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Analysis on Molecular Number Density Distribution in the Middle Atmosphere
with 16 Years' Lidar Data in Hefei

CHEN Feng'?, SHI Dong-feng', HUANG Jian', YUAN Ke-e', CAO Kai-fa', HU Shun-xing'
(1 Key Laboratory of Atmospheric Composition and Optical Radiation , Anhui Institute of Optics and Fine Mechanics ,
Chinese Academy of Sciences, Hefei 230031, China)
(2 Uniwversity of Chinese Academy of Sciences, Beijing 100039, China)

Abstract: The structure of 1625 Rayleigh lidar system, principles of atmospheric density measurement
which is based on the Rayleigh scattering theory and iterative method to retrieve middle atmosphere
density profiles were described respectively. In order to prove the effectiveness of iterative algorithm,
simulation analysis was made. Error analysis indicated that contributions to the uncertainty of the
retrieved molecular number density mainly derived from signal to noise ratio of the return signals and
molecular number density at the reference point. Meanwhile, main error sources of the return signals and
method to determine the reference point were given. Finally, according to 16 years’ routine observations
of 1.625 Rayleigh lidar, monthly distribution and annual average of molecular number density from 1997
to 2004 and 2006 to 2012 in the middle atmosphere were presented. Results show that molecule number

density distribution is sparse in winter and it becomes thick in summer. The yearly distribution of
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molecular number density seems to be relatively stable. Comparison with the model density which is

obtained from 1976 USA standard atmospheric model indicates that density ratio profile of .625 Rayleigh
lidar to the model density fluctuates between 1. 05 and 1. 13.

Key words: Atmospheric optics; Molecular number density distribution; Rayleigh Lidar; Iterative

method; Simulation analysis
OCIS Codes: 010.1290; 010, 12803 010. 3640

0 Introduction

The middle atmosphere has received increasing
attention during the past years, especially when
climatic change has become so critical''’. Atmosphere

density is one of the important parameters in
meteorology, which plays an important role in studying
the dynamic and thermo-dynamic properties of the
middle atmosphere.

Currently, primary methods to study atmosphere
density in the middle atmosphere include satellite-borne

instruments™” ™"

and ground based Rayleigh lidars.
Although satellite-borne instruments are nearly global
in coverage, poor vertical resolution characteristic of
the passive remote sensing determines that they can't
provide the best vertical resolution and accuracy for
Ground based

Rayleigh lidar has been widely used when the first

middle atmosphere density study.

density profiles were derived from Rayleigh lidar
measurements in 19807, Since that time, shibata et
al. "™, Sica et al. ', Thayer et al. ® have made studies
of middle atmosphere density with ground-based
Rayleigh lidar, but few reports, characterize long-term
(a decade and more) changes in the middle atmosphere
density distribution.

1625 Rayleigh lidar was installed in Hefei (32. 0°
N,117.0° E) in 1996, and a great deal of observed data
has been obtained since that time. In this paper, we
firstly introduce the 1625 Rayleigh lidar system, then
method to retrieve middle atmosphere density profiles
and methodology for error analysis are presented.
Finally, we characterize the main characteristics of
middle atmosphere density distribution in Hefei ranging
from 25 km to 60 km and reveal the comparative results
with 1976 USA standard atmospheric model.

1 L625 Rayleigh lidar system

1625 Rayleigh lidar system is shown in Fig. 1 and
paragraphs describe the
Table 1 lists the main

the following system
configuration in detail.
characteristics of 1.625 Rayleigh lidar system.

The laser transmitter is a frequency tripled Nd :
YAG pulse laser at 532 nm, whose monitored average
output energy is 100 m]/pulse and the repetition
frequency is 10 Hz. To make sure that the transmitted

beams are directed vertically into the atmosphere, two

Fig. 1 1625 Rayleigh lidar system configuration

Table 1 The characteristics of L1625 Rayleigh lidar system

Transmitter

Laser Nd : YAG
Wavelength 532 nm
Energy per pulse 100 m]
Pulse duration 18 ns
Pulse repetition rate 10 Hz
Beam divergence <1 mrad
Receiver
Telescope 625 mm cassegrain
Field of view 2 mrad
Photomultiplier 9214QB
PMT quantum efficiency 0.12
Filter FWHM 1 nm
Photon counter
Photon counter
Vertical resolution 150 m
Channel number 800
Laser shots 12 500

Preamplifier VT120B(gain:200)

baffles with a round hole punched in the center point
are installed on the vertical position with 12 meters
away from each other. Those baffles’ position was
carefully adjusted so that the connection between two
baffles’ center point is parallel to the telescope axis.
Two CCD receivers are installed on the side of the
baffles, which are used to monitor the transmitted
beams. Modulating the mirror system installed along
the light path until the transmitted beams can pass
through the round holes.

The backscattered light is received by a Cassegrain
telescope whose field of view is 2 mrad and the

diameter is 625 mm. Just below the focus of the
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telescope is a mechanical chopper, which blocks the
intense low-altitude returns from the detection system.
The mechanical chopper wheel consists of two blades
on opposite sides and rotates at a rate of 800Hz. The
diameter of this mechanical chopper wheel is 92 mm.

blade
photodiode. Output modulated signal of the photodiode

The chopper position is monitored by a
is divided into a 10 Hz pulse signal which is used to
trigger the laser Q-switch by a frequency distribution
device. The output laser beams are monitored by a
photodiode installed on the side of the transmitted
beams. Signals from the photodiode are used to trigger
(Photomultiplier Tube, PMT) and data acquisition
device.

After passing through the mechanical chopper, the
collected light is collimated by an objective lens and
directed by a reflected mirror. The light then passes
through the narrowband interference filter and is
received by a Cooled(—20°C) PMT. The output signal
of the PMT is firstly amplified and then sent to the data
acquisition device ( multichannel scaler ).  The
multichannel scaler provides gated sampling of the lidar
signal with dwell time selectable from 100 ns to 1 300 s

per channel and count rates up to 150 MHz.

2  Method

2.1 Lidar equation

Lidar equation™? for the signal-scattering can be
expressed as

P(R) = P, Mexp [— ZJRa(r)dr} @)

R’ 0

where P(R) is the received power from distance R; P,
is the output laser power; C; is a const which is the
product of the telescope receiver area, the collection
and detection efficiency; B(R) and a(R) are the volume
backscatter and extinction coefficient by atmosphere
gasses and aerosol particles , respectively.
2.2 Principle of the Measurement

Basic assumptions to measure middle atmosphere
density with the Rayleigh scattering theory include the
following three items. Firstly, only the molecular
contributions to the return signals are considered above
the height of 25 km and the aerosol scatterers can be

7197 Secondlys molecular number density at

ignored"
the reference point is a known value. Thirdly, Rayleigh
independent  of

backscattering section is

altitudet"

Cross
. Thus, atmosphere density above 25 km can
be expressed as

PR n(RHOR’
P(A.ROR:

R
QR R) = exp U a(A,R)dr} (3)
R,

N(R) = QR B (2)

where n (R, ) is atmosphere density at the reference

height R,, which can be obtained from the standard
atmospheric model. P (A, R) represents the return
signal at the wavelength A and the distance R. The
background noise has been subtracted already. Q(A,
Ry, R) represents atmospheric transmission between
altitude R, and R. « (A, R) represents the volume

atmosphere extinction coefficient at the wavelength A,

which  can be obtained from the [following
expressions '?,
a(Q,R)=S,(A.R) D
BA.R)=5.45X N(R)[A/550] * X110 * (5

where (1, R) is the volume atmosphere backscattering
coefficient and it can be regarded as the product of
molecular number density and the Rayleigh scattering
section at scattering angle 0==. S, is the extinction to
backscatter ratio or lidar ratio for the molecular
scattering and is usually approximated as 87/3.
Atmospheric transmission Q(A,R, sR) is unknown
and cannot be obtained precisely, so iterative method is
taken into account to lower its effect for the final
result. This iterative method consists of three steps. In
the first step, Q(A,R,, R) = 1" is assumed for all
heights above 25 km. The second step is to calculate
the molecular number density from Eqgs. (2). In the
third step, we can obtain atmospheric transmittance
from the Egs. (3) ~(5) mentioned above and the value
calculated in the second step. Repeat step 2 and 3
described

atmospheric transmittance between the former and the

above wuntil the relative deviation of
latter is less than 1%. Generally, this iterative process
will be terminated after 2 or 3 repetitions.
2.3 Simulation analysis

To make sure this iterative method is effective,
simulation analysis is made. Usually, it is hard to get
the simulated return signals from the lidar equation
because of the difficulty of obtaining the precise overlap
factor, aerosol extinction and backscattering profiles.
Under this circumstance, Eq. (6) will be a way to get
the simulated return signals, because the aerosol
contributions to the return signals profile can be
neglected above 25 km, overlap factor equals to 1 and
the volume atmosphere backscatter and extinction
coefficient can be obtained from Egs. (4), (5) via the
atmospheric model data. We just need to assume the
return power P (A, R,) at the distance R, which is
usually at the upper boundary altitude.
P(A.R,)ON(R)R;

n(R)OR’

Fig. 2 presents the retrieved density profile using

PQ,R)=

Q QR,R) (6)

the simulated return signals with iterative method.
Fig. 3 presents the density ratio profile of the retrieved
density to 1976 USA standard atmospheric model.
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Fig. 2 Retrieved density profile

Fig. 3 Density ratio profile of the retrieved density to
1976 USA standard atmospheric model

It is evident that this iterative method is an
effective way to retrieve the molecular number density
The density ratio profile of the retrieved

density to 1976 USA standard atmospheric model

profile.

3 Error Analysis

For a function y., derived from several indirect
measurement variables u,v++, the uncertainty of this

function can be expressed as the following equation'"’

2 2
(p*=Gw* (L) + 6w (L) +
u ov
205, (22) () + - )
ou’/ \ov
where du,dv denote the uncertainty of variable u,v and
C?, is the covariance between measured variables u and
v. This covariance can be expressed as
€= lim— 2 (=) (=) (8)
where u,v denote the average value of the variable u,v
respectively and u; ., v, represent the values obtained in a
particular measurementi. The covariance vanishes
when error (u; — u) are uncorrelated with the error
(v,—wv). Supposing that both of the uncertainty of
absolute altitude R and R, can be neglected and since
the relative deviation of atmospheric transmittance
between the former and the latter is less than 1%, we
can also ignore the wuncertainty of atmospheric
transmittance . For purposes of error analysis and also
to simplify computation, it is necessary to define
expression as

PR
PR

It is obvious that the uncertainty of P(A,R,R,) will be
vanished when R=R, and P(A,R),P(A,R,) ,n(R,) are

P, R.R,) = (9

fluctuates between 0. 95 and 1. 05 mostly. The main not related to each other when R % R,. Thus,
reason for those differences may come from the uncertainty of molecule number density can be
simulated return signals which result from the volume expressed as
atmosphere backscatter and extinction coefficient.
ON(R) 7 ) oN(R) 7° ) AN(R) 7 2
? J[r%m] [8P(R)] +[78P(A,Ro)} [8P(AR)] +[78n(Ro)} [on(RDT R#R,
(eN)* = SN(R) 7 10
I ) _
(SR | [oncR)T R=R,

Eq. (10) reveals that the total uncertainty of
molecular number density mainly includes contributions
from the return signals and the molecular number
density at the reference height.

Considering that fluctuations of the return photon
signals obey the Poisson statistical distribution"'""",
thus estimation error resulting from the fluctuations of
photon counting can be expressed as

SPQLR) _[PGLR) 4]
P(LR) PQLR)

where n is the background noise which primarily includes

(11

viewed background radiation and internal electronic

detector noise. Currently inward stepwise integration''”

has been widely used to retrieve density profits, because it

can lose its dependence on the atmosphere density at the

reference height rapidly and leads to a stable result.

. . . PR .
Reference height R, is determined when SPOLR) S
approximated as 5 by Eq(11).
4 Results and discussion
4.1 Density distribution property
A large number of experiments with 1.625

Rayleigh lidar have been made since 1996 in Hefei,
China. 12 500 laser shots have been accumulated and
the total time for each experiment is over one hour in
order to obtain reliable result. About 300 groups of
day - observation data are chosen from 1997 to 2013.
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Basic fundamentals for choosing these data include the
following two items. Firstly, the returned signal
should have enough resistance to noise, especially over
the range of 60 km. Secondly, data files with
anomalous inversion results should be excluded.
Statistical analysis on these 300 groups of data is
given from two aspects. Firstly, molecule number
density distribution ranging from 25 km to 60 km is
shown by month. Fig. 4 and 5 present the results from
January to December with the altitude from 25 km to
42.5 km and 42. 5 km to 60 km, respectively. It is
obvious that seasonal variation of molecule number
density distribution appears: from March to August,
molecule number density increases gradually and it
reaches the maximum in August, then it begins to
decrease gradually and the minimum appears in

February.

Fig. 4 Molecular number density distribution ranging from
25 km to 42.5 km

Fig. 5 Molecular number density distribution ranging from
42.5 km to 60 km

Secondly, annual average of molecular number
density from 1997 to 2004 and 2006 to 2012 are shown
in Fig. 6 and Fig. 7, respectively, and in 2005 1625
lidar system was upgraded so that few experiments are
made during that time. According to the Fig. 6 and 7,
we can see that distribution of molecular number
density seems to be relatively stable as a whole except

some fluctuations exist from 45 km to 52 km.

Fig. 6 Molecular number density distribution from
1997 to 2004

Fig. 7 Molecular number density distribution from
2006 to 2012
4.2 Average density distribution profile

Average molecule number density is obtained by
averaging all of the 300 groups of data. Comparative
analysis of the result obtained from 1.625 Rayleigh lidar
and that from the 1976 USA standard atmospheric
model is shown in Fig. 8 and 9. American standard
atmospheric model ( USA Standard Atmosphere
Model, 1976) is a modified version of the USA 1962
standard atmosphere, which represents idealized and
static average mid-latitude atmospheric structure.
Analysis shows that: molecule number density obtained
from the 1.625 Raleigh lidar are larger than that from
the 1976 USA standard atmospheric model , and the

Fig. 8 Molecular number density with logl0 scale
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Fig. 9 Density ratio of average result from lidar to 1976
USA Standard Atmospheric model
density ratio profile of L625 lidar to the model density
profile fluctuates between 1. 05 and 1. 13.

5 Conclusions

Molecule number density distribution is obtained
from L625 Rayleigh lidar with 16 years' observational
data . Analysis shows that obvious seasonal distribution
exists between 25 km to 60 km and molecular number
density reaches maximum on summer , minimum on
winter. Analysis on annual average molecule number
density finds that density distribution is relatively
stable as a whole during the 16 years apart from some
fluctuations in the stratopause. Meanwhile, results
from the comparative analysis show that density ratio
of average result from L625 Rayleigh lidar to 1976
USA standard atmospheric model approaches to 1
gradually with the altitude increasing from 25 km to 57
km and then begins to diverge from it.
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