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Abstract

The water vapor expedition experiment campaign was operated in the Tibetan Plateau
during July and August 2014, by utilizing the Water vapor, Cloud and Aerosol Lidar
(WACAL). The observation was carried out in Nagqu area (31.5◦N, 92.05◦ E), which
is 4508 m above the mean sea level. During the observation, the water vapor mixing5

ratio at high elevation was obtained. In this paper, the methodology of the WACAL and
the retrieval method are presented in particular. The validation of water vapor mixing
ratio measured during the field campaigns is completed by comparing the Lidar mea-
surements to the radiosonde data. WACAL observations from July to August illustrate
the diurnal variation of water vapor mixing ratio in the planetary boundary layer in this10

high elevation area. The mean water vapor mixing ratio in Nagqu in July and August
is about 9.4 gkg−1 and the values vary from 6.0 to 11.7 gkg−1 near ground. The SNRs
and relative errors of the data are analyzed and discussed as well in this paper. Finally,
combining the vertical wind speed profiles measured by the coherent wind lidar, the
vertical flux of water vapor is calculated and the upwelling and deposition of the water15

vapor are monitored. It is the first application, to our knowledge, to operate continu-
ously atmospheric observation by utilizing multi-disciplinary lidar at altitude higher than
4000 m which is significant for research on the boundary dynamics and meteorology of
Tibetan Plateau.

1 Introduction20

Although the content of water vapor in the atmosphere is very rare and occupies about
0.1–3 % of the content of the atmosphere, water vapor has a significant impact on the
determination of weather and climate due to the fundamental role in the radiative en-
ergy transfer, hydrological cycle, and atmospheric chemistry processes. Through cou-
pling with clouds, water vapor influences the radiative budget of earth both directly and25

indirectly. Moreover, because of its strong absorption and emission bands, especially in
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the infrared, water vapor is one of the most significant greenhouse gas. Slight change in
the water vapor profile might brings pronounced affect on the global warming process.
It also influences atmospheric circulation and temperature structure by condensation
and evaporation processes (Dinoev, 2009). Aiming at the detection of water vapor,
the most commonly used method is radiosonde. The humidity sensors in radiosonde,5

which detect changes in resistance or dielectric constant resulting from absorption or
adsorption of water (Wang et al., 2003), are installed. Several inter-comparison stud-
ies (Ferrare et al., 1995; Turner and Goldsmith, 1999) have been operated to test the
stability of these sensors. As a result, strong systematic differences between different
sensors are present for all ranges of humidity and temperature. Consequently, require-10

ment for the new techniques seem to be very significant. Lidar, as an active remote
sensing technique, has the advantage of high temporal and spatial resolution, high-
frequency dynamic monitoring. Two Lidar (LIght Detect And Ranging) techniques have
been applied to the detection of water vapor: the Differential Absorption Lidar (DIAL)
and the Raman Lidar technique. In terms of the DIAL, two laser pulses at different15

wavelengths, called “on-line” and “off-line”, respectively, are emitted to the atmosphere
(Browell, 1983; Grant, 1991; Wulfmeyer and Bösenberg, 1998; Bruneau et al., 2001).
In this paper, the Lidar system applies Raman technique. This technique was firstly
used by Melfi (1969, 1972) and Cooney (1970) and the profiles of water vapor mixing
ratio were retrieved and provided. The Raman Lidar technique depends on the detec-20

tion of Raman backscattered radiation from atmospheric molecules (Melfi et al., 1969,
1972; Renaut and Capitini, 1988). The process of Raman scattering is characterized
by a wavelength shift of the scattered radiation in respect to the exciting wavelength.
The shift is uniquely associated with the internal transitions between the rotational-
vibrational energy levels of the molecules (Inaba, 1976; Demtroder, 2005), and is used25

for identification of the scattering molecules. Due to the development of the high power
laser source, the vertical operation range of the Raman Lidars can be extended up to
7 km (Whiteman et al., 1992) and throughout the troposphere (Vaughan et al., 1988;
Goldsmith, 1998).
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The Tibetan Plateau lies at a critical and sensitive junction of four climatic systems:
the Westerlies, the East Asian Monsoon, the Siberian cold polar airflow and the In-
dian monsoon. In turn, the Tibetan Plateau influences the atmosphere in East Asia
area and even the whole Northern Hemisphere. The Tibetan Plateau has great impact
on the water vapor budget of area around. The water vapor transportation based on5

the plateau-monsoon interaction affects the drought and flood of Asia and even the
whole north hemisphere. Consequently, it is a significant scientific problem to study the
development of water vapor in Tibetan Plateau. During the 2014 Tibetan Plateau at-
mospheric expedition experiment campaign, the vertical profiles of water vapor mixing
ratio are measured by WACAL.10

2 Methodology

During the routine observation from 10 July to 16 August, the water vapor mixing ra-
tio is monitored twice one day (00:00 and 12:00 UTC) by the applying of operational
radiosondes. However, because of the limitation of the temporal resolution and mea-
surement frequency, the water vapor mixing ratio data from radiosonde cannot satisfy15

the requirement of nowcast due to the various meteorological situation, especially in
the high elevation area with strong radiation and convection. With the development of
the knowledge, some other remote sensing techniques appear. These techniques in-
clude passive and active remote sensing. The paper introduces the Lidar, an active
sensing technique. The Lidar is capable of providing vertical water vapor mixing ratio20

with the advantages of high temporal and spatial resolution.
The principle and basic layout of WACAL is described in this section for the inte-

grality and the detailed design is described in a separated paper. Figure 1 shows the
schematic diagram of WACAL.

The laser at wavelengths of 354.7, 532 and 1064 nm are transmitted to the atmo-25

sphere after the beam expanders. The diameter of laser at wavelength of 354.7 nm
is expended from 9 mm to 9 cm and the divergence angle of the beam is reduced to
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0.05 mrad. After scattered by the molecular and particles, the backscatter signal is col-
lected by a four-telescope assembly.

Here the rotational-vibrational Raman spectrum of nitrogen and water vapor are ex-
plained. According to the selection rule for vibrational transitions, the change of the
vibrational quantum number ∆υ = 0,±1,±2, . . .. However, when come to the area of5

atomic fine structure and atomic physics, the sublevels cannot be ignored. And the
change of the rotational quantum number ∆J obeys to the transition selection rule
∆J = 0,±2. In turn, the ∆υ and ∆J can describe the transitions of the atoms. So be-
cause of the presence of sublevels, several branches of rotational-vibrational Raman
spectrum can be detected as Table 1 shows.10

In this paper, the Q-branch (∆υ = 1,∆J = 0) is applied for the detection. The shift of
wave number ∆k of nitrogen and water vapor are listed in Table 2.

Since the Raman scattering signal is 2 to 3 orders of magnitude weaker than
Rayleigh scattering signal, the detection of the Raman signal at wavelength of 386.7
and 407.5 nm is more difficult due to the much lower SNR. The backscattered laser light15

is collected by four 304.8 mm in diameter telescopes with focal length of 1524 mm. For
the better receiving efficiency and lower height to fit in the compact container, these
four telescopes are assembled as a telescope array, and the efficient aperture of re-
ceiver widens to 609.6 mm. Four fibers are mounted at the focus of the telescopes for
the coupling of the signal. The core of the fibers is 200 microns and the numerical aper-20

ture is 0.22, which also serves as a field stop. After the coupling of fiber, the Raman
signal is delivered to the spectrophotometer and separated as nitrogen Raman signal
and water vapor Raman signal. Meanwhile, the 532 and 1064 nm Mie and Rayleigh
signal are transmitted to the polarization channel and the infrared channel respectively.
With the help of the polarization channel, the measurements of depolarization ratio,25

extinction coefficient and clouds are solved, which are not described in details in this
paper.

The Raman channel is shown in Fig. 1c. In this figure, the transmitter, receiver and
spectrophotometer are provided in details. For purpose of avoiding the interference of
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the elastic backscatter signal, band-pass filters are used. The center wavelength of the
filters is 390 nm and the FWHM is 44.6 nm. The transmission between 370 and 410 nm
is bigger than 93 % and the OD is bigger than 5 for light at the wavelength of 354.7
and 532 nm. After the filters, four fibers are mounted for the coupling of the signal.
After the coupling of fiber, the Raman signal is delivered to the spectrophotometer and5

separated as Raman signal of nitrogen and water vapor.
When the signal is transmitted to spectrophotometer, the light is dispersed and then

collimated by the convex lens with the focal length of 50.0 mm. After the reflection of the
reflecting prism, the parallel light arrives at the grating. The groove density of the grating
is 1302 Lmm−1 and the blaze is 400 nm. So far, the Raman signal of nitrogen and water10

vapor are separated. Then the filters are used to ensure the purity of each signal at
386.7 and 407.5 nm. The center wavelength (CWL) of the filter-1 is 407.5±0.1 nm.
Meanwhile, the CWLs are 386.7±0.1 nm and 354.7±0.08 nm for filter-2 and filter-3,
respectively. The FWHM of all filters is 0.5±0.10 nm and peak transmittance is bigger
than 50 % and OD is 5 when out of band blocking from 200 to 1200 nm. After the15

filtration of filters, the parallel signal is then focused by plano-convex lens with a focal
length of 100 mm. Finally, the signals are acquired by the photomultiplier tubes which
are mounted at the focal point of plano-convex lens. The specifications of the optical
elements of this channel are shown in Table 3.

The Lidar equation can be described as20

P (z,λR)− PBG = P0(λL)∆z
A0O(z)

z2
ξ(λR)βπR(z,λR)T up(z,λL)T down(z,λR) (1)

T up(z,λL) = exp

− z∫
z0

α(z′,λL)dz′


T down(z,λR) = exp

−z0∫
z

α(z′,λR)dz′

 (2)

11930

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/11925/2015/amtd-8-11925-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/11925/2015/amtd-8-11925-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
8, 11925–11952, 2015

Observations of
water vapor mixing

ratio and flux in
Tibetan Plateau

S. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

where P0(λL) is the laser pulse energy, ∆z is the range resolution, A0 is the aperture
of the telescope, ξ(λR) is the receiving efficiency at a given wavelength, βπR(z,λR) is
the backscatter coefficient at λR, α(z,λL) is the extinction coefficient, T up(z,λL) and
T down(z,λR) are the atmospheric transmission at λL and λR respectively.

According to Eq. (1), the backscatter signal of N2 and H2O are obtained as P (z,λN2
)5

and P (z,λH2O). The water vapor mixing ratio can be calculated by Eq. (3):

w(z) = C
P (z,λH2O)

P (z,λN2
)
∆T (λN2

,λH2O,z) (3)

where: C is calibration constant and can be obtained by contrast of Lidar data and ra-
diosonde data, ∆T (λN2

,λH2O,z) is the differential atmospheric transmission at nitrogen
and water vapor Raman wavelengths and is calculated by Eq. (4):10

∆T (λN2
,λH2O,z) = exp

− z∫
z0

[
α(z′,λN2

)−α(z′,λH2O)
]

dz′

 (4)

The calibration constant is retrieved using regression to a vertical water vapor mixing
ratio profile obtained by a reference radiosonde. The radiosonde provides temperature
profiles with measurement accuracy of 2 %. Additionally the pressure and relative hu-
midity profiles are also obtained. The Eq. (5) is used to obtain a mixing ratio profile15

from radiosonde data. In this equation, the temperature, pressure and relative humidity
profiles are used and the mixing ratio WR (gkg−1) is then estimated.

WR =ϕ×
0.622× Ps(T )

P −0.378× Ps(T )
(5)

where: ϕ is relative humidity, P is the pressure and Ps is the saturated vapor pressure
at temperature T and can be calculated by Eq. (6):20

Ps(T ) = 6.1121×exp
((

18.678− T
234.5

)
×
(

T
257.14+ T

))
(6)
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The calibration constant for this comparison was obtained by regressing the lidar pro-
file (up to 5 km) to radiosonde as shown in Fig. 2. The lidar water vapor mixing ratio
(WLidar) profile was calculated according to Eq. (3) with a calibration constant set to
one. We assume that the relationship between Lidar data WLidar = ∆T (λN2

,λH2O,z)×
P (z,λH2O)/P (z,λN2

) and radiosonde data WSonde as Eq. (7):5

WSonde = C×WLidar +D (7)

Before the field campaign in the Tibetan Plateau, the water vapor profiles of WACAL
were compared with the radiosonde at the campus of Ocean University of China in
Qingdao. Since the radiosondes were launched every day at 00:00 and 12:00 UTC, the
Lidar measurements covered the period for the purpose of validation. The radioson-10

des were launched at the site of Meteorological Administration of Qingdao (36.07◦N,
120.33◦ E) everyday, while the WACAL was deployed at Ocean University of China
(36.165◦N, 120.4956◦ E). As Fig. 2a shows, the distance between these two sites is
16.7 km. In Table 4, the period of time of the simultaneous observations by radiosonde
and WACAL is provided.15

Using the linear model, the lidar and radiosonde profiles are fitted. The slope C
from the fit is a direct estimation of the lidar calibration constant, and is found to be
equal to 219. Meanwhile, the D is determined as 0.34. As Fig. 2 shows, the correlation
coefficient of these two system data can reach up to 0.83. The standard deviation is
1.4 and the number of samples is 169. After the calibration the water vapor mixing ratio20

can be rewritten as Eq. (8):

W Cal
Lidar = 219×WLidar −0.34 (8)

3 Observation consequences and discussion

Atmospheric observations were operated in Tibetan Plateau during 10 July and 16 Au-
gust 2014 by utilizing the WACAL. The Tibetan Plateau atmospheric expedition exper-25
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iment campaign had been carried out in Nagqu (31.5◦N, 92.05◦ E), which is 4508 m
above the mean sea level.

In our system, both of AD (Analog-to-Digital) signal and PC (Photon Counting) signal
are detected by the photomultiplier tube (PMT). However, Data acquisition by the PC
method is possible only when the photons are individually distinguishable (Whiteman5

et al., 1992). In other words, because of the saturation effect and the bandwidth limi-
tation of PMTs, the response of counting system is nonlinear. As a result, we have to
correct Nitrogen and Oxygen echo signal by the equation next:

Preal =
Pmeas

1− τ × Pmeas
(9)

where Preal is the actual number of photons detected by PMTs, Pmeas is the measured10

number and τ is the resolving time of the discriminator counter combination of PMTs,
which is also known as dead-time. After the correction, the actual signal of nitrogen
and water vapor Raman signal will be draw in Fig. 3.

Aiming at the validation of the calibration, the scatter diagram based on the calibrated
Lidar data and radiosonde data measured in Nagqu is drawn as Fig. 4:15

According to the figure above, the correlation coefficient can reach up to 93.54 %
and mean deviation is 0.77 gkg−1. As a conclusion, the calibration of the water vapor
mixing ratio is accurate enough for the routine observation. Here we will provide some
case studies in Fig. 5 for the discussion. Several inter-comparisons of Lidar derived
vertical profiles with radiosondes are presented (Fig. 5) as well as time series of water20

vapor mixing ratio in Nagqu from 10 July to 16 August (Fig. 6).
In Fig. 5, the blue dashed line indicates the water vapor mixing ratio measured by

Lidar and the pink line shows the error bar of the data. Meanwhile the red line shows
the data which are gotten from the operational radiosonde. From these four figures,
one dry layer could be seen at about 2.8 to 3 km in figure (a) and one distinct wet layer25

could be seen at about 1.5 to 2 km in figure (c). And in figure (b) and (d), the water
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vapor mixing ratio gradually decrease as height increase. All of the water vapor mixing
ratio profiles is averaged every 60 min and the range resolution is 75 m.

Note that Nagqu is located in inland area, the content of water vapor in Nagqu is
abundant. It is likely that this phenomenon may result from the abundant vegetation,
precipitation and strong evaporation from near plateau lakes in July and August. How-5

ever, since the nitrogen concentration at altitude of 4508 m is about 42 % lower than
at sea level altitude, the density and the backscatter coefficient of water vapor is also
lower in Nagqu. Consequently, the measurement Signal-to-Noise-Ratio (SNR) is get-
ting smaller and the error bar is bigger.

According to the profiles of water vapor mixing ratio, the observation data of the10

Lidar and operational radiosonde have a good consistency. However, the divergence
cannot be ignored. Since the background light in Nagqu was still strong at 20:00 LST
(LST=UTC+8), it is difficult to measure the water vapor mixing ratio accurately by
WACAL. For ensuring the accuracy of the measurement, WACAL was utilized from
21:30 LST, which is 1.5 h later than the measurement of radiosonde. The measuring15

time difference may be the main error source of observation in Nagqu.
Here the time serials of water vapor mixing ratio profile at 13:30 UTC from July, 10

to 16 August is shown in Fig. 6. The trend and variation of the water vapor during this
summer field observation can be distinctly illustrated. According to Fig. 6a, the trend of
W Cal

Lidar was getting smaller with the development of the time in July and August which20

might result from the gradually withered vegetation. In July, the vegetation is abundant
in Nagqu. And maybe because of the transpiration of plants, water vapor content is
rich. However, in August, the wilt of vegetation may lead to the decrease of water vapor
content.

In the following section, the error of the signal and results are discussed. For the25

purpose of determining detection performance of the Lidar system, the SNR is taken
into consideration. The SNR can be described as Eq. (8) (Papayannis et al., 1990;
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Pelon and Mégie, 1982):

SNRi =
Pi√
Pi + Pbi

(10)

where Pi is backscatter signal, Pbi is the solar background signal.
Moreover, from Eq. (3), the relative error δRE can also be calculated by Eq. (9):

δRE =
1
√
N

(
1

SNR2
1

+
1

SNR2
2

)
(11)5

where N is the number of profiles used for average. SNR1 and SNR2 are the signal to
noise ratio of nitrogen and water vapor respectively.

Here we will present one case study of the SNR and δRE in the following figure.
In Fig. 7, the SNR and relative error are analyzed. Because of the limitation of the

lower water vapor content, the acceptable detection range is 3.5 km. The biggest SNR10

for nitrogen and water vapor in this observation are 6.8 and 0.22, respectively.
During the experiment campaign, for purpose of detection the flux of water vapor,

the wind field is measured by utilizing a compact Coherent Doppler Lidar developed by
the OUC lidar group. The Coherent Doppler lidar takes advantage of the fact that the
frequency of the echo signal is shifted compared to the local-oscillator light because15

of the Doppler affect which occurs from backscattering of aerosols. The Doppler shift
in the frequency of the backscattered signal is analyzed to calculate the line-of-sight
(LOS) velocity component of the air motion. The Doppler shift fD can be obtained by
Eq. (10):

fD =
2|V LOS|
λ

(12)20

where V LOS is the line-of-sight (LOS) velocity, λ is the laser wavelength and is equal to
1550 nm in this lidar system.
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When the LOS velocities in four directions V LOS,E, V LOS,W,V LOS,S and V LOS,N are
measured, the vertical wind speed can be calculated by Eq. (11) (Cariou, 2011):

V ver =
1

4sinθ
(V LOS,E + V LOS,W + V LOS,S + V LOS,N) (13)

where θ is the elevation angle.
With the synchronized observations of the water mixing ratio and vertical velocity,5

the vertical water vapor flux FluxWV,ver can be calculated by Eq. (12):

FluxWV,ver = ρWV × |V ver| (14)

where ρWV is the absolute humidity that can be obtained from the water vapor mixing
ratio.

In term of the vertical velocity and vertical water vapor flux, one case study on 1510

August 2014 is presented below. Figure 8a is the time serials of the vertical velocity
profile of 164 min obtained from the Coherent Doppler Wind Lidar. By combining ab-
solute humidity (Fig. 8b) and vertical velocity data, the vertical water vapor flux can be
calculated and the temporal development is shown in Fig. 9.

Vertical profiles in Fig. 8b indicates that the water vapor mixing ratio inside clouds is15

higher than in atmosphere around. From these figures, it is noted that the water vapor
kept rising during 21:03 and 22:09 LST before the raining. Meanwhile in the process of
raining, the water vapor inside the clouds kept depositing. Consequently, a small-scale
water vapor cycling was formed partly and the upwelling and deposition of the water
vapor were monitored.20

4 Summary

In this study, we have presented atmospheric observations during the Tibetan Plateau
atmospheric expedition experiment campaign in 2014 in Nagqu. With the help of WA-
CAL, we observed the atmosphere in Tibetan Plateau and obtained information about
the atmospheric conditions. The key findings of our study are listed below.25
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1. The calibration and validation of water vapor mixing ratio measurement have been
completed. In the process of the calibration, the correlation coefficient reached
up to 91.34 %. And in the process of the validation, the correlation coefficient is
93.54 % and the standard deviation is 0.77 gkg−1. Considering the space and time
difference between the Lidar system and radiosondes, the deviation is acceptable.5

2. With WACAL, significant information about water vapor is acquired. Water vapor
mixing ratio in Nagqu is measured and the case studies are provided in this paper.

3. The observations were operated in Nagqu from July to August 2014. To a certain
extent, result from the abundant vegetation, precipitation, evaporation from near
plateau lakes effect and the wet East Asian Monsoon and the Indian monsoon,10

water vapor content in Tibetan plateau during July and August was rich.

4. According to the diurnal variation of water vapor mixing ratio at 21:30 LST from
July, 10 to 16 August, the trend of W Cal

Lidar was getting smaller with the development
of the time in July and August.

5. With the help of the WACAL and the Coherent Doppler Wind Lidar, the vertical15

wind speed and vertical water vapor flux are calculated. The upwelling and depo-
sition of the water vapor are monitored.
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Table 1. Branches of the rotational-vibrational Raman spectrum.

∆υ ∆J Branch

±1,±2 −2 O-branch
±1,±2 0 Q-branch
±1,±2 +2 S-branch
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Table 2. The shift of wave number of nitrogen and water vapor.

Molecule Excitation ∆k The center of
wavelength the Q-branch

Nitrogen 354.7 nm 2330.7 cm−1 386.7 nm
Water vapor 354.7 nm 3651 cm−1 407.5 nm
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Table 3. System specification of the Raman channel of the Lidar system.

System Specification

Laser Wavelength (nm) 355
Pulse energy (mJ) 410
Repetition rate (Hz) 30
Divergence (mrad) 0.5
Pulse width (ns) 3–7
Stability (±%) 4.0

Beam expender Amplification factor ×10 @ 355 nm
Telescope Aperture (mm) 304.8

Focal length (mm) 1524
Fiber Aperture (µm) 200
Polychromator Collimating Lens Focal length: 50 mm

Grating D: 1302 Lmm−1 Blaze: 400 nm
Filter-1 CWL: 407.5±0.1 nm,

FWHM: 0.5±0.10 nm
Peak %T: 50 %, OD5

Filter-2 CWL: 386.7±0.1 nm,
FWHM: 0.5±0.10 nm
Peak %T: 50 %, OD5

Filter-3 CWL= 354.7 nm± 0.08 nm,
FWHM: 0.5±0.10 nm
Peak %T: 50 %, OD5

Lens Focal length:100 mm
Photomultiplier tube Photocathode Area Size (Dia. mm) 0.8

Cathode radiant sensitivity ∼ 100 mAW−1 @ 355 nm
Wavelength (Peak, nm) 400

Licel Temporal resolution (ns) 25
Range resolution (m) 3.75
Maximum counting rate (MHz) 250
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Table 4. Period of time of the simultaneous observations.

May 2014 12 21 22 26 27 28 29 31

June 2014 3 4 5 6 7 8 9 10
12 14 15 16 17 18 20 23

11943

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/11925/2015/amtd-8-11925-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/11925/2015/amtd-8-11925-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
8, 11925–11952, 2015

Observations of
water vapor mixing

ratio and flux in
Tibetan Plateau

S. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 1. Schematic diagram and photos of WACAL.
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Figure 2. (a) Distance between sites of WACAL and radiosonde; (b) regression of WACAL
mixing ratio profile to radiosonde measurement.
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Figure 3. The actual signal detected by nitrogen and water vapor Raman channels at night
time.
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Figure 4. Validation of the calibrated water vapor mixing ratio (red dashed line is 1 : 1 curve
and black line is fitting curve).
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Figure 5. Water vapor mixing ratio case studies: (a–d) measured in Nagqu on 11, 15, 18 and
22 July 2014, respectively.
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Figure 6. Diurnal variation of water vapor mixing ratio at 21:30 LST from 10 July to 16 August
measured by WACAL and Radiosonde.
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Figure 7. The SNR of nitrogen and water vapor Raman signal and the relative error of water
vapor mixing ratio at night time.
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Figure 8. (a) Time serials of vertical velocity profile from 21:03 to 23:59 LST, and (b) profiles of
water vapor mixing ratio and absolute humidity.
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Figure 9. Time serials of vertical water vapor flux from 21:03 to 23:59 LST.
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