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Abstract From Aug. 2013 to Oct. 2015, a Rayleigh lidar has been used to study the middle atmosphere at
Golmud (36.25°N, 94.54°E), Qinghai, located in the northeastern part of the Tibetan Plateau. Mesospheric
density profiles from 50 to 90 km were retrieved based on 205 nights of lidar observation, with a total of 1616

hours of operation. We compared our lidar density measurements with SABER observations onboard TIMED

satellite and MSIS-00 model data. The results showed that the annual mean density measured by lidar agreed
well with SABER data, but both were lower than that of MSIS-00. All datasets exhibited dominant annual
oscillation in the mesosphere. From 63 to 85 km, the annual amplitude of lidar density is larger than those of
SABER and MSIS-00. PDD (Percentage of Density Difference) was calculated to investigate the mesospheric
density climatology. The largest density variations of lidar, MSIS-00, and SABER occurred at around 72 km.
Both lidar and SABER PDD reached their maximum in May, about one month earlier than the MSIS-00;

while the minimum PDD appeared in late December for all datasets.
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0 Introduction

The dynamics and chemistry of the middle atmo-
sphere are believed to have a close relationship with
global climate changel’2/. Mesosphere interacts with
thermosphere, stratosphere, and troposphere through
dynamical entities, such as tides, planetary waves,
and gravity waves®~6. Estimation of the mesosphe-
ric density is also critical for low-Earth-orbit satelli-
te operations, including orbit determination and re-

entry calculation.

Lidar, SABER, MSIS model, Mesospheric density, Seasonal variations

Modeling studies have revealed the variations
of atmospheric density in response to various atmo-
spheric processes. MSIS is an empirical atmospheric
model firstly developed by Hedin[”, and then widely
used as a convenient tool for middle atmosphere stu-
dy. Based on its latest version, the MSIS-00 model[®!,
Ling and Chen!® simulated the atmospheric density
and temperature variations from 50 to 140 km.

Middle atmosphere has been investigated by

[10—12]

lidars, radars, and satellites . Thermospheric

density can be inferred from accelerometer mea-
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surements by satellites!'3—16],

Neutral density be-
low 30km is regularly obtained from the radiosonde.
Rockets occasionally make in-situ measurements of
mesospheric density!7-18].  Meteor radar measure-
ments were recently used to obtain relative density
in the mesopause region'?).

SABER (Sounding of the Atmosphere using
Broadband Emission Radiometry), one of the four
instruments onboard NASA TIMED (Thermosphere
Tonosphere Mesosphere Energetics Dynamics) satelli-
te, has been used for making global measurements of
the middle atmosphere?%21. Xiao et al.l*?l used SA-
BER data to characterize the atmospheric densities
from 20 to 100 km.

For decades, lidars have been used to make
atmospheric density observations(?3—25. Rayleigh li-
dar can obtain middle atmosphere density with high
spatial and temporal resolutions. Hauchecorne and
Chaninl®®! measured the temperature and densi-
ty from 30 to 90km based on Rayleigh lidar at
Haute station. In 1999, atmospheric density and tem-
perature profiles of the middle and upper strato-
sphere were obtained in Hefei using dual-wavelength
Rayleigh lidar[26].

Long-term observations of Rayleigh lidars have
been used to analyze the seasonal variations of middle
atmosphere density. Rayleigh lidar measurements at
Utah State University from 1993 to 2004 were used
to characterize the climatology of the relative density
from 45 to 90 km[27].

In this paper, the lidar measurements of meso-
spheric density at Golmud are reported, and then
compared with MSIS-00 model data and SABER, ob-

servations.

1 Observations and Data
Processing Method

1.1 Lidar Observations

A Rayleigh lidar, named MARMOT (Middle Atmo-
sphere Remote Mobile Observatory in Tibet), was de-
veloped by the Institute of Atmospheric Physics, Chi-
nese Academy of Sciences. From Aug. 2013 to Oct.
2015, it was deployed at the Golmud Meteorological

Chin. J. Space Sci. =RAFFR 2020, 40(2)

Bureau (36.25°N, 94.54°E, 2808m A.S.L.), located
at the northeastern part of the Tibetan Plateau. The
system was operated for more than three years to
make atmospheric density, temperature, and aerosol
measurements.

The MARMOT lidar consists of three compo-
nents: a laser transmitter, an optical receiver, and a
signal acquisition and control unit. A dual-telescope
configuration can collect the Rayleigh backscatter sig-
nals separately from 30 to 60km and from 50 to
90km, in order to accommodate the large dynamic

range of lidar signal(?8.

In this paper, we only use
the data between 50 and 90 km for mesospheric den-
sity study. The total observation lengths for each
month during 2013 to 2015 are listed in Table 1, with
a total of 1616 hours spanning in 205 days. The typi-
cal observation duration is about 8 hours per night,
with a minimum of 2 hours per night.

1.2 Density Retrieval Method

In the Rayleigh scattering process, the molecular
scattered lidar signal is proportional to the atmo-
spheric density. After compensating for the range
dependence, we can obtain atmospheric density pro-
files with the help of the absolute density value at a
reference altitude. The equation is as follows:
#2p(20)[N(2) — B]

A NG - B

(1)

where p(z) is the atmospheric density at the altitude
z, N(z) is lidar received signal at the altitude z, B

Table 1 MARMOT observation lengths

at Golmud (unit h)

2013 2014 2015
Jan. - 65 -
Feb. - - -
Mar. - - -
Apr. - - 79
May. - - 92
Jun. - 12 -
Jul. - 90 85
Aug. 18 93 71
Sept. 17 100 7
Oct. 62 179 131
Nov. - 204 -
Dec. 83 228 -
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is background noise, and zg is the reference altitude.
In our case, we used the SABER satellite density da-
ta at 50 km as the reference to calculate the absolute
density??]. The vertical resolution of lidar density
profile was set to be 300m, and a 2km (FWHM)
Hamming window was applied for data smoothing.
The uncertainty of lidar density is mainly caused
by the random statistical error of photons, which
obeys the Poisson distribution. Therefore, the rela-

tive uncertainty of lidar density can be expressed as

Ap(z)

~
~

p(z)

N(z)
N(z)— B’

(2)

Figure 1 shows a typical density profile and cor-
responding relative error. The lidar data was taken
on 27 Dec. 2014, with an observation length of 12
hours.

As shown in Figurel, atmospheric density de-
creases exponentially from 10 3kg-m =3 at 50 km to
3x10~%kg-m~3 at 90km, spanning about 3 orders of
magnitude. The relative error of density increases
with altitude, but within 2% in the altitude range
from 50 to 90 km. To better illustrate the density va-
riations, we calculated the PDD (Percentage of Den-

sity Difference) as follows:

p(z) = p(z)

Anle) = ==57

(3)

where p(z) is the annual mean density.

90

209

2 Seasonal Variations Analysis

2.1 Spectral Analysis of Mesospheric Density
To examine the mesospheric density climatology,
we neglected any inter-annual variations within the
three-year period from Aug. 2013 to Oct. 2015, and
combined all data into a composite dataset. First-
ly, nightly density profiles from 50 to 90 km were re-
trieved using Eq. (1). Then weekly mean profiles were
calculated by taking the average on nightly profiles.
Due to the fact that there were some weeks with no
lidar observation data available, we obtained a total
of 34 weekly mean profiles in a composite year of 52
weeks.

For the same time period from Aug. 2013 to
Oct.
ric density profiles from the MSIS-00 model and from
SABER observations. The MSIS-00 model data was
chosen to cover the same latitude and longitude at
Golmud, while the SABER data to cover the area
within £5° latitude (31.25°—41.25°N) and £10° lon-
gitude (84.54°—104.54°E) around the lidar site. Ty-
pically there are about 2~4 SABER data profiles in
one night. For both MSIS-00 and SABER, there were
52 weekly mean density profiles in a composite year.

Next, spectral analysis on the lidar, MSIS-00,
and SABER data at Golmud are conducted. To exa-

mine the harmonic components of weekly mean me-

2015, we also obtained the nightly mesosphe-
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Fig.1 Typical atmospheric density and relative error profiles based on lidar measurements on 27 Dec. 2014
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sospheric density, the Lomb-Scargle periodogram was
performed on each dataset®”]. Figure2 shows the
normalized power spectrums of lidar, MSIS-00 and
SABER densities. In Figure2 at each altitude from
50 to 90km, normalized power spectrums that satis-
fying the 90% significance testing are plotted in color
contour. The 52- and 26-week components of densi-
ties have been identified in the mesosphere, with a
dominant annual oscillation peaking at around 70 km.
A relatively weaker semiannual oscillation is also pre-
sented for each dataset.

2.2 Lidar Density Data Interpolation

As mentioned above, there were 34 weekly mean li-
dar density profiles in a composite year, with no lidar
data in February and March, as shown in Table 1. In
order to fill in the gaps of missing data, a nonlinear
fitting method was applied for lidar data interpola-
tion. We defined a nonlinear function with 52- and

26-week harmonic components as follows:
27
pat = Ao + Aj cos [E(nwk - @1)} +

A3 005 [ (mk — 2)] @)
where pg is the weekly density, A is the annual mean
density, A; and Ay are the amplitudes of 52- and 26-
week components, respectively, ¢; and @y are their

corresponding phases, and nyi represents the week
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number.

Data fitting was conducted on the weekly den-
sities of lidar, MSIS-00, and SABER. The fits were
computed sequentially. An annual mean plus 52-
week fit was firstly computed and then subtracted
from the original dataset before the 26-week fit was

computed!.

Figure 3 shows the weekly densities in
blue asterisk, with the fitting results plotted in red
line at 50, 60, 70, and 80km, respectively. It can
be seen that this fitting method can reconstruct the
missing lidar data reasonably well. At these altitudes,
lidar and SABER data agree well with each other, but
both are lower than MSIS-00.

2.3 Annual Mean Density

The fitting coefficient Ap, that is, the annual mean
densities of lidar, MSIS-00, and SABER are plotted in
Figure4(a). They all decrease exponentially with alti-
tude increasing. To illustrate their discrepancies, the
density ratio of lidar to MSIS-00, and the ratio of SA-
BER to MSIS-00 are shown in Figure4(b), with the
ratio value from 50 to 90 km varying between 0.82 and
0.96. We can see that the densities measured by lidar
and SABER agreed well, with their differences within
about 2%. The density measurements (for both lidar
and SABER) are deviated from the MSIS-00 model
by about 5% at 50 km and increasingly by about 16%
at 90km. The two red dashed lines in Figure4(b) re-
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Fig.2 Normalized power spectrums of lidar, MSIS-00, and SABER densities
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Fig.3 Weekly data (in blue asterisk) and data fitting (in red line) of lidar, MSIS-00, and
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90 - -
Annual mean density  (a)
_S 80 | J
3 e Lidlar
T — MSIS |
= —— SABER
< 60| |
50 . !
10°¢ 10° 104 103 102
Density / (km-m3)
90 T ToeSS T T T T T
D ~ Annual mean density ratio (b)
80 :
§ = | idar/MSIS
Q
ER! SABER/MSIS |
< \\|
60 |- : J
I/
N\
50 I I I I I I 5% Ny I
0.8 082 084 086 088 0.9 092 094 096 098 1

Ratio

Fig.4 Annual mean density profiles of lidar (in red line), MSIS-00 (in blue line) and SABER (in green line).
The annual mean density ratios of SABER to MSIS-00 (in green line), and lidar to MSIS-00
(in red solid line) with lidar data fitting errors (in red dashed line)



212

present the standard errors by computing the esti-
mated variance-covariance of lidar data fitting coeffi-
cient Ag. This uncertainty was induced by the nonli-
near fitting method described in Section 2.2. It shows
the uncertainty of lidar annual mean density within
about 2% from 50 to 90 km.

2.4 Density Oscillation Components

The fitting parameters of annual and semiannual am-
plitudes (A; and As) can be used to characterize
density oscillation strength. We calculated the ra-
tio of annual amplitude to mean density, as well as
the ratio of semiannual amplitude to mean. Figure5
shows that annual components are mostly stronger
than semiannual ones from 50 to 90 km. The annual
oscillations vary from 2% to 16%, while the semian-
nual oscillations mostly within 5%. Between 63 and
85 km, the annual oscillation of lidar is stronger than
both MSIS-00 and SABER, with a peak of about 16%
for lidar around 74 km, while the strongest annual os-
cillation for both MSIS-00 and SABER are about 12%
at around 73 km.

2.5 Seasonal Variation Comparisons

In order to characterize the mesospheric density cli-
matology, we use Eq. (3) to calculate PDD from den-
sity data. The weekly PDD profiles of lidar, MSIS-
00, and SABER are plotted in color contour in Fig-

Chin. J. Space Sci. =RAFFR 2020, 40(2)

ures 6 (a) (b) (d), respectively. The SABER data was
processed using the same lidar data fitting method as
described in Section 2.2, and the results are plotted
in Figure 6(c).

It can be seen that seasonal variations of these
four datasets were all dominated by annual oscilla-
tions. The PDD from 50 to 90 km is mostly positive
in summer and negative in winter. The lidar and SA-
BER PDD peak in late May with a value of 18% for
lidar and 14% for SABER, both at around 72 km. The
PDD of MSIS-00 reaches its maximum value of 14%
at about the same altitude, but in late June, which is
one month later than both lidar and SABER observa-
tions. This one-month lag of time between lidar and
model is consistent with the previous study by Utah
State University (USU) lidar group?”). The PDD
minimum of lidar, MSIS-00, and SABER are —20%,
—14% and —14%, respectively, all appearing in late
December. It is noticeable from the color contour plot
in Figure 6 that both lidar and SABER observations
show an asymmetric structure during the transitional
periods in spring and autumn, while the MSIS-00 ex-
hibits relatively symmetric transitions over the same
period. It has been noticed that the highest and the
lowest PDDs are both at around 72km for all four

datasets. The same phenomenon was also seen from

90
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Fig.5 Ratio of annual amplitude to mean density and the ratio of semiannual amplitude to mean
density for lidar, MSIS-00, and SABER
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the USU lidar results®?”). The underlying mechanism
is yet fully understood for explaining this feature, but
we speculate that it could be related to mesospheric
dynamics influence. Further investigations are need-
ed for conducting a more comprehensive study on this

open question.

3 Summary

Ground-based Rayleigh lidar measurements from
Aug. 2013 to Oct.

mesospheric density climatology from 50 to 90 km

2015 were used to analyze the

at Golmud. Spectral analysis showed that harmonic
components of 52- and 26-week were presented in li-
dar, MSIS-00, and SABER density data. Therefore,
for those weeks with no lidar observation available, a
nonlinear fitting method has been used for data in-
terpolation to fill in the gap. The annual mean den-
sity comparisons showed that lidar and SABER data
agreed well with each other, but both are consistently
lower than MSIS-00. Then PDDs were calculated for
lidar, MSIS-00, SABER fitting data, and SABER ob-
servational data. Each dataset exhibits a dominating
annual cycle, with positive variations in summer and
Lidar and SABER observations

revealed an asymmetric structure during the spring

negative in winter.

and fall transitional periods, compared to the sym-

metry exhibited in MSIS-00 model.

The inconsistencies between the observational
datasets and the model may indicate some limitations
of MSIS-00, which is an empirical atmospheric mod-
el based on observations acquired about two decades
ago, especially over the Tibetan Plateau area, where
mesospheric data is scarce. The model could be fur-
ther improved by adding more observations into the

database in the future.
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