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Abstract. The atmospheric refractive index consists of both

real and imaginary parts. The intensity of refractive index

fluctuations is generally expressed as the refractive index

structure parameter, with the real part reflecting the strength

of atmospheric turbulence and the imaginary part reflecting

absorption in the light path. A large aperture scintillometer

(LAS) is often used to measure the structure parameter of

the real part of the atmospheric refractive index, from which

the sensible and latent heat fluxes can further be obtained,

whereas the influence of the imaginary part is ignored or con-

sidered noise. In this theoretical analysis study, the relation-

ship between logarithmic light intensity variance and the at-

mospheric refractive index structure parameter (ARISP), as

well as that between the logarithmic light intensity structure

function and the ARISP, is derived. Additionally, a simple

expression for the imaginary part of the ARISP is obtained

which can be conveniently used to determine the imaginary

part of the ARISP from LAS measurements. Moreover, these

relationships provide a new method for estimating the outer

scale of turbulence. Light propagation experiments were per-

formed in the urban surface layer, from which the imaginary

part of the ARISP was calculated. The experimental results

showed good agreement with the presented theory. The re-

sults also suggest that the imaginary part of the ARISP ex-

hibits a different diurnal variation from that of the real part.

For the wavelength of light used (0.62 µm), the variation of

the imaginary part of the ARISP is related to both the turbu-

lent transport process and the spatial distribution characteris-

tics of aerosols.

1 Introduction

A line-of-sight light wave propagating in the atmosphere un-

dergoes scattering by atmospheric turbulence, gas molecules

and aerosol particles, as well as absorption by gas molecules

and aerosol particles. After the light propagates some dis-

tance, fluctuations in the light intensity are related not only

to the inhomogeneous scattering by turbulence and particles,

but also to the absorption occurring along the light path. Ac-

cording to optical propagation theory (Rao, 2012; Tatarskii,

1961), the scattering is associated with the real part of the

atmospheric refractive index, and the absorption is associ-

ated with the imaginary part. Based on the relationship be-

tween the light intensity fluctuations in the receiving plane

after propagation for some distance and the fluctuations of

the real part of the atmospheric refractive index (Clifford,

1971; De Bruin and Evans, 2012; Wang et al., 1978), the real

part of the atmospheric refractive index structure parameter

(ARISP) can be deduced. Under the free-convection condi-

tion, the real part of the ARISP is related to the turbulent

transport of temperature and water vapour (Wyngaard et al.,

1971), which allows a large-aperture scintillometer (LAS) to

determine the sensible heat flux and latent heat flux by mea-

suring light intensity fluctuations (Andreas, 1989). Although

absorption inevitably occurs when an electromagnetic wave

propagates in the atmosphere, certain mathematical meth-

ods can be used to remove the contribution of absorption to

scintillation under weak atmospheric absorption conditions

(Solignac et al., 2012). However, it is important to under-

stand the role of absorption in the observed scintillation un-
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der strong atmospheric absorption conditions, such as a pol-

luted atmospheric boundary layer or selected atmospheric

absorption regions. This study aims to develop a theoreti-

cal framework to analyse the contribution of absorption to

scintillation, which can be used to derive the imaginary part

of the ARISP in the urban atmospheric boundary layer from

scintillation measurements.

As early as 1983, Filho et al. (1983) measured the scintil-

lation spectra of a microwave propagating over a distance of

4.1 km in central London (Filho et al., 1983). The frequency

of the microwave used was off resonance from the 60 GHz

oxygen absorption peak, and the wavelength (5.4 mm) was

much larger than the size of aerosol particles. Analysis

showed that the lower corner frequency derived from the

scintillation spectra using the method proposed by Ott and

Thompson Jr. (1978) is very close to the O2 absorption region

in which the scintillation is enhanced. This result suggests

that the effect of absorption can be determined from scintil-

lation measurements. Nieveen et al. (1998) obtained a value

of approximately 4.1× 10−24 m−2/3 for the imaginary part

of the ARISP at a pasture site based on scintillation data col-

lected over a distance of 248 m for a wavelength of 0.940 µm,

which lies inside an absorption band of water vapour. How-

ever, their experiments did not measure absorption by aerosol

particles. In those studies, the imaginary part of the ARISP

was obtained by the lower corner frequency in the spectral

densities of light intensity fluctuations. However, it is diffi-

cult to objectively identify the lower corner frequency due to

the variation of the spectral density at low frequencies.

Limited research has been conducted on the contribution

of aerosol absorption to the intensity fluctuations of light

waves. One possible reason is that aerosol concentrations are

very low in several areas, making the contribution of aerosol

absorption negligible. However, many developing countries

are suffering from increasing aerosol pollution containing a

high fraction of soot. For example, several cities in China are

experiencing increasingly serious fog and haze conditions,

which strongly affect visibility and radiation levels (Ding and

Liu, 2014). Soot aerosols have strong and broad absorption

bands. A few studies have been performed to measure the

mean imaginary part of the aerosol refractive index (Raut and

Chazette, 2008; Zhang et al., 2013), the results of which in-

dicate that the temporal and spatial distributions of the imag-

inary refractive index are highly variable. The inhomogene-

ity of the imaginary refractive index can be described by the

imaginary part of the ARISP. That is, an increase in the imag-

inary part of the ARISP suggests an increase in the inho-

mogeneity of the imaginary refractive index and vice versa.

Therefore, knowledge of the imaginary part of the ARISP

can be used to further understand the temporal and spatial

distributions of the imaginary refractive index and aerosol

transport.

Based on the proposed theoretical framework and the LAS

experiments performed, which employ visible light in the ur-

ban surface layer, herein we outline the development of a

new objective method for obtaining the imaginary part of the

ARISP by combining light fluctuation variances and struc-

ture functions, which include the contribution of the imag-

inary refractive index. The experiments were performed in

Hefei, China, and the results show that the imaginary part of

the ARISP can be reliably derived by this method.

Section 2 presents the theoretical framework, and the ex-

periment is described in Sect. 3. The experimental results are

presented in Sect. 4, which show that the proposed approach

is capable of providing the characteristics of the imaginary

part of the ARISP in the urban boundary layer. Finally, a brief

conclusion is presented.

2 Methodology based on theoretical analysis

2.1 Relationship between log-intensity variance and

the imaginary part of the ARISP

For a planar or spherical wave in a slowly varying turbulence

field, the two-dimensional log-intensity spectrum is (Filho et

al., 1983)

FlnI (κ,L)= 8πη2

L∫
0

{8n,Re(κ)sin2(θ)

+8n,Im(κ)cos2(θ)+8n,IR(κ)sin(2θ)}dx, (1)

where θ is κ2x(L− x)/2ηL for a spherical wave or κ2(L−

x)/2η for a plane wave (in this study, only the spherical

wave case was considered), κ is the wave number of the two-

dimensional log-intensity spectrum, η is the wave number of

the spherical wave, x is the position of the propagating wave

and L is the length of propagation path. Additionally, 8n is

the spectrum of the refractive index, where the subscript n

denotes the refractive index, the subscripts Re and Im de-

note the real and the imaginary parts of the refractive index,

respectively, and the subscript IR denotes the correlation be-

tween the real and imaginary parts. In the following analysis,

it is assumed that the fluctuations in the real and imaginary

parts of the refractive index are not correlated (Filho et al.,

1983); therefore, the joint term can be neglected.

In the atmospheric window wave used for propagation,

the absorption contribution is due to aerosols. Observations

over the urban surface under unstable atmospheric strati-

fication showed that aerosol concentration fluctuations ex-

hibit a −2/3 power law dependence and that the aerosol

concentration-velocity co-spectra follow a −4/3 power law

dependence (Mårtensson et al., 2006; Vogt et al., 2011). We

can therefore simply assume that the absorption media and

temperature in the atmosphere are conservative and passive

scalars, with their sources at the surface, and ignore the force

on the turbulence. Under this assumption, 8n,Re and 8n,Im
have the same form. The widely used von Karman spectral

form for 8n,Re and 8n,Im is adopted in this study (Andrews

Atmos. Chem. Phys., 15, 2521–2531, 2015 www.atmos-chem-phys.net/15/2521/2015/



R. Yuan et al.: A method for measuring the imaginary part of the ARISP 2523

and Phillips, 2005), which can be expressed as follows:

8n,Re(κ)= 0.033C2
n,Re(κ

2
+

1

L2
0

)−
11
6 e
−
κ2l2

0

5.922 ,

8n,Im(κ)= 0.033C2
n,Im(κ

2
+

1

L2
0

)−
11
6 e
−
κ2l2

0

5.922 .

Here, C2
n,Re and C2

n,Im are the real and imaginary parts of

the ARISP, respectively, L0 is the outer scale of turbulence

and l0 is the inner scale of turbulence. Although some mea-

surements have revealed that the turbulence often shows

anisotropic characteristics (Consortini et al., 1970; Yuan et

al., 2014), the isotropic turbulence assumption will still be

used in this paper due to the rather high measurement level

(this will be further discussed in Sect. 3.1).

Assuming isotropic turbulence, the one-dimensional spa-

tial spectrum can be derived by integrating Eq. (1). It can then

be converted to a temporal spectrum according to the Taylor

frozen hypothesis. Considering aperture-smoothing effects,

the temporal spectrum caused by the real part of the ARISP

can be expressed as (Nieveen et al., 1998; Clifford, 1971)

WlnI,Re(f )= 64π2η2

L∫
0

dx

∞∫
2πf/v

8n,Re(κ)sin2
[
κ2x(L− x)

2ηL
][(κv)2− (2πf )2]−1/2

· [
2J1(

Drκx
2L

)

Drκx/2L
]
2
[

2J1(
Dtκ(L−x)

2L
)

Dtκ(L− x)/2L
]
2κdκ. (2)

Here, Dt is the transmitting aperture diameter, Dr is the re-

ceiving aperture diameter (Dt and Dr are usually identical

for a LAS), v is the transverse wind speed and J1 is the first-

order Bessel function.

Similarly, the temporal spectrum due to the imaginary part

of the ARISP can be derived and expressed as (Nieveen et

al., 1998; Clifford, 1971)

WlnI ,Im(f )= 64π2η2

L∫
0

dx

∞∫
2πf/v

8n,Im(κ)cos2
[
κ2x(L− x)

2ηL
][(κv)2− (2πf )2]−1/2

· [
2J1(

Drκx
2L

)

Drκx/2L
]
2
[

2J1(
Dtκ(L−x)

2L
)

Dtκ(L− x)/2L
]
2κdκ. (3)

Numerical integration of Eqs. (2) and (3) yields the log-

intensity spectrum for the real and the imaginary parts of the

ARISP, respectively.

Figure 1 shows an example of the temporal spectrum

of the log-intensity calculated from Eqs. (2) and (3) with

parameters of C2
n,Re = 9.5 × 10−15 m−2/3, C2

n,Im = 4.0 ×

10−24 m−2/3, L0 = 27.1 m, L= 960 m, Dt =Dr = 0.18 m

Figure 1. The theoretical temporal spectral densities (WlnI,Re(f )

and WlnI,Im(f )) of the logarithmic light intensity fluctuations due

to the real and imaginary parts of the ARISP (see text for the pa-

rameter values used in the calculation).

and v = 1.3 m s−1 (the method used to obtain C2
n,Re, C2

n,Im

and L0 will be described in Sect. 3.3). The dashed and solid

lines in Fig. 1 represent the temporal spectra of the log-

intensity that are related to the real and imaginary parts of the

ARISP, respectively. The sum of the contributions from the

real and imaginary parts are plotted as circles, and these val-

ues correspond to the measured spectrum of the log-intensity

obtained from LAS experiments. At low frequencies, the

contribution of the imaginary part of the refractive index to

the measured spectrum (i.e., the sum in Fig. 1) is dominant,

whereas that of the real part is negligibly small. The fre-

quency distributions of the spectral densities make it possible

to assume that the real and imaginary parts are independent.

This characteristic allows the contribution of the imaginary

part of the refractive index to be determined from the density

spectrum obtained from LAS measurements.

As shown in Fig. 1, the temporal spectrum of the log-

intensity due to the real part of the refractive index reaches

a plateau at frequencies below 3 Hz. This property suggests

that the spectral density of the plateau region (WPlnI,Re) can

be numerically calculated as

WPlnI,Re = 1.04L3D
−2/3
t D

−2/3
r C2

n,Rev
−1. (4)

The variance of the log-intensity can be derived from the

spectrum. As shown in Fig. 1, the contribution of the real part

of the refractive index to the spectrum primarily occurs at

higher frequencies, whereas that of the imaginary part mainly

occurs at lower frequencies. These characteristics imply that

the log-intensity variances caused by the real and imaginary

parts are independent. Thus, the log-intensity variances cor-

responding to the real and imaginary parts can be determined

separately at high frequencies and low frequencies from the

LAS measurements.
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Integrating Eq. (2) yields an expression for the log-

intensity variance caused by the real part of the ARISP

(Wang et al., 1978):

σ 2
lnI,Re = 0.89C2

n,ReL
3D
−7/6
t D

−7/6
r . (5)

In Eq. (5), L, Dt and Dr are constants; thus, σ 2
lnI,Re depends

only on the real part of the ARISP, C2
n,Re. This equation can

be alternatively expressed as

C2
n,Re = 1.12σ 2

lnI,ReL
−3D

7/6
t D

7/6
r . (6)

Equation (6) is the expression commonly used to determine

the real part of the ARISP from LAS measurements (Wang

et al., 1978).

Combining Eqs. (4) and (5), the transverse velocity can be

written as

v =
1.16D

1/2
t D

1/2
r σ 2

lnI,Re

WPlnI,Re

. (7)

Similarly, integrating Eq. (3) yields the log-intensity variance

due to the imaginary part of the ARISP:

σ 2
lnI,Im = 2.95C2

n,Imη
2L

5/3

0 L (8)

The form of Eq. (8) reveals that σ 2
lnI,Im depends not only

on the imaginary part of the ARISP (C2
n,Im) but also on the

outer scale of turbulence (L0). The relationship is a new one

regarding the characteristics of absorption effects on light

propagation, and it implies that C2
n,Im and L0 can be derived

from LAS measurements when additional information can be

obtained, as will be demonstrated in the next section.

2.2 Relationship between the structure function and

the imaginary part of the ARISP

The two-point log-intensity correlation moment (BlnI (ρ))

with a distance ρ is defined as (Ishimaru, 1997)

BlnI (ρ)= 2π

∞∫
0

FlnI (κ,L)J0(κρ)κdκ. (9)

In the above expression, J0 is the zero-order Bessel function.

According to the relationship between the correlation mo-

ment and structure function, the structure function (DlnI (ρ))

can be expressed as

DlnI (ρ)= 4π

∞∫
0

FlnI (κ,L)[1− J0(κρ)]κdκ. (10)

Upon invoking the aperture smoothing effect, the log-

intensity structure function due to the real part of the ARISP

becomes

DlnI,Re(ρ)= 32π2η2

L∫
0

dx

∞∫
0

8n,Resin2(θ)[1− J0(κρ)][
2J1(

Drκx
2L

)

Drκx/2L
]
2

[
2J1(

Dtκ(L−x)
2L

)

Dtκ(L− x)/2L
]
2κdκ. (11)

With further derivation steps, the following simplified rela-

tionships are valid under the various conditions stated:

DlnI,Re(ρ)= 14.8C2
n,ReL

3D
−13/6
t D

−13/6
r ρ2(ρ�Dt (or Dr)), (12a)

DlnI,Re(ρ)= 4.3C2
n,ReL

3D
−11/6
t D

−11/6
r ρ4/3(ρ < Dt (or Dr)), (12b)

DlnI,Re(ρ)= 1.78C2
n,ReL

3D
−7/6
t D

−7/6
r (ρ ≥Dt (or Dr)). (12c)

Equation (12c) indicates that when the distance between the

two points is larger than the aperture diameter, the real part of

the structure function becomes saturated (as shown in Fig. 2).

Similarly, the log-intensity structure function due to the

imaginary part of the ARISP is

DlnI,Im(ρ)= 32π2η2

L∫
0

dx

∞∫
0

8n,Im(κ)cos2(θ)[1− J0(κρ)]

[
2J1(

Drκx
2L

)

Drκx/2L
]
2
[

2J1(
Dtκ(L−x)

2L
)

Dtκ(L− x)/2L
]
2κdκ. (13)

As was the case with Eqs. (11) and (12), the following sim-

plified relationships can be derived through further derivation

steps:

DlnI,Im(ρ)= 8.5C2
n,Imη

2Lρ5/3(Dt(or Dr) < ρ� L0), (14a)

DlnI,Im(ρ)= 2.95C2
n,Imη

2Lρ7/6L
1/2

0 (ρ ∼< L0). (14b)

Here, the relationship corresponding to the case in which ρ is

less thanDt (orDr) is not given because under this condition

the contribution of C2
n,Im to the structure function is much

lower than that of C2
n,Re (see Fig. 2).

The results obtained from the numerical integration of

Eqs. (11) and (13) with the same parameters used in Fig. 1

are plotted in Fig. 2. The solid line is the contribution of

C2
n,Im to the structure function, the dashed line is contribu-

tion of C2
n,Re and the line with circular markers is the sum of

the contributions. According to Eqs. (1) and (10),DlnI (ρ)=

DlnI,Im(ρ)+DlnI,Re(ρ). When ρ is relatively small, DlnI,Re

increases with increasing ρ and becomes saturated when
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Figure 2. The temporal structure functions (DlnI,Re(ρ) and

DlnI,Im(ρ)) of the logarithmic light intensity fluctuations due to

the real and imaginary parts of the ARISP, calculated with the same

parameters used in Fig. 1. The two arrows in the figure denote the

values of the diameter of the transmitter (or receiver) and the outer

scale to assist in comparison with different scales.

the value of ρ reaches that of the LAS aperture diame-

ter. The contribution of C2
n,Im to the structure function is

much smaller than that of C2
n,Re when ρ is less than Dt (or

Dr). When ρ is larger than the aperture diameter and much

smaller than the outer scale, DlnI,Im depends only on C2
n,Im,

as expressed in Eq. (14a). However, the uncertainty in cal-

culating DlnI,Im is relatively large because the contribution

from C2
n,Re dominates when ρ is smaller than L0. When ρ

is close to L0, the contribution from C2
n,Im is relatively large

and can be easily identified. Therefore, to reduce the noise,

a proper range of ρ should be selected (ρ should be close to

L0 but less than L0), and Eq. (14b) can be used to determine

C2
n,Im.

The goal of this study is to calculate the log-intensity

structure function due to the imaginary part of the refrac-

tive index from the LAS measurements. Based on the pre-

vious spectral analysis, when ρ is larger than the aperture

diameter, the contribution of C2
n,Re to the structure function

becomes saturated and is twice as large as the log-intensity

variance due to C2
n,Re (a comparison of Eqs. (5) and (12c)

gives DlnI,Re(ρ)= 2σ 2
lnI,Re). Therefore, the contribution of

C2
n,Im to the structure function can be derived by subtracting

twice the log-intensity variance due to C2
n,Re from the mea-

sured value. That is, DlnI,Im(ρ)=DlnI (ρ)−DlnI,Re(ρ)=

DlnI,Im(ρ)− 2σ 2
lnI,Re(ρ), when ρ is larger than Dt (or Dr).

This relationship is used to calculate the imaginary part of

the structure function.

In practice, the time series of measured signals is used to

calculate the structure functions. According to Taylor’s hy-

pothesis, i.e. ρ = vτ , Eq. (14b) can be alternatively written

as

DlnI,Im(vτ)= γlnI,Imτ
7/6(τ ∼< L0/v), (15)

where

γlnI,Im = 2.95C2
n,Imη

2Lv7/6L
1/2

0 (τ ∼< L0/v). (16)

Combining Eqs. (16) and (8), we obtain

C2
n,Im =

1

2.95

γ
10/7

lnI,Im

(σ 2
lnI,Im)

3/7η2Lv5/3
(17)

L0 = (σ
2
lnI,Im/γlnI,Im)

6/7v. (18)

On the right-hand side of Eqs. (17) and (18), all of the vari-

ables are known or can be derived from LAS measurements.

Therefore, Eqs. (17) and (18) can be used to calculate the

imaginary part of the ARISP and the outer scale of turbu-

lence.

3 Experiment and data processing

In this section, a description of the experiments and the data

processing steps, which utilise the theory presented above,

will be provided.

3.1 Experimental description

The light propagation experiments were conducted on the

campus of the University of Science and Technology of

China (USTC). Figure 3a shows the southern area of the

city of Hefei, and Fig. 3b shows the experimental site on the

USTC campus. The experimental site is representative of a

typical urban underlying surface. The campus is surrounded

by urban roads with heavy traffic. Two main roads are lo-

cated to the west and north, and a viaduct runs over the west-

ern road. Four-storey buildings and trees occupy most of the

campus, which collectively have a mean height of 15 m (a

plane with a height of 15 m is considered to be the reference

plane). The experiments were carried out between a 55 m

high building (symbol A in Fig. 3b) and a 62 m high build-

ing (symbol B in Fig. 3b), which are located at the south-

ernmost and northernmost points of the campus and are sep-

arated by a distance of 960 m. The transmitter was located

at the southern building, and the receiver was located at the

northern building, with the laser path pointing in the south–

north direction. The measurements were performed on the

12th floor of the two buildings, at a height of 24.5 m above

the reference plane. The signal measured by a large-aperture

scintillometer has a larger weight on the middle part of the

propagating path (Wang et al., 1978), which is high enough

to be taken as meeting the isotropy assumption (Mårtensson

et al., 2006). For typical LAS measurements, the height is

a very important physical quantity and should be carefully

measured and calibrated (Evans and De Bruin, 2011). How-

ever, quantitative heat flux analyses were not required for this

www.atmos-chem-phys.net/15/2521/2015/ Atmos. Chem. Phys., 15, 2521–2531, 2015
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Figure 3. Photographs of the measurement site. (a) Map of the city

of Hefei and (b) expanded view of the measurement site on the

USTC campus, which is marked with the rectangle in (a). Point

P in (a) indicates the site from which visibility measurements were

obtained. Points A and B in (b) show the locations of the transmitter

and receiver, respectively. Point C in (b) marks the meteorological

tower position. There are four heavy-traffic roads surrounding the

measurement site. Figures 3a and b© Google.

study; therefore, the measurement heights reported are sim-

ply referenced to the reference plane representing the urban

canopy layer.

A high meteorological tower (symbol C in Fig. 3b), whose

top is 18 m above the reference plane, is located near the light

path. Sensors for wind speed, wind direction, temperature

and humidity were mounted at three levels on the tower, the

uppermost level of which is at the top of the tower. The me-

teorological data were sampled every minute, averaged and

saved every 20 min. These measurements were used to derive

the stability near the surface.

The LAS is a copy of the instrument conceived by Wang

et al. (1978) and was built at USTC. The transmitting and

receiving aperture diameters of the LAS used for these mea-

surements are 0.18 m. The light source is a light-emitting

diode (LED) modulated at 116 kHz with a wavelength of

0.620 µm. This wavelength is only weakly absorbed by

O3; therefore, the observed absorption is primarily due to

aerosols (Brion et al., 1998; Lou et al., 2014; Nebuloni,

2005). A transmitter lens converges the emitted light, which

propagates over 960 m to the receiver.

A photo detector located at the focus of the receiving lens

converts light intensities to electrical signals, which can be

demodulated and amplified by an amplifier. The bandwidth

of the amplifier is between 0.001 and 250 Hz and the output

signal is sampled at a frequency of 500 Hz. The data files are

saved in 20 min intervals.

There are seven visibility measurement sites near the ex-

perimental field, which collect visibility data every 30 min.

The measurements from these sites agree well with each

other, which means that the visibility at our experimental

site can be represented by data obtained at these sites. In this

study, we used visibility measurements obtained at a height

of 6 m acquired from the nearest site, which is approximately

3 km away from our experimental site and is marked with the

symbol P in Fig. 3a.

3.2 Data analysis method and examples

According to the theory presented in Sect. 2, the real and

imaginary parts of the ARISP, the transverse wind speed and

the turbulence outer scale can be retrieved and calculated

from LAS measurements.

As an example, the results of the LAS observations ob-

tained at 20 min intervals starting on 15 January 2014,

08:30 LT, are presented. The LAS observations were col-

lected at 24.5 m above the reference plane. During the ac-

quisition, the wind speed was 1.1 m s−1, the wind direction

was 86◦ at 18 m and the visibility was 6.0 km. The calculated

value of LMO =−11 m (LMO is the Obukhov length) indi-

cates that the atmosphere in the surface layer was unstably

stratified.

The spectral analysis technique is used to calculate the

variance at low and high frequencies. The spectrum is calcu-

lated via fast Fourier transform and plotted in Fig. 4 for the

20 min series. In Fig. 4, the spectral density of the plateau

region at a frequency of approximately 1 Hz is WPLnI,Re =

6.3× 10−5. Spectral densities higher than WPLnI,Re are con-

tributed by the imaginary part of the ARISP and are found

in the lower-frequency region, whereas those lower than
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WPLnI,Re are contributed by the real part. With the measured

spectrum, the spectral densities at high and low frequencies

can be integrated to yield the variances of log-intensity of

4.07× 10−4 and 2.49× 10−4, respectively.

Using Eqs. (6) and (7), C2
n,Re can be calculated to

be 9.5× 10−15 m−2/3, and the transverse wind speed is

1.3 m s−1. Although there are several methods for retrieving

the wind speed using a LAS (van Dinther et al., 2013), based

on our results, Eq. (7) is simpler and more stable than the

other approaches. To ensure the reliability of our LAS exper-

iments, additional experiments were conducted to compare

the results of C2
n,Re and the transverse wind speeds obtained

using other methods. Good agreement was found between

the various methods employed (not shown here).

After calculating the variance at high frequencies, the

structure function due to the imaginary part of the refractive

index could be obtained by subtracting two times the log-

intensity variance due to C2
n,Re from the measured refractive

index; this result is shown as the hollow circles in Fig. 5. It

can be observed that when the delay time is close to 1 s, the

calculated structure function exhibits very large variations.

The subtraction results in large variations because the con-

tribution due to the imaginary part of the refractive index is

nearly of the same order as that of the real part. When the de-

lay time is greater than 10 s, the structure function follows a

7/6 power law dependence, as suggested by Eq. (14b). Thus,

the values ofC2
n,Im =4.0× 10−24 m−2/3 andL0 =27.1 m can

be calculated from Eqs. (16) and (17). Using these parame-

ters, the structure function can be calculated from Eq. (15)

and is presented as the solid line in Fig. 5. Additionally, the

structure function calculated using Eq. (14b) is shown as the

dashed line. As shown in Fig. 5, the simplified relationship

given by Eq. (14b) predicts the structure function well when

ρ is within the range of 5.5–13.4 m (corresponding to 5–

13 s). The range of the ρ value based on the power range

is averaged from data acquired over several days to calculate

the coefficient γ in Eq. (15).

After the parameters C2
n,Re, C2

n,Im, L0 and v are calcu-

lated, the spectral curves described by Eqs. (2) and (3) can

be obtained. These curves are shown as the dashed and solid

line in Fig. 4, respectively. The comparison between the log-

intensity fluctuation power spectrum and the theoretical pre-

diction shows that the measurements agree well with the pre-

diction. However, at high frequencies, the measurements are

higher than the theoretical predications, which may be due to

measurement noise.

4 Results

As a case study, diurnal variations of the real and imaginary

parts of the ARISP, as well as the visibility, wind speed and

wind direction observed during 15–16 January 2014 are pre-

sented. The LAS observations were performed at a height

of 24.5 m. The temporal spectrum and structure function of

Figure 4. LAS observation at 08:30 LT on 15 January 2014 used

to derive spectral parameters. A theoretical calculation is shown

for comparison. The temporal spectral densities (WlnI,Re(f ) and

WlnI,Im(f )) of the logarithmic light intensity fluctuations (circles)

and the theoretical curves associated with the real and imaginary

parts of the ARISP (solid line and dashed line, respectively) are

plotted. WPlnI,Re refers to the spectral density of the plateau region

described by Eq. (4) in the text.

Figure 5. LAS observation (obtained at the same time as that shown

in Fig. 4) used to derive the imaginary part of the ARISP and com-

parison with the theoretical results. The structure function of the

logarithmic light intensity fluctuations caused by the imaginary part

of the refractive index (circles) and the theoretical curves (solid line

and dash line) are plotted.

the logarithmic light intensity acquired during these two days

are shown in Figs. 6a and b, respectively. Figure 6a clearly

shows that although the high-frequency part of the tempo-

ral spectrum (log(f )>− 2) has a pronounced diurnal cycle

with a large value at noon, this is not the case for the low-

frequency part. In Fig. 6b, the structure function of the log-

arithmic light intensity has a pronounced diurnal cycle over
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the entire scale range, with a large value at noon and small

value during night-time.

Based on the theoretical framework presented in Sect. 2,

the derived real and imaginary parts of the ARISP are shown

in Figs. 7a and b. The visibilities as well as the wind speed

and wind direction are also shown in Fig. 7c and d, re-

spectively. Figure 7a shows that the real part of the ARISP

exhibits a typical diurnal characteristic of the atmospheric

boundary layer turbulence (Stull, 1988). The real part of

the ARISP increases gradually after sunrise, then reaches

its maximum at noon and reaches its minimum after sun-

set. However, the temporal evolution of the imaginary part

of the ARISP displays a different pattern compared with the

real part. The imaginary part of the ARISP reached a maxi-

mum at 09:00 LT on 15 January 2014, and again at 12:00 LT

the next day. However, large variations in the imaginary part

of the ARISP were also observed during other periods of

the day. Three such large variations are labelled A, B and

C in Fig. 7b. Figure 7c shows that the visibility exceeded

approximately 8 km during the daytime and was less than

8 km during night-time. The relative humidity during the two

days was less than 60 %; thus, the variation in visibility is

mainly caused by near-surface aerosol variations associated

with aerosol sources and vertical transport. During these two

days, minimal near-surface visibility typically occurred at

approximately 06:00 LT.

Figure 7d shows weak diurnal variations in both wind

speed and wind direction. The prevailing direction of the

wind throughout the two days was between east and south-

east, with the exception of a large variation in the wind di-

rection after 12:00 LT on 16 January 2014. C2
n,Im began to in-

crease gradually at 06:00 LT on 15 January 2014 and reached

a maximum at 09:00 LT. Figures 7a and b show that the in-

creases inC2
n,Im andC2

n,Re began at nearly the same time (this

onset time is earlier than sunrise, which occurs at 07:00 LT

in winter). Figure 7d shows that the wind speed increased

from 06:00 to 09:00 LT on 15 January 2014. It is known that

turbulence is associated with not only convective turbulence

but also wind shear. The early stage of increase observed for

C2
n,Im and C2

n,Re appears to be caused by shear-induced tur-

bulence in the urban surface layer. Naturally, the convective

turbulence was enhanced after sunrise, which led to a quick

increase in C2
n,Im and C2

n,Re in the early morning. A similar

pattern was also observed the following morning, indicating

that, as expected, turbulence controls C2
n,Im. However, after

reaching a maximum at 09:00 LT on 15 January 2014, C2
n,Im

decreased gradually while C2
n,Re continued to increase. This

situation can perhaps be explained by the variation in the

visibility, which also continued to increase after 09:00 LT,

implying a decreasing aerosol concentration. However, the

case for the late morning of the next day is different, dur-

ing which both C2
n,Im and the visibility continued to increase

from 09:00 to 12:00 LT. There are two possible reasons for

this behaviour, one of which is that C2
n,Im was dominantly

controlled by turbulence during that period. For example, at

point B, C2
n,Im increased simultaneously with C2

n,Re. Another

possible explanation is that C2
n,Im was influenced by a lo-

cal emission of aerosols whose variation could not be de-

tected by the visibility measurement (because the LAS mea-

surement site is 3 km away from the visibility measurement

site). The times A and C both fall within the local traffic rush

hour, which is a strong source of local aerosol production.

The peak values at times A and C suggest that C2
n,Im are also

dependent on aerosol distribution.

5 Conclusions and discussion

According to the theory of light propagation, fluctuations of

logarithmic light intensity depend on both the real and the

imaginary parts of the ARISP. This study focused on how to

obtain the imaginary parts of the ARISP from scintillation

measurements. Based on the assumption that the von Kar-

man spectrum can be used to describe the spectrum of the

imaginary part of the refractive index, the expressions of the

log-intensity variance and structure function were derived,

and both of them include the imaginary part of the ARISP.

As expressed by Eqs. (8) and (14b), these two relationships

provide a method for obtaining the imaginary parts of the

ARISP as well as the outer scale of turbulence from LAS

measurements. The good agreement observed in this study

between the measured and calculated spectra of the logarith-

mic light intensity and the imaginary part of structure func-

tion suggests that this method is reasonable and applicable.

Although the real part of the ARISP has been previously used

to measure the sensitive and the latent heat fluxes by using an

LAS, deriving the imaginary part from an LAS has not been

sufficiently investigated before. Therefore, the method pro-

posed in this study can extend the application of an LAS to

urban environmental monitoring because the derived imag-

inary parts of the ARISP include information pertaining to

aerosols whose concentration is much higher in many cities

than in rural areas.

Experiments of light propagation in the urban surface layer

were conducted. Because the wavelength of the light source

was 0.62 µm, the light attenuation was primarily caused by

aerosols. The imaginary part of the ARISP was calculated

according to our new method. The diurnal variation of the

imaginary part of the ARISP is different from that of the

real part. There is evidence that the imaginary part of the

ARISP is associated with both the turbulence intensity and

the aerosol concentration. Furthermore, the scintillation cor-

responding to the real part of the ARISP includes two con-

tributions: the fluctuation of the refractive index caused by

turbulence and the forward scatter caused by the aerosol par-

ticles. The scintillation corresponding to the imaginary part

of the ARISP also includes two contributions: the absorption

of aerosols and the scattering caused by the aerosol parti-

cles. The experimental results show that the diurnal variation
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Figure 6. The evolution of the (a) temporal spectral density and (b) structure function of the logarithmic light intensity fluctuations observed

during 15–16 January 2014. In panel (a), the two-dimensional colour of the contour denotes the logarithm of the temporal spectral density of

the logarithmic light intensity fluctuations according to the colour bar shown on the right. In panel (b), the two-dimensional colour contour

denotes the logarithm of the structure function of the logarithmic light intensity fluctuations according to the colour bar shown on the right.

The black areas indicate values that are below the minimum of the colour scale.

Figure 7. Temporal variations of the (a) real part of the ARISP, (b)

imaginary part of the ARISP, (c) visibility and (d) wind speed and

direction observed during 15–16 January 2014. The points labelled

A, B and C in panel (b) highlight the three periods with large val-

ues for the imaginary part of the ARISP other than the two daily

maxima. Details can be found in the text.

of the real part of the ARISP exhibits the typical pattern of

the diurnal variation of turbulence intensity, suggesting that

the real part of the ARISP is dominantly controlled by tur-

bulence, whereas the scattering effect of aerosol particles is

negligibly small. However, the information included in the

imaginary part of the ARISP appears to be more complex.

The absorption is dependent not only on the aerosol concen-

tration but also on chemical composition. Additionally, the

scattering effect is influenced not only by the aerosol concen-

tration but also by the aerosol particle size distribution and

the shape of the aerosol particles. Presently, it is not clear to

what extent chemical composition, size distribution and par-

ticle shape can affect the imaginary part of the ARISP com-

pared with the aerosol concentration. If the contribution of

these variables is very small, the imaginary part of the ARISP

is simply dependent on the aerosol concentration. However,

if the contribution of these variables is relatively large, and

their contributions are distinguishable, more information re-

garding the aerosols can be obtained. Although these prob-

lems need to be investigated further, the method proposed in

this study provides a starting point.

The extinction in the transport path is caused by absorp-

tion and scattering by aerosols. The imaginary part of the

ARISP represents the logarithmic light intensity fluctuations

caused by the fluctuations of the extinction, which in turn

should be mainly induced by fluctuations in the aerosol con-

centration, assuming that other conditions such as chemical

composition, size distribution and shape are unchanged. It is

clear that fluctuations in the aerosol concentration are asso-

ciated with the aerosol concentration itself and the intensity

of turbulent motion. Consequently, our experiments showed

that the imaginary part of the ARISP is influenced by turbu-

lence and changes in the aerosol concentration. With respect

to measuring the extinction of the atmosphere, long-path ab-
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sorption spectroscopy can be used to obtain the attenuation

in a narrow band and to derive the gas concentration (Fid-

dler et al., 2009). The advantage of the spectroscopy is to

attain the narrow spectral information. The LAS method can

be used to measure the high- and low-frequency fluctuations

of light intensity, and more information – including atmo-

spheric temperature, crosswind, aerosol absorption and other

turbulence characteristics – can be obtained. If the employed

spectroscopy can sample the attenuated light at a high rate at

every narrow band, then additional aerosol parameters can be

retrieved using the current method. The method developed in

this study has the potential to allow for the retrieval of more

information from aerosols.

Previous observations have shown that aerosol concen-

tration fluctuations follow the characteristics of scalars

(Mårtensson et al., 2006; Vogt et al., 2011), implying that the

imaginary part of the ARISP might contain aerosol transport

information similar to the relationship between the tempera-

ture structure parameter and the sensible heat flux. Our mea-

surement site is in the city of Hefei, which has a population

of approximately 3 500 000 and hosts more than 500 000 ve-

hicles. For cities similar to Hefei, e.g. Helsinki, Finland, ve-

hicles are a primary pollution source (Järvi et al., 2009). The

temporal variation of the imaginary part of the ARISP is well

correlated with the variation of the aerosol flux (Ripamonti et

al., 2013). These pieces of evidence suggest that the imagi-

nary part of the ARISP can be used to measure the aerosol

flux via LAS. Determining whether the imaginary part of the

ARISP represents aerosol flux or concentration is an issue

that should be investigated further.

Based on the theoretical analysis discussed herein, it can

be expected that the method presented in this study can

also be applied to measure the imaginary part of the ARISP

caused by atmospheric trace gases if the wavelength of light

used is selected to be within the corresponding gas absorp-

tion region.
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