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Spectral properties of partially coherent chirped Airy 
pulsed beam in oceanic turbulence* 

 
ZHU Bo-yuan (朱博源), BIAN Shao-jie (边绍杰), TONG Yang (童阳), MOU Xin-yue (牟新月), and 
CHENG Ke (程科)** 
College of Optoelectronic Technology, Chengdu University of Information Technology, Chengdu 610225, China 
 
(Received 19 February 2020; Revised 16 April 2020) 
©Tianjin University of Technology 2021 
 
Spectral shifts and spectral intensities of partially coherent chirped Airy pulsed (PCCAP) beams propagating 
through oceanic turbulence are studied, where spectral properties of partially coherent chirped Gaussian pulsed 
(PCCGP) beams are also compared. The effects of optical parameters and oceanic turbulence parameters on 
spectral shifts at different observation positions are mainly discussed. It is shown that the spectral shift of PCCAP 
beam is richer than that of PCCGP beam, and there exists some critical positions for PCCAP beams where the 
spectral red-shift reaches its maximum. The spectral red-shift increases with increasing chirped parameter, 
correlation length or decreasing pulse duration. However, the increasing of spectral red-shift is accompanied by 
increasing dissipation rate of turbulence kinetic energy in unit mass liquid or decreasing relative intensity of 
temperature and salinity fluctuations, mean square temperature dissipation rate. A physical explanation of rapid 
spectral transition is also made.1     
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There has been recently extensive interest in studying 
propagation of laser beams in oceanic turbulence due to 
their applications in underwater optical communication, 
imaging and sensing[1]. The intensity evolution, spectral 
behavior, polarization properties, underwater ghost 
imaging and beam wander of various laser beams 
propagating in turbulent ocean were studied[2-23]. For 
example, Ding et al[9] studied the spectral switches of 
two-dimensional spatially and temporally partially 
coherent Gaussian Schell-model (GSM) pulsed beams 
propagation in oceanic turbulence and showed that the 
oceanic turbulence-induced spectral switches can be 
affected by dissipation rate of turbulence kinetic energy 
in unit mass liquid, decreasing relative intensity of 
temperature and salinity fluctuations and mean square 
temperature dissipation rate. Liu et al[22] investigated the 
averaged intensity and coherence properties of partially 
coherent anomalous hollow vortex beams in underwater 
oceanic turbulence. Sun et al[23] explored the statistical 
properties of partially coherent polarized Gaussian 
beams in oceanic turbulence with anisotropy. 

On the other hand, some diffraction-free beams such 
as Bessel, Airy beams and their families have better 
abilities to reduce atmospheric turbulence effects[24,25]. In 
the domain of ultra-short pulse optical wavefield, the 
effect of oceanic turbulence on spectral properties of 

fully coherent chirped Gaussian pulsed beam was 
investigated by Liu et al[6] who showed that depending 
on the optical parameters, i.e., pulse duration and chirp 
parameter, and oceanic turbulence parameters, the blue 
or red-shifted spectrum can be achieved. Interesting is to 
ask: what will happen if a chirped Gaussian pulsed form 
is introduced to partially coherent diffraction-free Airy 
optical wavefield? 

The purpose of this paper is to explore spectral 
behaviors of partially coherent chirped Airy pulsed 
(PCCAP) beams in oceanic turbulence. Meanwhile, we 
also make a comparison with the corresponding study for 
the case of partially coherent chirped Gaussian pulsed 
(PCCGP) beams. The results show that oceanic 
turbulence-induced spectral shifts can be found, and 
spectral shifts of PCCAP beams are richer than those of 
PCCGP beams, which also provide potential application 
in underwater optical communication, imaging and 
sensing by diffraction-free Airy pulsed beam. 

Assume that an Airy pulsed beam propagates toward 
the half space z≥0 in oceanic turbulence. In the Cartesian 
coordinate system, the initial field of the Airy pulsed 
beam in the space-time domain at the input of z=0 is 
written as[26]: 
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where Ai is the Airy function, x0 is an transverse scale, 
aperture coefficient a>0 enables the finite energy in 
experimental realization. In Eq.(1) the incident pulsed 
beam is assumed as a chirped Gaussian one given by[27] 
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where ω0, T and C denote central frequency, pulse 
duration and chirp parameter, respectively.   

In the space-frequency domain, the initial field of Airy 
pulsed beam with the angular frequency ω can be 
obtained by Fourier transform   
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Substituting Eqs.(1) and (2) into Eq.(3), we can obtain 
the initial field of space-frequency domain as 
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and the power spectrum of the resulting beam as 
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with the Fourier spectrum of 
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The cross-spectral density function of the initial spatially 
partially coherent chirped Airy pulsed beams at the plane 
z=0 is expressed as  
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where asterisk denotes the complex conjugation and σ is 
correlation length. 

According to extended Huygens-Fresnel principle, the 
cross-spectral density function of PCCAP beams 
propagating through oceanic turbulence can be expressed 
as[6] 
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where k=/c represents the wavenumber associated with 
frequency  and speed of light in vacuum c, and ψ is the 
phase function depending on the refractive-index 
fluctuations of the medium. The statistical average of the 
turbulent medium statistics in Eq.(8) is given by  
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where ρ0 is the spatial coherence length of a spherical 
wave propagating through oceanic turbulence, which 

takes the form[22,23] 
8 2 1 3 1 3
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     .                 (10) 
Here η denotes the Kolmogorov micro scale (inner scale), 
χT is the mean square temperature dissipation rate with the 
range from 10–10 K2/s to 10–4 K2/s, ε indicates dissipation 
rate of turbulence kinetic energy in unit mass liquid, and 
its value is found to be in range of 10–10 m2∕s3 to 10–1 m2/s3 
(corresponding to deep water and ocean surface, 
respectively), ς is relative intensity of temperature and 
salinity fluctuations and its range is between –5 to 0 
(corresponding to temperature-induced and salinity-induc 
-ed turbulence, respectively)[15-17]. 

By substituting Eqs.(7), (9) and (10) into Eq.(8) and 
letting x1=x2=x, the approximate analytical spectral 
intensity of PCCAP beams propagating through the 
oceanic turbulence at z plane is expressed as 
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For E11 and E22 in Eqs.(14) and (15), their signs are 
negative, while for E12 and E21, the signs are positive, 
respectively.  

For comparison, the spectral intensity of PCCGP beams 
using the same method is also further given by 

     00, , , ,g gS x z S M x z    ,             (17) 

where 
2 2

2
( , , ) exp( )

42
   g

xM x z
Azczc AB

 

2

2 2

exp
1 i

4
1 1 


    
        


x

B zcA
,                (18) 

2 2 2 2 4
0 0

1 1 i 1 1 i 1+ ,
2 2
 

  
     A B

x zc x zc A .  (19) 

In Eqs.(11) and (17), Mi(x, z, ω) (i=a or g) is called as 
spectral modifiers. One can see that the spectral intensities 
of PCCAP and PCCGP beams in oceanic turbulence are 
determined by both original spectrum S00(ω) and spectral 
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modifier Mi(x, z, ω), respectively, where the first part 
S00(ω) depends on pulse duration T and chirped parameter 
C, the second part Mi(x, z, ω) relies no not only 
observation point (x, z) and correlation length σ, but also 
oceanic parameters including mean square temperature 
dissipation rate χT, dissipation rate of turbulence kinetic 
energy in unit mass liquid ε, and relative intensity of 
temperature and salinity fluctuations ς. 

The frequency ωmax of the maximum spectral 
intensities for the PCCAP and PCCGP beams are 
determined by 

i ( , , ) =0, (i=   )
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The relative spectral shift is described by  
max 0
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If δω>0 the spectrum is blue-shifted, whereas it is 
red-shifted for δω<0. 

Numerical calculations are performed to illustrate the 
influence of pulse duration T and chirped parameter C, 
observation point (x, z) and oceanic parameters (i.e. χT, ε, ς) 
on spectral behaviors of PCCAP and PCCGP beams. The 
calculation parameters are fixed to a=0.5, λ0=532 nm, 
x0=5 mm, σ=0.9 cm, z=500 m, C=2, T=3 fs, ς=−2.5, 
χT=10−9 K2/s, ε=10−6 m2/s, η=10−3 m, ω0=2πc/λ0 and 
c=3108 m/s unless the other values are specified in the 
caption. 

Fig.1 shows the relative spectral shifts of the PCCAP 
and PCCGP beams versus transverse coordinate x for 
different C and T. In the range of 0≤x≤30 cm, one can see 
that their spectrums show slight blue shift at x=0, and the 
spectrum of PCCGP beam becomes red-shifted with an 
increase of off-axis distance of transverse coordinate x. 
Although the spectrum of PCCAP beam presents 
oscillating behavior near optical axis, its spectrum varies 
from blue-shifted to red-shifted to blue-shifted as the 
off-axis distance increases. In addition, there are some 
critical positions xc where the value of red-shifted reaches 
the maximum. For example, for C=0, C=2 and C=4 of 
PCCAP beams in Fig.1(a) their maximal red shifts are 
−0.60, −0.59 and −0.54 at the critical positions xc=7.5 cm, 
xc=9.2 cm and 15.5 cm, respectively. The values of the 
critical positions xc decrease with C increase. As can be 
seen in Fig.1, the offset value of spectral shifts become 
larger as the chirped parameter C increase or pulse 
duration T decrease, which indicates that spectral shifts 
can be enhanced by a larger C or smaller T. 

Figs.2(a)—(c) and Figs.2(e) and (f) show more detailed 
descriptions of normalized spectral intensities S(ω) at 
some critical positions, where these spectrums are all 
red-shifted. For the PCCAP beams the spectrum 
distribution displays cusp shaping rather than a Gaussian 
form, and the overlapping parts of these cusp spectrums 
gradually increase for different chirped parameters or 
pulse durations with the increasing of off-axis distance. It 
can be seen that the red shift of T=2 fs shows maximal red 
shift of −0.58 at x=7.8 cm, and it decrease to −0.564 at 

x=12.4 cm, while for T=5 fs the red shift are −0.1 and 
−0.564, and its shift is maximal at x=12.4 cm. One can 
even see their normalized spectral intensities are almost 
the same at x=30 cm in Figs.2(c) and (f). The detailed 
spectral intensities in Fig.2 show consistency with 
spectral shifts in Fig.1. 
 

 
Fig.1 Relative spectral shifts of the PCCAP and 
PCCGP beams versus transverse coordinate x for 
different (a) C and (b) T 
 

Relative spectral shifts of the PCCAP and PCCGP 
beams versus transverse coordinate x for different 
correlation lengths σ and oceanic turbulences (i.e. ε, ς and 
χT ) are given in Figs.3 and 4, respectively. It is also found 
that the spectral shifts the PCCGP beam move in a 
monotony way along red-shifted direction. However, its 
spectral shift of PCCAP beam is richer than that of 
PCCGP beam. As can be see that the spectrum of PCCAP 
moves from blue shifted to red shifted for x<xc, and it gets 
a maximal red-shifted value at x=xc, and then it tends to 
move toward the direction of blue-shift for x>xc with a 
growing off-axis distance. A higher correlation length σ 
can acquire a larger red-shift. Furthermore, a higher ε or a 
smaller ς, χT has the ability to increase the offset value in 
red-shifts, but it shows less effect upon the change of 
spectral shifts (/0) in range of x>xc. For example, in 
the range of xc<x<25 cm the changes of (/0) are 0.05 
and 0.9 for ε=10−5 m2/s and 10−7 m2/s as shown in Fig.4(a), 
and their changes are 0.17 and 0.53 for ς=−4.5 and −1.5 in 
Fig.4(b), and the change value equals 0.07 and 0.6 for 
χT=10−10 K2/s and 10−8 K2/s in Fig.4(c). 

It is worth noting that the rapid spectral transition of 
PCCAP beam in red-shifts appears at x=9.92 cm of 
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χT=10−8 K2/s in Fig.4(c), where the transition is equal to 
0.69. Fig.5 gives the physical explanation of the rapid 
spectral transition of PCCAP beam for the case of 
χT=10−8 K2/s in Fig.4(c). One can see that there exists only 
one spectral maximum Smax1 at x=9 cm, but two spectral 
maximums Smax1 and Smax2 located at 
(max1−0)/0=−0.14 and (max2−0)/0=−0.69 appear 
when the off-axis distance increases to x=9.92 cm as 
shown in Fig.5(b). When the off-axis distance further 
increase to x=10.2 cm, the first spectral maximum Smax1 
disappears, but the second Smax2 still keeps its maximal 
value. The phenomenon can be attributed to the 
competition of two peak spectrums. If one of them is 
suppressed, then its peak spectrum will disappear, and if 
their peak spectrums are equal, then two spectral 
maximums can be found. The spectrum of PCCGP beam 
is also compared in Fig.5. It is obviously seen that its 
spectrum is smooth, which indicates that the competition 
is absent from the spectrum of PCCGP beams.  
 

 

Fig.2 Normalized spectral intensities S() at some 

critical positions for different C and T 
 

 

Fig.3 Relative spectral shifts of the PCCAP and 
PCCGP beams versus transverse coordinate x for 
different correlation lengths σ 
 

 
 

 
 

 
 

Fig.4 Relative spectral shifts of the PCCAP and 
PCCGP beams versus transverse coordinate x for 
different (a) ε, (b) ς and (c) χT 
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Fig.5 Physical explanations of the rapid spectral 
transition of PCCAP beam in Fig.4(c), where the 
spectrum of PCCGP beam is also compared 

Based on the extended Huygens-Fresnel principle, the 
spectral properties of PCCAP beams propagating through 
oceanic turbulence are studied using approximate 
analytical spectral intensity expressions, where the 
spectrum of PCCGP beam is also compared. The 
influence of optical parameters including pulse duration T, 
chirped parameter C, correlation length σ and oceanic 
parameters (i.e. ε, ς and χT) on spectrum at observation 
point (x, z) is mainly discussed. The results show that the 
spectral shifts of PCCAP beam are richer than those of 
PCCGP beam. The spectrum of PCCAP beam is not a 
conventional Gaussian form, it gradually becomes sharp 
and eventually evolves into a cusp shape with increasing 
off-axis distance x. Furthermore, there exists some critical 
positions xc for PCCAP beam where the spectral 
red-shifted reaches its maximum. For x<xc its spectrum 
moves from blue-shifted to red-shifted, while for x>xc the 
spectrum has a tendency to move toward the direction of 
blue-shifted with an increase of off-axis distance.  

In addition, the spectral shifts in red-shifted increase 
with the increasing of chirped parameter C, correlation 
length σ or decreasing pulse duration T. Meanwhile, a 
larger value in red-shift can be also found by a higher ε or 
a smaller ς, χT. Finally, the appearance of a rapid spectral 
transition of PCCAP beam is also discussed and 
physically explained.  

In comparison with Refs.[22, 23], where the intensity, 
coherence or statistical properties of partially coherent 
continuous beams were studied, while our attention is 
paid to partially coherent pulsed beams because their 
spectrums are wider than the cases of continuous beams. 
In such case spectral information encoding techniques 
can easily be employed. The results obtained here should 
be useful for underwater optical communication, imaging 
and sensing by selecting a suitable pulse duration, 
correlation length or chirped parameter in partially 
coherent pulsed beam. 
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