa is frequency and the ordinate is

normalized turbulence spectrum density. Logarithmic

coordinates have been used.

Figure 3 shows that the distribution of the tur-

bulence spectrum is linear. By using least-square lin-

ear fitting, the turbulence spectrum density in the fre-

quency range 2 × 10−5–10−3 s−1 can be expressed as

S(f) = af b, (9)

where a is the intercept of the abscissa, which is re-

lated to the turbulence dissipation rate; and b is the

slope. The parameters of the turbulence spectrum for

Fig. 3 are a = 9 × 10−4, b = –0.93, and the fitting
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Fig. 3. Turbulence spectrum features on 28 January 2011.

rate is 0.99.

Table 2 summarizes the values of a and b for the

turbulence spectrum of the 10 sets of data under sta-

ble weather conditions at different heights: a varies

from 4 × 10−4 to 4 × 10−3 and b varies from –0.82

to –1.04, which is less than the value (–5/3) in the in-

ertial sub-range. The turbulence spectrum distributes

in power in the frequency ranges of 2 × 10−5 – 10−3

s−1 at heights between 1000 and 5000 m; b is less than

–5/3, showing that the turbulence is in the energy re-

gion that is transiting to the inertial sub-range.

The turbulence spectrum density of horizontal

wind speed and its two orthogonal components u and

v have been calculated. Figure 4 shows the turbulence

spectrum of the horizontal wind speed, Vh, u, and v on

1 December 2012 at an altitude of 1110 m. The results

indicate that the three variables have a characteristic

in common. The slope b is –0.96, –0.97, and –0.97, in

the frequency range of 2×10−5–10−3 s−1. It can then

be concluded that the distribution of the turbulence

spectrum in stable weather cases does not depend on

the wind direction.

However, the situation is different for rainy days.

Figure 5 shows the distributions of the turbulence

Table 2. Values of the turbulence spectrum parameters a and b and the fitting rate R under stable weather cases

Height 1110 m 2190 m 3150 m 4110 m 5070 m

Time a b R a b R a b R a b R a b R

December 1× –0.91 0.99 1× –0.96 0.98 9× –0.97 0.99 4× –1.03 0.80 3× –0.86 0.80

6, 2010 10−3 10−3 10−4 10−3 10−3

December 1× –0.87 0.99 7× –0.96 0.92 4× –1.02 0.99 7× –0.96 0.99 4× –0.80 0.92

9, 2010 10−3 10−4 10−4 10−4 10−3

January 9× –0.93 0.96 4× –1.04 0.98 8× –0.94 0.92 2× –0.87 0.97 7× –0.99 0.86

28, 2011 10−4 10−4 10−4 10−3 10−4

December 1× –0.89 0.89 9× –0.96 0.91 1× –0.92 0.80 1× –0.88 0.98 3× –0.93 0.87

11, 2011 10−3 10−4 10−3 10−3 10−3

December 1× –0.90 0.96 7× –0.94 0.99 1× –0.91 0.99 1× –0.92 0.96 1× –0.88 0.99

26, 2011 10−3 10−4 10−3 10−3 10−3

July 4, 1× –0.86 0.95 5× –0.95 0.93 2× –0.84 0.84 1× –0.94 0.94 1× –0.90 0.80

2012 10−3 10−4 10−3 10−3 10−3

October 1× –0.93 0.92 6× –0.97 0.99 1× –0.86 0.92 1× –0.94 0.96 8× –0.92 0.98

2, 2012 10−3 10−4 10−3 10−3 10−4

October 2× –0.82 0.99 1× –0.90 0.99 3× –0.82 0.93 3× –0.84 0.88 1× –0.89 0.94

3, 2012 10−3 10−3 10−3 10−3 10−3

December 6× –0.97 0.99 1× –0.88 0.97 7× 0.98 0.85 4× –1.03 0.99 5× –0.98 0.99

1, 2012 10−4 10−3 10−4 10−4 10−4

December 2× –0.86 0.96 6× –0.98 0.97 8× –0.91 0.99 1× –0.91 0.98 1× –0.91 0.99

6, 2012 10−3 10−4 10−4 10−3 10−3
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Fig. 4. Turbulence spectrum features of different variables at 1110-m height under stable weather on 1 December 2012.

(a) u, (b) v, and (c) Vh.

Fig. 5. Turbulence spectrum features of different variables at 1110-m height under rainy weather on 3 June 2012.

(a) u, (b) v, and (c) Vh.

spectrum for different variables at an altitude of 1110

m in severe convective weather cases at 0000–2400 BT

(Beijing Time) 3 June 2012. The slope b is –0.54,

–0.79, and –0.76, which are quite different to those for

stable weather cases.

5. Spectrum characteristics in various weather

conditions

5.1 Wind energy spectrum under stable wea-

ther conditions

The wind energy spectrum in stable weather con-

ditions is calculated as follows. The observations from

0000 BT 5 to 2400 BT 11 December 2010, and 0000

BT 3 to 2400 BT 5 July 2010 are chosen as typical

examples of winter and summer weather conditions.

Figure 6 shows that there is no peak during these pe-

riods, and the distribution of energy spectrum in the

whole frequency band is relatively flat. The energy

spectrum density decreases with increasing frequency.

Figure 6 also shows that at the same height, the wind

energy spectrum density in summer is nearly one or-

der of magnitude smaller than in winter. The value

decreases homogeneously with the reducing height in

winter, while in summer it is dense in the altitude

range of 1000–2000 m. The distribution of the spec-

trum in the two seasons is similar, as is the normalized

turbulence spectrum in stable weather cases.

Table 3 gives a summary of the spectral density of

horizontal wind at five heights in stable weather. As

the height reduces from 5000 to 1000 m, the wind en-

ergy spectrum density decreases by one order of mag-

nitude in winter, which is the same as that shown in

Fig. 6. In summer, the spectral density decreases by

half. Overall, the spectral density change with height

is greater in winter than in summer.
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Fig. 6. Wind energy spectrum features for stable weather cases. (a) 5–11 December 2012 and (b) 3–5 July 2010.

Table 3. Spectral density of horizontal wind at five heights in stable weather

Wind energy spectrum density Ratio of turbulent spectrum density

Sampling Height ((kg m−3) (m2 s−1)) to wind energy spectrum density (%)

time (m) Frequency Frequency Frequency Frequency Frequency Frequency

1 2 3 1 2 3

Winter (0000 BT 5070 2.3×10−2 3.0×10−3 2.7×10−3 0.9 3.4 3.7

5 to 2400 BT 4110 1.9×10−2 8.0×10−3 2.3×10−3 0.6 2.7 2.5

11 December 2010) 3150 1.5×10−2 6.5×10−3 1.9×10−3 0.4 2.4 2.7

2190 9.5×10−3 4.2×10−3 1.3×10−3 0.4 4.4 6.0

1110 3.0×10−3 1.3×10−3 4.3×10−4 1.7 7.2 11.3

Summer (0000 BT 5070 2.5×10−3 1.5×10−3 5.0×10−4 1.1 3.8 6.0

3 to 2400 BT 4110 2.3×10−3 1.5×10−3 4.6×10−4 1.3 5.3 8.0

5 July 2010) 3150 1.6×10−3 1.0×10−3 3.2×10−4 1.0 10.6 7.5

2190 1.3×10−3 8.4×10−4 2.5×10−4 1.5 10.5 9.6

1110 1.2×10−3 8.7×10−4 2.9×10−4 1.6 23.0 25.9

The turbulence spectrum density accounting for

the proportion of wind energy spectrum density in-

creases with frequency, as shown in Table 3. As the

height reduces, the ratio becomes greater as well, and

this characteristic is more obvious in summer.

5.2 Spectrum characteristics of cold windy

weather

The data used in the spectrum analysis of cold

windy weather are from the Beijing wind profile radar.

The sampling interval is 30 min and the data period

is 7 days. On 11 November 2012, winds at level 5 or

6 were observed in Beijing; in some local areas, winds

even reached level 7, and then weakened to level 3 at

night with significant cooling. Figure 7a shows the

horizontal wind speed below the altitude of 5000 m,

Fig. 7b shows the wind energy spectrum, and Fig.

7c shows the turbulence spectrum, for this cold windy

weather. The five curves represent the spectrum den-

sity at 5070, 4110, 3150, 2190, and 1110 m.

The different appearance of the wind energy spec-

trum for cold windy and stable weather in winter can

be seen in Fig. 7b. At the altitude range of 5070–2190

m, the energy spectrum density only changes a little,

while it decreases rapidly in the range of 2190–1110 m.

This is different from the changes in stable weather. In

the turbulence spectrum (Fig. 7c), compared with the

stable weather, there is a clear peak at the frequency

3.0 × 10−5 s−1. The intensity of the peak gradually

decreases from 5070 to 2190 m.
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Fig. 7. (a) Horizontal wind speed, (b) wind energy spectrum of horizontal wind, and (c) turbulent spectrum of horizontal

wind, under cold windy weather during 8–14 November 2012.

Table 4 gives the spectral density of horizontal

wind at five heights in cold windy weather. There

appears to be a transmission of the energy spectrum

density from high to low altitudes. From 5070 to 2190

m, the energy spectrum density decreases quickly and

then increases slowly. In the peak area, the turbulence

spectrum density accounting for the proportion of the

wind energy spectrum density increases rapidly; the

higher the height, the higher the proportion. The ra-

tios at the five heights are 22.4%, 12.8%, 9.6%, 8.8%,

and 7.3%, respectively.

Table 4 and Fig. 7 show that there is a period of

1.5 days in cold windy weather where the wind energy

spectrum from 5070 to 2190 m decreases quickly and

then increases slowly. A strong wind shear caused the

intense turbulence. The amplitude in the peak area at

high altitude is greater than at the lower levels. This

may be due to the energy passing from the upper air

Table 4. Spectral density of horizontal wind at five heights in cold windy weather

Energy spectrum density Ratio of turbulence spectrum density

Sampling Height (kg m−3) (m2 s−1) to wind energy spectrum density (%)

time (m) Frequency Frequency Frequency Frequency Frequency Frequency

1 2 3 1 2 3

5070 8.0×10−3 3.9×10−3 1.1×10−3 2.1 22.4 12.5

8–14 4110 6.7×10−3 3.0×10−3 8.9×10−4 1.5 12.8 11.0

November 3150 6.9×10−3 3.0×10−3 8.9×10−4 0.9 9.6 8.7

2012 2190 7.0×10−3 3.0×10−3 8.9×10−4 0.8 8.8 7.4

1110 1.9×10−3 7.7×10−4 2.6×10−4 0.6 7.3 12.5
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to the lower levels.

5.3 Spectrum characteristics of summer rain-

storms

Compared with the stable weather, the turbu-

lence spectrum during summer rainstorms has sev-

eral peaks. This is the turbulence characteristics of

the mesoscale rainstorm weather. On 23 June 2011,

heavy rain fell in the Beijing area; total 24-h rain-

fall reached 241 mm. The rainstorm was sudden and

intense. It had an uneven spatial distribution and

significant mesoscale characteristics. The precipita-

tion was concentrated in the period 16–19 h, with

many areas experiencing instantaneous hail. Figure

8a shows the horizontal wind speed below the alti-

tude of 5000 m from 0000 BT 20 to 2400 BT 26

June 2011. Figures 8b and 8c show the wind energy

spectrum and the turbulence spectrum for this rains-

torm.

The wind energy spectrum (Fig. 8b) shows that

the amplitude decreases as the height reduces. In con-

trast to the spectrum in cold windy weather, the wind

energy spectrum becomes more stable with height, and

the slope of the wind energy spectrum decreases with

decreasing height. The spectrum density is only 20%

of that in cold windy weather at the same altitude.

There are 2–3 peaks at different heights in Fig. 8c.

The peaks are located in the frequency range of 7 ×

10−6–2 × 10−5 s−1, and have a period of about 1 day.

It can be seen that at 1110 m, there are two peaks

located at 5 × 10−6 and 2 × 10−5 s−1, while there are

no peaks at 2190 m.

Table 5 gives the spectral density of horizontal

wind at five heights in the summer rainstorm case.

The characteristic of spectral density changing with

height is similar to that in stable weather. The turbu-

lence spectrum density accounting for the proportion

of wind energy spectrum density significantly increases

Fig. 8. As in Fig. 7, but for summer rainstorms during 8–14 June 2011.



NO.4 RUAN Zheng, MU Ruiqi, WEI Ming, et al. 665

Table 5. Spectral density of horizontal wind at five heights in the summer rainstorm case

Wind energy spectrum density Ratio of turbulence spectrum density

Sampling Height (kg m−3) (m2 s−1) to wind energy spectrum density (%)

time (m) Frequency Frequency Frequency Frequency Frequency Frequency

1 2 3 1 2 3

5070 1.7×10−3 8.4×10−4 2.7×10−4 5.3 19.8 18.1

8–14 4110 1.8×10−3 8.4×10−4 2.3×10−4 5.7 18.4 17.3

June 13150 1.3×10−3 5.6×10−4 1.7×10−4 5.5 19.3 18.7

2011 2190 1.1×10−3 4.4×10−4 1.4×10−4 2.0 6.7 8.9

1110 8.5×10−4 3.7×10−4 1.2×10−4 1.0 5.4 19.7

in peak areas, which reflects that there are several dis-

turbances in the rainstorm which occurred in the warm

sector and there was no cold air at upper levels. The

occurrence of the peaks may be because of the vertical

movement of precipitation clouds.

5.4 Spectrum characteristics of severe convec-

tive weather

On 3 June 2012, hailstorms, possibly due to

trough-line activities, occurred in Beijing, with more

than 20 mm of precipitation. Figure 9a shows the

horizontal wind speed below the altitude of 5000

m during 3–5 June 2012. Figure 9b shows the

wind energy spectrum and Fig. 9c shows the tur-

bulence spectrum for this severe convective weather

case.

In Fig. 9b, the spectrum is smooth and there are

no peaks. The amplitude is four times bigger than

in the summer rainstorm, and is close to that in cold

windy weather. From 5070 to 3150 m, the spectrum

Fig. 9. As in Fig. 7, but for the severe convective weather case during 3–5 June 2012.
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density decreases only a little, while it reduces rapidly

below 3150 m, showing that the wind energy transmits

faster at the lower level. The spectrum characteristics

are similar to those of cold windy weather because the

two cases are both related to a cold front. The spec-

trum of turbulence has two peaks at all the heights

except 2190 m; one at a frequency of 2 × 10−5 s−1

and the other at 6 × 10−5 s−1. These peaks occur

at about 13 and 9 h. The amplitude of the peaks

is stronger at low altitude. The maximum amplitude

is at 3150 m and the minimum is at 5070 m, which

shows that the turbulence is more vigorous at 3000 m.

This may be because of the activity of the trough-line.

The amplitude at 1110 m is larger than that at 5070

m, mainly because of the activity of turbulence in the

warm sector.

Table 6 is a summary of the spectral density of

horizontal wind at five heights in this severe convec-

tive weather case. The spectral density decreases with

decreasing altitude. The amplitude of the spectrum

at the same altitude and the same frequency in se-

vere convective weather is larger than that in stable

weather. The higher the frequency, the less the spec-

trum density, and the larger the turbulence spectrum

density accounting for the proportion of the wind en-

ergy spectrum density, indicating that the energy in

the high energy scale at low frequency transmits to

the low energy scale at high frequency. In peak ar-

eas, the turbulence spectrum density accounting for

the proportion of the wind energy spectrum density is

larger than other areas, especially at 3150 and 2190 m.

This may be because of the intense vertical movement

Table 6. Spectral density of horizontal wind at five heights in the case of severe convective weather

Wind energy spectrum density Ratio of turbulence spectrum density

Sampling Height (kg m−3) (m2 s−1) to wind energy spectrum density (%)

time (m) Frequency Frequency Frequency Frequency Frequency Frequency

1 2 3 1 2 3

5070 6.5×10−3 3.8×10−3 1.2×10−3 0.4 1.0 2.6

June 4110 6.0×10−3 3.5×10−3 1.1×10−3 0.1 1.5 2.6

3 to 5, 3150 4.5×10−3 2.8×10−3 8.9×10−4 1.7 7.7 8.9

2012 2190 2.8×10−3 1.8×10−3 5.5×10−4 9.8 20.9 5.5

1110 1.5×10−3 9.0×10−4 3.2×10−4 2.4 3.0 3.2

at the middle level.

6. Summary and conclusions

In this study, spectral analysis of wind profil-

ing radar observations at heights of 1–5 km has been

made. The wind energy and turbulence spectrum in

different weather conditions shows different character-

istics, which are helpful to the analysis and research

of weather systems.

Turbulence spectrum in stable weather conditions

at high altitude is expressed in powers in the frequency

range 2 × 10−5–10−3 s−1. The slope b is between

–0.82 and –1.04, indicating that the turbulence is in

the transition zone from the energetic range to the in-

ertial sub-range. Wind shear and convective activity

may enhance the turbulence.

The peaks seen in the turbulence spectrum show

the period of the weather system. Cold windy weather

appears at a period of 1.5 days in the turbulence spec-

trum, and the amplitude at 5 km is the largest. The

wide-range summer rainstorm exhibits two or three

peaks in the spectrum over 15–20 h. In the severe

convective weather conditions there are two peaks at

13 and 9 h.

Compared with stable weather, the turbulence

spectrum density accounting for the proportion of the

wind energy spectrum density increases rapidly, espe-

cially in peak areas, in severe weather conditions.
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