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Retrieval and Analysis of Atmospheric Temperature Using
a Rotational Raman Lidar Observation
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Abstract Due to the existence of the aerosol, the traditional method of measuring atmospheric temperature by
using Rayleigh scattering technique has limitations in the low altitude. A pure rotational Raman lidar to get
tropospheric temperature profiles is built. We carried out the atmospheric temperature observation in Beijing
for two months. The atmospheric temperature profile was retrieved using the observed rotational Raman scat-
tering signals. The effect of smooth window, calibration range and calibration constant on the retrieval preci-
sion of the atmospheric temperature was evaluated and analyzed. The results show that with the increase of
smooth window, the mean absolute deviation between the lidar and radiosonde firstly decreases and then in-
creases; in order to remove effectively the effect of random error in the return signals, while maintaining the
fine vertical structure of temperature profile, it is better to choose the range between 600 and 1 200 m for
smooth window. When calibration range is different, the mean absolute deviation between the lidar and radio-
sonde is varied, the relative variation of the deviation is about 0. 07 K. When both calibration constant a and b
increase or decrease, the mean deviation between the lidar and radiosonde increases; when one increases and
another decreases, the mean deviation has a tendency to cancel each other out. The variance probability of a or
b is not equal, and the variance of a and b is always contrary in the sign; the mean deviation is not sensitive to
variance of a or b, and it is sensitive to the whole variance of a and b, about 91. 7% of the mean deviation is in
the range between —3 and 3 K. These results provide the theoretical basis for the selection of smooth window
and calibration range in pure rotational Raman lidar data retrieval, and the reference for the error of actual tem-

perature inversion result caused by lidar calibration constant.

Keywords Lidar; Atmospheric temperature; Calibration constant; Error analysis

FESZES: TNISS 98 X ERFRIRAD: A DOI: 10. 3964/} issn. 1000-0593(2016)06-1978-09

logical parameter in atmospheric physics. weather forecasting
Introduction and atmospheric environmental research. The meteorological
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The atmospheric temperature is an important meteoro- the temperature in the lower troposphere increased obviously,

Received: 2015-09-16; accepted: 2015-12-08

Foundation item: the Open Research Fund of Key Laboratory of Atmospheric Composition and Optical Radiation, Chinese Academy of Sciences
(2013JJ01) ; National Natural Science Foundation of China (41005014, 41205020); China Special Fund for Meteorological
Research in the Public Interest (GYHY201206037) ; the Key Research Program of the Chinese Academy of Sciences (KJZD-
EW-TZ-G06-01) ; the Wanjiang Center for Development of Emerging Industrial Technology (12Z0104074)

Biography: LIU Yuli, (1979—), Electronic Engineering Institute of PLA, Department of Physics, lecturer

e-mail; 13956989561 (@139. com * Corresponding author e-mail: cbxie@aiofm. ac. cn



5 6 30

4T 1979

the temperature in the upper troposphere and stratosphere de-
creased'™. The change of atmospheric temperature distribu-
tion will also result in the changes of atmospheric physical and
chemical, dynamic process and the distribution of trace ele-
ments. For example, the inversion structure of lower tropo-
sphere often inhibits the diffusion of the pollutants under the
boundary layer, and causes the increasing concentration of the
pollutants. So the temperature profile of troposphere is very
important. By using the relationship between spectral line in-
tensity and temperature of the N; or O, molecules, the rota-
tional Raman lidar can measure the lower altitude atmospheric
temperature, and it is hardly affected by aerosols and cirrus
clouds™ , which has the highest accuracy and the simplest da-
ta processing method among four lidar methods in temperature
measurement ( pure rotational Raman method*, Rayleigh
method" , differential absorption method'*’, vibrational Ra-
man method”!). This technique of temperature measurement
by a rotational Raman lidar was first proposed by Cooney in
197257,

has developed very quickly, both in domestic
[3.10-11]

In recent years, rotational Raman lidar technology
) and over-
seas In this paper, the measurement principle and sys-
tem structure of pure rotational Raman lidar are briefly intro-
duced. The retrieval results of atmospheric temperature pro-
file are given. Different effects on temperature profile resul-
ting from smooth window, calibration range and calibration
constant are analyzed. Temperature inversion analysis pro-
vides not only the theoretical basis for choosing the appropri-
ate smooth window and calibration range in pure rotational
Raman lidar data retrieval, but the reference for the error of

actual temperature inversion result caused by calibration con-

stant.

1 Measurement principle and system struc-

ture of pure rotational Raman lidar

L 1 Measurement principle
A 354. 7 nm laser pulse is emitted in the atmosphere.
The rotational Raman backscattered photon counts of N, and
O, can be expressed as'’)
N(z) = w > DULD D)
< i=N,.0, T,
Where C is lidar constant, N, is photon number of launched
laser pulse, T'(z) is atmospheric transmission, z is the de-
tection height, J is the rotational quantum number, T is tem—

perature, 3 is backscatter coefficient, which can be written as

ooy 84 , 2Bhe
B=n(2) ZEigi (DY Gy e+ D X
Bhc _D 7, |2
exp k—TxJ<J+1>[1 B](JJrl)]}\HJ 12 (2

The implication and constant value related to physical quanti-

ties see references 7. According to Eq. (2), the pure rotation-
al Raman spectral relative intensity of N, at different tempera-
ture is calculated, as shown in Fig. 1. The spectral line inten-
sity corresponding to high and low quantum number changes
inconsistently with temperature, so atmospheric temperature
can be derived from the return signals ratio of high and low-
level quantum numbers of N, and O, molecules

. a
1\]‘,]‘ (Z) o
In Ny 0

Where Nj; and N,y are photon counts of low and high-level

T = (3)

quantum numbers caused by lidar return signals, a and b are
the calibration constants which can be derived by comparing
the signal intensity ratio of the lidar with the temperature data

obtained simultaneously by a radiosonde.
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1. 2 System structure

The lidar structure is shown in Fig 2. The light source is
a Nd : YAG laser which provides a single pulse output energy
of 180 m] at the wavelength of 354. 7 nm and a pulse repeti-
tion rate of 20 Hz. The laser is guided into the atmosphere by
a steering mirror and the beam expander. The expander can
reduce the laser beam divergence to 0. 15 mrad. The backscat-
tered light is collected by a Cassegrain telescope with diameter
of 450 mm, focal length of 4m and receiving field of view of 1
mrad. After the light goes through an adjustable field stop, a
collimating lens and a steering mirror, it is guided into a poly-
chromator box. This box is made up by a series of interfer-
ence filters. The central wavelengths (CWL) of the filters can
be tuned by selecting angles of incidence (AOI). In this box,
the light firstly passes the broadband interference filter IFO
with a transmission band of 8 nm full width at half maximum
(FWHM), and this filter blocks the atmospheric background
light while the elastic and both rotational Raman signals are
transmitted. Secondly, the light passes the narrow band in-
terference filter IF1, and this filter extracts elastic scattering

signal of 354. 7 nm used to detect the aerosol. Thirdly, the
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light passes the narrow band interference filter IF2, and this SN o 7 N SNt 2
filter extracts rotational Raman scattering signal of 354. 0 nm ST =T ( Niow ) ( Niigh > 5

used to detect the temperature. Because the transmission band
of 1IF2 is very close to the laser wavelength, we use two filters
in the first rotational Raman channel. Finally, the light pas-
ses the narrow band interference filter IF3, and this filter ex-
tracts rotational Raman scattering signal of 353, 0 nm used to
detect the temperature. The data acquisition is performed
with a Licel transient recorder. The filter parameters are lis-

ted in Table 1, and transmission curve is shown in Fig 1.
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Fig 2 Diagram of the rotational Raman lidar

Table 1 Filter parameters
AOI/deg CWL/nm FWHM/nm Peak transmission
1F0 0.0 353. 7 80 0.5
IF1 55 354. 7 0.3 0.6
1F2a 6. 5 354. 0 0.3 0.5
IF2b 6. 5 354. 0 0.3 0.6
1F3 61 353. 0 0.5 0.5

2 Results and discussion

The statistical temperature errors can be gotten through

Eq. (3) and the error propagation theory''*!

e (ONow\" N\
0T =T (%)2 + ll’l,f\\]]f:]b + ( Niow >N10W ( ngzh )
Nigh <ln m — b>

)
Where we have assumed that errors in determining calibration

constants are zero, Eq. (4) can be simplified to

Niow :

<ln m — b)
The photon counts of rotational Raman backscattered, back-
ground light signal and PMT dark counts follow a Poisson
distribution. Therefore, the relative uncertainty of cumulative
signals is given by SN/N=1/+/N(N is the number of cumu-

lative photons), and then Eq. (5) can be derived

T 1 1
T = ————— + (6)
ln Niw b Nigw Nigh
Niign

The tropospheric atmospheric temperature observation was
conducted on the night of 2nd November 2014, in Beijing.
Fig 3(a) shows a lidar measurement of the temperature pro-
file and the simultaneous temperature profile measured by a
radiosonde. Error bars in the figure include statistical temper-
ature error only. Fig 3(b) shows deviations between the two
sensors. The measurement was carried out in a clear atmos-
phere, and data were acquired for a 3. 3 min observation time
and a 5 min interval. For the calibration we chose a local ra-
diosonde that was launched at 20:00 on 2 November 2014 in a
distance of 30 km to the lidar site. Lidar data, acquired with a
vertical resolution of 7. 5 m, have been vertically smoothed to
a final resolution of 600 m in order to reduce signal fluctua-
tions. As can be seen from the Fig 3, tropospheric tempera-
ture decreases faster with increasing height, the lidar and ra-
diosonde measurements appear to be in good agreement. A
statistical temperature error reaches 1 K at height of 4 2 km,
and 2 K at height of 7. 1 km. Deviations between the two sen-
sors are less than 2 K below 8 km. The lidar measurement re-
sults is smaller than radiosonde data below 1 km, which is as-
sociated with different overlap functions in the two
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Fig 3 (a) Temperature profile on 2 November 2014 . lidar

measurement (solid line) and radiosonde data (dot

line) ; (b) Deviations between lidar and radiosonde
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rotational Raman channels and infiltrating aerosol. The lidar
measurement of temperature uncertainty is bigger above 8
km. this is because the signalto-noise ratio (SNR) decrea-
ses. This indicates that the lidar measurement of temperature
distribution is reliable. To reduce the statistical error, we can

increase the number of shots or smooth window.

3 Factors affecting atmosphere temperature

profile retrieval

3.1 Smooth window

When the calibration range of 1 ~ 7 km remains un-
changed, the lidar data are smoothed with a gliding window
with an average length of 300~2 000 m. The lidar measure-
ment of temperature profile is more and more close to the ra-
diosonde profile with the increment of smooth window. To a
certain degree, the lidar measurement of temperature profile
deviates from radiosonde profile at the low-level and high-lev-
el, as seen in Fig 4. This is because when the smooth win-
dow is small, the random error in the signals plays a leading
role and the inversion temperature fluctuates near the radio-
sonde measurement value; when the smooth window is big,
the random error in the signals is smoothed effectively and the
spatial variation characteristics of temperature are also subse-
quently eliminated, then a system’s deviation between the re-
trieved temperature profile and the radiosonde measurement
value appears. With the increase of the smooth window, the
mean absolute deviation is smaller and smaller. It is easy to a-
chieve stabilization stage for good signals, while it is difficult
to reach stabilization stage for poor signals. After the stabili-
zation stage, the mean absolute deviation begins to increase
with the continued increase of smooth window, as seen in
Fig 5. This is because a lidar measurement of the tempera-
ture profile deviates from radiosonde data at the low-level and
high-level. When smooth window varies from 300 to 900 m,

the mean absolute deviation at 20:10 decreases by 0. 5 K;
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Fig 4 Temperature profiles under

different smooth windows

when smooth window varies from 900 to 2 000 m, the mean
absolute deviation increases by 0. 4 K. The results show that,
to remove effectively the effect of random error in the return
signals, while maintaining the vertical structure of tempera-
ture profile, it is better to choose the range between 600 and
1 200 m for smooth window, and the signals can’ t be
smoothly unlimitedly. This is the selection range of smooth
window when pulse number is 4 000 shots. If the pulse num~-
ber increases, the smooth window should be appropriate re-

duced.

Mean absolute deviation/K

400 800 1200 1600 2000
Smooth window/m

Fig 5 Mean absolute deviations under

different smooth windows

3. 2 Calibration range

Because the overlap funcuions in the two rotational Ra-
man channels at low-level are different and the SNR is rela-
tively small at high-level, we choose a middle range to cali-
brate. The SNR of this range is larger, and the signal is bet-
ter. If we choose a calibration lowest altitude of 0. 5 km and
toppest altitude of 6, 7 and 8 km respectively for 20:10 set of
data, mean absolute deviation between lidar and radiosonde in
the height range between 1 and 8 km is 0. 59, 0. 53, 0. 54 K
respectively shown in Fig 6, so we choose 7 km as the top-
pest altitude. When the toppest altitude is 7 km, the lowest
altitude is 0. 5, 1. 2 km respectively. mean absolute deviation
in the height range between 1 and 8 km is 0. 53, 0. 52 and
0. 58 K respectively, so we choose 1 km as the lowest alti-
tude. When the calibration range is in the range between 1
and 7 km for this set of data, the mean absolute deviation is
the smallest, so choosing 1 to 7 km as the calibration range.
Therefore, the calibration constant a =878 13, b= — 3, 19
can be obtained. When calibration range is different, the
mean absolute deviation between the lidar and radiosonde is
varied, the relative variation of the deviation is about 0. 07 K.
3. 3 Calibration constant

To estimate the influence of calibration constant on the
retrieval precision of temperature, we have studied the vari-
ance of calibration constant. The radiosonde was launched at
20:00 on 2 November 2014, and a period of data (measure-

ment time during 19:20 to 20:40) which is close in time to
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the radiosonde measurement was selected. Under the same
smooth window and calibration range. the calibration constant
a, relative error of a, the calibration constant b and relative
error of b are shown in Table 2.

8_

Altitude/km

Altitude/km

Deviation/K
Fig 6 Deviation profiles under different calibration ranges

Table 2 a, b, and relative error of

a and b on November 2, 2014

time a relative error/ % b relative error/ %
19:20 916. 42 35 —3. 33 —3. 4
19:25 810. 51 —8 4 —2 94 8 8
19:30 839. 63 —5 1 —3. 05 5. 5
19:35 877. 83 —0. 8 —3. 18 L3
19:40 881 65 —0. 4 —3 21 0.4
19:45 882. 22 —0. 3 —3 21 0.6
19:50 845. 53 —4.5 —3 08 4.7
19:55 894. 45 L1 —3. 26 —1L0
20:00 853. 84 —35 —3. 11 3.5
2005 862. 85 —25 —3 14 2.5
20:10 878. 26 —0. 8 —3 19 L0
2015 902 88 20 —3 29 —2.0
20:20 926. 30 4.7 —3. 39 —5 0
20.:25 893. 81 L0 —3. 26 —1L1
20:30 997. 40 12. 7 —3. 65 —13 1
20:35 859. 82 —2.9 —3 14 2.8
20:40 882. 38 —0. 3 —3 22 0. 2

As can be seen from Table 2, the calibration constants of

each set of data are changing. This is mostly due to lidar sys-

tem parameters such as the output laser wavelength, energy
and detecting unit performance changing during the observa-
tion period, the differences of SNR of the Raman signals
within the scope of calibration height, and the differences of
measurement values between lidar and radiosonde in time and
space during the calibration period. The variance of a is
4. 7% , the variance of b is 4. 9%. The variances of a and b is
all greater than 4%. Next, we analyze the effect of the vari-
ance of a, b on temperature profile and the probability of
mean deviation falling into the range between — 3 and 3 K
when both a and b change within 4%. Nine atmospheric tem-
perature profiles are derived when b don’ t change and a
change by 4% with a step length of 1%, and when a don’t
change and b change by 4% with a step length of 1% as
shown in Figs 7—8. When a increases, the temperature pro-
file moves to the right, and the temperature increases; when b
increases, the temperature profile also moves to the right,
and the temperature also increases. With the increase of a or
b, the mean deviation between the lidar and radiosonde is a
linear distribution, and the standard deviation between the li-
dar and radiosonde is the parabola shape as shown in Figs 9—
10. When a increases to 4%, the mean deviation increases by

10. 36 K, and the standard deviation increases by 0. 14 K;
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Fig 7 Temperature profiles with
b constant and a variable
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Fig 8 Temperature profiles with

a constant and b variable
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when b increases to 4% , the mean deviation increases by 9, 43
K, and the standard deviation increases by 0. 36 K. The mean
deviation caused by the variance of a is greater than b. so the
variance of a is more likely to cause the translation of profile.
The standard deviation caused by the variance of b is greater
than a, so the variance of b is more likely to lead to the

change of profile shape.

ﬂ
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Fig 9 Mean deviation between the lidar

and radiosonde versus a or b
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Fig 10 Standard deviation between the lidar

and radiosonde versus a or b

When a changes —4%, —3%, —2%. —1%, 0, 1%,
2%, 3%, 4% and b also changes —4%, —3%, —2%., —
1%, 0, 1%, 2%, 3%, 4%, respectively, there are 81 kinds
of combinations, and 81 atmospheric temperature profiles are
retrieved as shown in Fig 11. The middle profiles are dense,
both profiles are thin. When both a and b increase to 4% , the
retrieved temperature profile is the right-most line, and the
mean deviation between lidar and radiosonde is about 20. 9 K.
When both a and b decrease to 4% , the retrieved temperature
profile is the left-most line, and the mean deviation is about
—19. 4 K. When a increases to 4% and b decreases to 4%,
or a decreases to 4% and b increases to 4%, the retrieved
temperature profile is in the middle position, close to the ra-

diosonde profile, and the mean deviation is about 0. 5 K, —

0. 1 K, respectively. When both a and b increase or decrease,
the retrieved temperature profile is away {rom radiosonde pro-
file. and the deviation is bigger and bigger; When one increa-
ses and another decreases, the retrieved temperature profile is
close to the radiosonde profile, and the deviation has a tend-
ency to cancel each other out. Fig 12 shows a ratio between
the number of deviations within a certain temperature range
and the total number of deviations for the variance within 4 %
for both a and b. It can be seen that the changing tendency of
three different time deviation weight curves are consistent and
they are approximately a normal distribution. When both a
and b change within 4%, 27% of the mean deviations are in
the range between —3 and 3 K. This is a statistical rule when
the variance probabilities of a and b are equal. if the variance
probabilities of a and b are not equal, and the probability of
the mean deviation falling into the range between —3 and 3 K

should be multiplied by a weighting factor.

Altitude/km

c T T T T T T T T -
200 210 220 230 240 250 260 270 280 290 300 310 320
Temperature/K

Fig 11

Temperature profiles for the variance
within 4% for both a and b

Percent/%

4 -

2 4

0 T T T T T T T
25 20 -15 -10 -5 0 5 10
Mean deviation/K

15 20 25
Fig 12 Ratio between the number of deviations within a cer-

tain temperature range and the total number of devia-

tions for the variance within 4% for both a and b

Fig 13 can be plotted according to Table 2. As can be
seen from the Fig 13, the majority of the variance of a is
—3%, and the majority of variance of b is 3%, the variance

probabilities of a and b are not equal. It can be seen from Eq.
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(4) that the variance of 1% for calibration constant a leads to
temperature error of 1%, the variance of 1% for b leads to
temperature error range between 1% and 0. 85% at altitudes
of 1~8 km. By Table 2, you can also see that the variances
of a and b are always contrary in sign, a positive and a nega-
tive. Through the analysis of the above, we know that the de-
viation has a tendency to cancel each other out when the vari-
ances of a and b are contrary in sign. By the whole variance of
a and b, we can see where is the approximate range of mean
deviation.

We will apply the 13th calibration constant (a =865, 23,
b= —2 93) to the 16th, 17th and 21th (13, 16, 17, 21th
continuous observation. clear weather), the retrieved atmos-

pheric temperature profiles is shown in Fig 14. Lidar and ra-

they change surround radiosonde profile or deviate a little
from the radiosonde profile.

30 A

254 2014-11-02

204

Percent/%
vy
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T T T T T T T T T
-15-12 9 -6 3 0 3 6 9
Error/%

T 1
12 15

Fig 13 Ratio between the number of errors within a certain
diosonde measurements appear to be in good agreement, and relative error range and the total number of errors for
aorb
10+ 101 104
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E g — 21315 g
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5 g 2014-11-17 5
< 4] 4 < 4
24 24 24
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Temperature/K

Temperature/K

Temperature/K

Fig 14 Retrieved temperature profiles on November 16, 17,

21 using calibration constant on November 13

Under the same smooth window and calibration range.
the 16th, 17th and 21th calibration constant a, b, the relative
error of a and b which is relative to the 13th calibration con-
stant, retrieved the mean deviation between the lidar and ra-
diosonde using the 13th calibration constant are shown in

Tables 3—5.

Table 3 a, b, relative error of a and b, and mean
deviation on 16 November 2014
time a relative b relative mean
error/ % error/ % deviation/K
20.00 919. 53 6. 3 —3 11 —6. 1 —3. 05
20:30 908. 31 50 —3. 07 —4. 8 —2 47
20.:45 911 85 504 —3. 10 —5 8 —1 31
21.00 845. 09 —2.3 —2. 85 2.7 —0. 25
21.15 841. 18 —2.8 —2. 83 34 —0. 58
21:30 923. 05 6.7 —3. 15 —7.5 —1 34
21.45 935, 74 81 —3. 19 —8 9 —1 98
2200 877. 16 L4 —2. 97 —1L4 —0. 68

As shown in Tables 3—5, both the variance of a and b

may be very large, but no matter how large the variance of a

or b is, their whole variance is basically in the range between
—1% and 1%, so the mean deviation is essentially in the
range between — 3 and 3 K. Through data analysis for 16,
17, 21 November, about 91. 7% of mean deviations are in the
range between —3 and 3 K by calculation. The statistical reg-
ularity is right under the continuous observation, clear atmos-
phere and the same calibration range. If the calibration range
is different, or light path adjusts, or the sky has cloud, the

statistical regularity is not established.

Table 4 a, b, relative error of a and b, and mean
deviation on 17 November 2014
time A relative b relative mean
error/ % error/ % deviation/K
2015 933. 88 7.9 —3 18 —8 5 —1 66
20:30 937. 59 8 4 —3 18 —85 —2. 80
2045 847. 09 —2.1 —2 85 2.7 —1 05
2100 913. 75 5. 6 —3 10 —5 8 —1. 64
21:15 923. 65 6. 8 —3 13 —6. 8 —2.18
21:30 797. 42 —7.8 —2 66 9 2 —0. 33
2145 840. 90 —2.8 —2 82 38 —1 39
22:00 833. 47 —3.7 —2.78 5.1 —1. 55
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Table 5 a, b, relative error of a and b, and mean

deviation on 21 November 2014

time a relative b relative mean
error/ % error/ % deviation/K
20:00 926. 74 7.1 —3. 16 —7.8 —1 38
2015 870. 05 0.6 —2. 94 —0. 3 —0. 67
20:30 845. 97 —2 2 —2. 84 31 —0. 92
20:45 903. 85 4.5 —3. 06 —4 4 —1 95
21.00 945, 97 9 3 —3 23 —10. 2 —1 84
21:15 892 13 31 —3. 00 —24 —2.52
21:30 1021 97 18 1 —3. 50 —19.5 —3. 98
21:45 830. 86 —4.0 —2.80 4 4 —0. 06

4 Conclusions

The atmospheric temperature profile was retrieved by
pure rotational Raman backscattering return signals. The sta-
tistical error is smaller thanlK below 4. 2 km and 2 K below
7. 1 km, and deviations between the lidar and radiosonde are
less than 2 K below 8 km with a laser energy of 180 mJ, aver-
aged pulse number of 4 000 and smooth window of 600 m.
The retrieval results of the atmospheric temperature are asso-

ciated with smooth window, calibration range and calibration
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