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The Evolution of Springtime Water Vapor Over

Beijing

Observed by a High Dynamic Raman Lidar

System: Case Studies

Tianning Su, Jian Li, Jing Li, Chengcai Li, Yigi Chu, Yiming Zhao, Jianping Guo, Yong Yu, and Lidong Wang

Abstract—Raman lidar is an effective technique to retrieve the
vertical distribution of atmospheric water vapor. For the first time,
we present water vapor profiles retrieved by a high dynamic Ra-
man lidar system over the Beijing area for representative cases in
spring 2014, within the framework of the Aerosol Multi-wavelength
Polarization Lidar Experiment project. In springtime, water vapor
content over Beijing is generally low but with a strong daily vari-
ability. Its evolution is strongly coupled with winds and aerosols,
with clouds also exerting a distinct impact. Northwesterly winds
is found to be the most important factor impacting the temporal
variability of water vapor mixing ratio (WVMR), and WVMR is
found to be negatively correlated with wind speed. Moreover, we
find that clouds tend to cause significant increases in the stan-
dard deviation of WMVR measurement, and relative humidity
sharply increase below the cloud base. During a typical pollution
episode, water vapor strongly covaries with aerosols due to hygro-
scopic growth effect and transport mechanism. Both water vapor
and aerosols exhibit the highest variability within the planetary
boundary layer (PBL), where the development and dissipation of
haze mainly occur. Within the PBL, water vapor and aerosol con-
centration demonstrate different evolution features at different al-
titudes during the haze process, with a delayed increase and early
decrease for higher altitudes. Back trajectory analysis using the
hybrid single-particle Lagrangian trajectory model indicates that
this phenomenon is most likely associated with different sources of
the air mass at different altitudes.
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1. INTRODUCTION

ESPITE its low content in the atmosphere, water vapor is
D a very active element and a primary greenhouse gas [1].
Water vapor exerts significant impacts on precipitation, global
energy balance and climate variability of the earth-atmosphere
system [2]. These important influences of water vapor are
closely related to its vertical distribution and temporal varia-
tion [3]. However, it is difficult to obtain precise distribution of
water vapor due to its rapid evolution [4], especially in some at-
mospheric processes (e.g., cloud formation and gale). Therefore,
detailed examination of water vapor variability during these at-
mospheric processes is particularly important.

The climate in Beijing represents typical meteorological con-
ditions of the North China Plain. In summer, the weather in
Beijing is dominated by East Asian monsoon with moisture
transported from the seaward, and is hot and humid, while in
winter it is strongly affected by the vast Siberian anticyclones,
and is cold and dry. In spring, however, the weather in Beijing
is complex, and the water vapor content is relatively low but is
characterized by rapid change and large variability associated
with varying wind conditions. To track this highly variable water
vapor content in spring and examine the detailed environmental
condition, high temporal and spatial resolution measurements
of water vapor are required. Moreover, as Beijing has been in-
creasingly experiencing severe haze pollution in spring in recent
years [5], [6], and as water vapor is closely related to the haze
formation, it is necessary to simultaneously examine the evo-
lution of water vapor and aerosol cycles in order to study their
coupling effect. However, till now, the evolution features of wa-
ter vapor in Beijing are still not well understood, partly due to
the lack of high-resolution water vapor observations.

Various methods have been developed to measure the water
vapor, including radiosonde (RS), satellite, microwave radiome-
ter, solar radiometer, and Raman lidar. RS is among one of the
most accurate means to measure water vapor, but lacks the ca-
pability of continuous sampling [7]. Satellite with a sensor unit
can obtain water vapor information on global scale, but is lim-
ited by accuracy and vertical information [8]. Ground-based
microwave radiometer and solar radiometer can provide wa-
ter vapor measurement with high temporal resolution, but the
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vertical resolution is coarse and bears a high uncertainty [9]. As
an active remote sensing instrument, Raman lidar has the capa-
bility of both accurately measuring water vapor and achieving
relatively high vertical and temporal resolutions, and has thus
been extensively applied to detect the distribution and variation
of atmospheric water vapor [10]-[12].

With the development of lidar technique, state of the art Ra-
man lidar systems show excellent capabilities in water vapor
observation, and have been extensively used for water vapor
retrieval over worldwide locations. For example, using this
technique, Wang et al. [13] presented long-term water vapor
measurements retrieved over Hefei characterized with its sea-
sonality. Froidevaux et al. [14] measured water vapor in the
planetary boundary layer (PBL) with particularly high vertical
and temporal resolutions. Dionisi et al. [15] retrieved water va-
por profiles up to the lower stratosphere with high precision.
Foth et al. [16] presented a method to derive water vapor pro-
files from Raman lidar automatically calibrated by the integrated
water vapor. Wu et al. [17] reported the water vapor fluxes over
the Tibetan Plateau based on the Raman lidar measurements.
However, there is still lack of high-resolution water vapor mea-
surements in North China Plain, which hinders the investigation
of major factors impacting water vapor variability over this
megacity area. In particular, the mechanism causing the rapid
change of water vapor content during springtime remains poorly
understood.

Among the factors influencing water vapor content, clouds
and winds play particularly important roles. On one hand, clouds
can disturb Raman signal, due to the fact that the intensity of
Raman scattering is much weaker than Mie-Rayleigh scatter-
ing and thus attenuates rapidly in cloud layers. This mechanism
prevents precise detection of water vapor above clouds. On the
other hand, water vapor and aerosols are both involved in the
cloud formation, as cloud droplet formation is related to the con-
densation of water vapor on ambient aerosols [18]. Clouds also
are known to contain masses of liquid droplets and nearly sat-
urated water vapor, and have significant impact on water vapor
content of the surrounding atmosphere. In addition, convection
and radiation are also critical influential factors in determining
the distribution of water vapor in the daytime [19]. At night,
the effect of radiation is negligible, whereas winds have a major
impact on the transport of water vapor and aerosols.

As part of the Aerosol Multi-wavelength Polarization Lidar
Experiment (AMPLE) project, a new, versatile and portable Ra-
man scanning lidar system has been designed and developed in
Beijing [20]. With high pulses repetition rate (1000 Hz) and out-
put power (~1 W), the AMPLE lidar system is able to detect the
dynamic variation of water vapor and aerosols with high tempo-
ral and vertical resolutions, which allows for insightful studies
on the detailed atmospheric and weather processes. Comple-
mentary to the technical parameters of AMPLE in [20], we
here present the performance of AMPLE in detection of wa-
ter vapor mixing ratio (WVMR) and aerosol extinction coeffi-
cients (AEC) in detail over Beijing, and investigate the variabil-
ity of water vapor associated with clouds, wind and pollution,
in order to clarify the mechanisms responsible for the water
vapor variability. In Section II, we make a brief introduction
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TABLE I
TECHNICAL PARAMETERS OF THE AMPLE RAMAN LIDAR

Laser source

Laser
Output wavelength
Output power

Diode pumped Nd:YAG
532 and 355 nm
0.6 W at 355 nm; 1.5 W at 532 nm;

Pulse repetition rate 1000 Hz
Pulse width ~1ns
Linear polarization >100:1

Receiver system

355 and 532 nm
386 nm (N3 ) and 407 nm (Hs O)
355 and 532 nm

Elastic channels
Raman channels
Depolarization

Telescope
Type 20 cm Cassegrain
Field of view 1 mrad
Scanning system
Scanning speed 20° /smax
Scanning angle error <0.2°

of the AMPLE system and the observation site. The methods
for obtaining WVMR and calibration constant are described in
Section III. Section IV presents the retrieved water vapor pro-
file and its coupling with clouds, winds, and aerosols. A brief
summary of this paper is given in Section V.

II. MEASUREMENT FACILITIES

A. AMPLE System

AMPLE measures Raman backscattered signals at 386 and
407 nm wavelengths, which are used to retrieve WVMR profile.
Meanwhile, the elastic backscatter signals at 355 and 532 nm
are simultaneously measured by the same lidar. The repetition
rate of the laser source is relatively high, which enhances the
signal dynamic range. Due to the contamination by sunlight, Ra-
man backscatter signal cannot be effectively detected during the
daytime; thus, the data of Raman backscatter signal is only ob-
tained at night in our experiment. Specifically, AMPLE receives
Raman backscatter signals from 22:00 to 05:00 each night. The
vertical resolution of the raw data is 19.8 m, and the original
2-s data have been further averaged over 60-s intervals to im-
prove signal-to-noise ratio (SNR). All measurements are taken
in the vertical orientation. Background subtraction, saturation,
afterpulse, overlap and range corrections are applied to raw lidar
data to derive the range-squared-corrected signal (RSCS). The
main technical parameters of the Raman Lidar system AMPLE
are presented in L.

B. Observation Sites

The AMPLE system was installed at Peking University
(39°59.5’N, 116°18.6’E, elevation 50 m), which is located in
the northwest of the Beijing metropolitan area. Due to the lim-
itation of our experiment, there is lack of collocated RS mea-
surements with the lidar data. We therefore employ atmospheric
profile data obtained from the RS station (39°48’N, 116°28.2°E,
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Fig. 1. Topography condition of Beijing. The black curve represents the
provincial boundary of Beijing. The black star indicates the lidar site. The
red square represents the location of the RS station. The pink dots indicate
the nine environmental monitoring stations within 20 km from lidar site.

elevation 30 m, ~25 km from Peking university) of Beijing op-
erated by China Meteorological Administration. The used vari-
ables include the profiles of water vapor, temperature, pressure
and wind, provided by RS which is launched around 07:15 Chi-
nese Standard Time (CST) and 19:15 CST for each day. The
original RS data are detected per second, and the vertical reso-
lution of RS profile is altitude dependent and less than 8 m in
our cases [44]. For comparing with lidar profile, the RS profile
has been averaged to achieve a vertical resolution of 30 m. The
surface wind speed (WS) and wind direction (WD) in 30-min
interval are obtained from the automatic wind measuring system
near the lidar system.

To reduce small scale bias and obtain a stable regional varia-
tion of particulate matter with the diameter smaller than 2.5 pm
(PM, 5) and those with the diameter smaller than 10 gum (PMy),
we acquire mean PM, 5 and PM; data from nine environmental
monitoring stations within 20 km from the lidar site, including
one station of Beijing Embassy of United States and eight sta-
tions of Chinese Ministry of Environmental Protection. These
data can serve as a representative of air pollution conditions
around lidar site.

The topography of Beijing is presented in Fig. 1. The black
star indicates the lidar site, the red square represents the location
of the RS station, and the pink dots indicate the nine environ-
mental monitoring stations within 20 km from lidar site. All of
the meteorological and environmental stations are within 26 km
centered at lidar site, and share the similar geographic condition
with lidar site. Therefore, we consider that the meteorological
and environmental conditions at these observation sites can well
represent those of the lidar site.

III. METHODOLOGY
A. Retrieval Process and Error Estimation

In this study, we use previously well-established algorithm
to retrieve WVMR. Detailed description of the method can be
found in [21]-[23]. The relationship between WVMR and the
Raman signals is described by the following equation:

w(z)=C

W ——— 1
Py, (2) M
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Fig.2. (a) AMPLE’S overlap factors for the 355 nm elastic channels. (b) SNR
profiles for three channels (elastic, N2 -Raman and Ho O-Raman) derived from
a lidar profile with time interval of 60 min (an average over 3 600 000 laser
shots) on 00:00 CST May 2, 2014.

where Aq = exp[— [5 (X, + g, )dr] fexp[— [5 (aff, 0 +
o/ﬁzo)dr], C,, is the Raman lidar calibration constant, which
is calculated by the corresponding RS data. Py, and Py, (z)
are the Raman backscatter signal at the wavelength of 407
and 386 nm, respectively. Agq represents the differential
transmission ratio between 386 and 407 nm, which can
be simultaneously estimated by the additional channels of
the AMPLE lidar. ajf, o and ay, are molecular extinction
coefficients at 407 and 386 nm, respectively. This part can be
calculated by the temperature and pressure profiles from RS
at the same day [24]. afy o, and af, are AEC at 407 and
386 nm, respectively, which can be calculated by the Klett
method [25]. Here, we use the Klett method to retrieve AEC.
The Klett solutions are integrated by starting from a far and
clear range, which is selected as 7 km above ground level in this
study. Linear relationship between extinction and backscatter
coefficients is usually prescribed in the retrieval process, and
a 50 sr of the column-averaged extinction-to-backscatter ratio
(the so-called lidar ratio) is used here, which is a typical value
in the troposphere [26]. The retrieval processes for AEC are
strongly influenced by the overlap effect. Note that in (1)
identical overlap factors are generally assumed, which means
that the overlap factors for HoO and N5 channel are equivalent.

The overlap factor for elastic channels can be experimentally
determined [27]. Fig. 2(a) presents the overlap factor for
355 nm elastic channel; the overlap factor approximates to 1

above 1200 m.

The performance of the system has been analyzed in terms
of SNR, namely the ratio between the lidar signal and the lidar
statistical error. Assuming the distribution of Poisson statistics,
SNR at channel of wavelength X can be given as follows [28]:

S, + By
VS, +opr?

where ), represents the lidar raw signal at wavelength A, and B,
is background signal, which is computed by averaging the signal
return from above 30 km. o5 2 are the background noise. For a

SNR, = )
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Fig. 3. (a) Profiles of molecular and AEC at 386 and 407 nm. (b) Differen-
tial transmission ratio Agq including the molecular (black) and aerosols (blue)
contribution and the total (red).

larger number of laser shots p, the SNR can be easily calculated
knowing that it is proportional to /p. In Fig. 2(b), SNR of three
channels is given for a lidar signal acquired on 00:00 CST May
2, 2014 with time interval of 60 min (an average over 3 600 000
laser shots). The relative error of the WMVR measurement can
be written as follows:

2 2
resw) () @
w SNR1 SNRQ

where SNR; and SNRy represent the SNR at the H,O and N,
channels, respectively. Aw characterizes the statistical error of
the WV measurement. As SNRy > SNR,, the relative error
approximates to 1/SNR; . In this case, the relative error is less
than 7.4% below 2 km, and reaches 22.8% at 5 km.

As an example for retrieval Ag, Fig. 3(a) shows the retrieval
of molecular and AEC at 386 and 407 nm at 00:00 CST on
March 2nd, 2014. In this case, AEC decrease with height be-
low 5 km, and are roughly at the same level with molecular
extinction coefficients above 5 km. The corresponding differen-
tial transmission ratio is illustrated in Fig. 3(b). The differences
caused by Agq are less than 3.4% below 2 km, and reach as large
as 8.7% at 10 km.

B. Cloud and the Boundary Layer Height Identification

The vertical structure of the atmosphere can be estimated by
signals from AMPLE. Because of the relatively high backscatter
coefficient inherent to aerosols and water droplets, aerosol layer
or cloud can be detected by a continuous increase of the elastic
backscatter lidar signal. There are several methods for deter-
mining the presence of aerosol layers and cloud, including the
threshold method [29], the comparison with clear-sky [30] and
the analysis of the signal derivative which is also known as the
differential zero crossing method [31]. The threshold method is
an effective tool to detect the step signals from noises [32], and
is implemented to determine the base height of layers.

Moreover, it is necessary to distinguish between cloud and
aerosol layers. In general, we use the slope of the signal to
classify cloud, a method that has been developed by other re-
searchers [33]. We calculate the logarithm gradient of RSCS as
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Fig. 4. WVMR measured by AMPLE and RS. The black, blue, brown, light
blue, and green curves indicate the profile of WVMR at 04:45, 04:00, 03:00,
02:00 and 01:00 CST on March 2, 2014, respectively. The RS was launched at
07:15 CST on March 2. The pink-dashed line represents the PBL determine by
AMPLE at 07:00 CST on March 2.

follows:

D (z) d (In [Py (2) 2°]) 4)

dz
where P, () is the elastic backscatter signal, and P (2)z? refers
to RSCS. The transitions between different layers can be char-
acterized by the local minima of D(z).

For an aerosol layer or cloud above the PBL, the local max-
imum and local minimum of quantity D(z) are represented by
T and B, respectively. When z < 3km, if B < -7 or T > 4,
the layer is identified as cloud. When z > 3 km, the layer is
identified as cloud if B < -7 or T >2. For the other situations,
the layer is considered as aerosols.

In addition, the boundary layer height can be identified by the
logarithm gradient method [34], [35]. The height Z, at which
D(z) reaches the first minimum is usually considered as the
boundary layer height.

C. Calibration Method

The calibration constant C), is generally determined by co-
incident RS data. However, due to the absence of simultaneous
RS data, we select a typical day (March 2nd, 2014) with stable
meteorological conditions. During this day, the PBL height is
585 m as retrieved by elastic backscatter signal at 08:00 CST.
We use the RS above the PBL to determine the calibration con-
stant. Using the regression method by England er al. [36], the
calibration constant can be obtained by comparing the Raman
signal ratio (averaged over 30 min from 04:30 to 05:00 CST)
to the WVMR profile from RS (launched at 08:00 CST) within
a height from 585 m (PBL) to 2500 m. With the calibration
constant, the lidar profile can be presented at 04:45 CST. The
profiles are averaged over 30 min. We apply a vertical smooth-
ing window of 80 m below 1 km and 320 m above 1 km, as
shown in Fig. 4(a).

Moreover, with the calibration constant, the lidar profile can
be presented at 01:00, 02:00, 03:00, 04:00, and 04:45 CST [see
Fig. 4(b)]. These WVMR profiles show stable characteristics
above 600 m. Moreover, the WVMR continuously increases
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Fig. 5.  WVMR profiles (black lines) from AMPLE averaged over 90 min

(a) from 03:30 to 05:00 CST on March 7, 2014, and (b) from 03:30 to 05:00
CST on March 2, 2014. The dashed curves indicate the RS data which was
launched at 07:15 CST at the same day. The gray areas indicate the standard
deviation around the average value during this period. (a) and (b) Clear-sky and
cloudy sky conditions, respectively. The mean CBH is marked as the horizontal
dot dashed line in (b) and the error bar represents the variability of CBH during
this time.

near the surface. This phenomenon will be discussed in more
detail in Section IV.

IV. RESULTS

This section starts by discussing the cases of WVMR profile.
In addition, WVMR retrievals for many nights are presented.
With the observation of WVMR, the variation of water va-
por associated with cloud and wind is discussed. The cloud
base height (CBH) is determined by backscattering signals at
355 nm. The variation of relative humidity (RH) below clouds is
demonstrated. The coupling between water vapor and aerosols
is further examined with observation during a typical heavy
pollution event.

A. Cases Study of Water Vapor Observation

We first compare the profiles of WVMR under cloudy and
cloud-free conditions, in order to examine the impact of clouds
on the vertical distribution of water vapor content.

The WVMR profiles are retrieved and averaged over 90 min
starting at 03:30 CST on both March 7th [see Fig. 5(a)], and
March 2nd, 2014 [see Fig. 5(b)]. Vertical smoothing window is
80 m below 1 km, increasing to 320 m between 1 and 3 km,
and is 640 m above 3 km. For comparison, the WVMR profiles
from RS launched at 08:00 CST on the same day are also shown.
The profiles from AMPLE and RS agree well as indicated in
Fig. 5(a). Clouds are observed from 03:30 to 05:00 CST. After
05:00 CST, clouds diminished. The averaged CBH is marked
by the horizontal dot dashed line in Fig. 5(b), and the error
bar represents the variability of CBH during the time period.
Below 3 km, the profiles from AMPLE and RS (clear-sky) agree
reasonably well. In the presence of cloud, the WVMR from
AMPLE is comparatively higher than that from RS.

The standard deviation during the 90 min averaging window
is plotted as the gray shades in Fig. 5. The amplitude of the
standard deviation involves both the statistical fluctuation of the
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Fig. 6. (a) WVMR profiles measured by AMPLE for 13 nights. At each
night, the WMVR measurement is from 22:00 to 05:00 CST. The region above
cloud base has been removed. (b) Blue and red dots indicate simultaneous
concentrations of PMs 5 and PM ¢, respectively. (¢) Simultaneous WD. NW
have marked as green dots; meanwhile, the winds came from other direction
have marked as red dots.

signal and changes in the water vapor content. As the Raman
backscatter signals will be strongly interfered by clouds, the
standard deviation dramatically increases above CBH, above
which the retrievals of water vapor bear large uncertainties.

Because water vapor was retrieved over a sustained period of
time, next we investigate the temporal evolution of WVMR dur-
ing the entire measurement period. The change of water vapor
with time for the 13 nights is demonstrated in Fig. 6(a). Dur-
ing each night, the WMVR measurement is made from 22:00
to 05:00 CST of the next day (e.g., in Fig. 6, 0228, the mea-
surement is made from 22:00 CST on February 27th to 05:00
CST on February 28th). In Fig. 6(a), the temporal resolution is
30 min, and vertical smoothing window is 80 m below 1 km,
and increases to 320 m above 1 km. Due to the disturbance
of clouds to Raman signal which has been already shown in
Fig. 5(b), the region above CBH has been removed in Fig. 6(a)
based on clouds detected by the elastic backscatter signal. The
WVMR is generally lower than 3 g-kg™! during the observation
time period, corresponding to the dry weather in Beijing in the
spring. Simultaneous temporal evolutions of PMs 5 and PM;
are presented in Fig. 6(b). The variability of PM; 5’s concen-
tration is found to agree well with that of water vapor content.
High concentrations of water vapor and PM 5 together produce
a favorable condition for the hygroscopic growth of aerosols
and haze formation.

Moreover, we notice that the water vapor content is highly
variable across different nights, and this phenomenon is found
to be related with WD. For closer examination, concurrent WD
condition is marked on Fig. 6(c). The northwesterly winds (NW)
came from the arid and semiarid regions in northwest China
and Mongolia, which is usually dry and cold. It is seen that
March 1th, 5th, 6th, 13th, 14th, 20th, and 21th are dominated
by persistent NW. The water vapor content is also significantly
lower on March 1, and the WVMR level remains relatively

Authorized licensed use limited to: University of Maryland College Park. Downloaded on June 30,2023 at 08:16:31 UTC from IEEE Xplore. Restrictions apply.



1720
WVMR (g kg™)
0 05 1 15 2 25 3 35 4 45
(a)
E
=
=
=]
]
T
T T T T T T T IO T T T T T T IO T T T T 1T
(b) 22:00 05:00 22:00 05:00 22:00 05
0227 0228 0228 0301 0301 0302
o T N T O ATV T VT T VT VT A NN N O MO N TTT VT TTT V8 VTVTT VI T
: H .
£ a4 =
02— -
= IE{} T
© W] Uie o C
W-oo ~
e ] P s -
E-| 0000000080 0009900 oo |
N L L L III"(hiIIHIIIIIiIII L Inl ? T e v v
22:00 05: 2: 05:00 22:00 05:00
0227 0228 0228 0301 o301 0302
Time (CST)
Fig.7. (a) Temporal changes of WVMR vertical profiles taken between 22:00

CST on February 27th and 05:00 CST on 2 March 2014. (b) Simultaneous WS
and (c) WD. The gaps in (a) represent period with missing data. In (a), (b), and
(c), the time axis is compressed at daytime, with each scale representing 1 h. In
(a), the wind profile from RS is labeled as station model.

low on March 5th, 6th, 13th, 14th, 20th, and 21th. Consistent
with WVMR, the concentration PMs 5 is also relatively low on
March 5th, 6th, 13th, 14th, 20th, and 21th corresponding to NW.
This coherency between water vapor and PMs 5 suggests that
WD might be the major factor contributing to the low moisture
and pollution levels during this period, as well as pollution.
To be mentioned, the concentration PM;, does not share the
same evolution trend with WVMR. This is particularly evident
for March 14th, when the concentration of PM; is quite high,
while water vapor and PM, 5 levels stay low. This phenomenon
is likely caused by the transport of large dust particles from the
northwest arid region, which is a major component of PM;( but
not PMs 5.

To further clarify the impact of wind on water vapor, the evolu-
tion of water vapor during three consecutive nights is presented
in Fig. 7(a). The three nights are from 22:00 CST February
27th to 05:00 CST March 2nd, and are hereafter named as “first
night,” “second night,” and “third night” for convenience. The
corresponding WS and WD are shown in parallel in Fig. 7(b)
and (c), respectively.

With respect to the WD, wind mainly came from the East
during the first and the third night, while its direction shifted
to northwest at the second night. Meanwhile, the variation of
WVMR also displays different characteristics during different
nights. Anincreasing tendency in WVMR variability is observed
for the first and the third night, whereas for the second night,
WVMR exhibits a decreasing trend. This contrast is reasonable
as the NW originated from inland, and is dry and cold, thus
effectively reducing water vapor concentration. On the other
hand, the East wind came from the seaward, which is warmer
and contains more moisture and causes an increase in water
vapor.

As shown in Fig. 7(a), the wind profiles from RS are labeled
as station model at 20:00 CST on March Ist and at 08:00 CST on
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Fig.8. (a) Temporal changes of the RSCS vertical profiles (log scale, arbitrary

unit). The black line characterizes the CBH. (b) Temperature (dashed curve in
black) and RH (dashed curve in red) profiles from RS which was launched
at 07:15 CST on 1 March 2014. The solid curves in black and red indicate
the temperature and RH profiles from modeling at 07:30 CST on 1 March,
respectively.

March 2nd. Between these two times, the wind field experienced
a rapid change, with WS increased from 56 to 7—10 m - s~ !,
and WD switched from southwest to northwest. Coherent with
wind data, the WVMR shows an evident uniform decrease at
the second night.

The variation of WVMR at these three consecutive nights
clearly demonstrates the impact of WS and WD on water vapor
evolution. High water vapor content is usually associated with
winds blowing from seaward, while strong NW will result in an

abrupt reduction of WVMR.

B. Evolution of Water Vapor Below Cloud

In this section, we focus on the variability of water vapor be-
low clouds. Fig. 8(a) shows examples of RSCS at 355 nm under
cloudy condition from 01:40 to 08:10 CST on March 1st, 2014.
The signals are averaged over a 16 min interval, and the verti-
cal smoothing range is 80 m. Due to enhanced backscattering
of large cloud droplets, the elastic backscatter signal starts to
increase dramatically at cloud base. As a conventional way, the
threshold method can effectively retrieve the CBH. Two cloud
layers have been observed from lidar signals, and the base of
the cloud layers is marked as the black line in Fig. 8(a). AM-
PLE cannot penetrate clouds with large optical thickness. Obvi-
ously, the signals are attenuated above 7 km from 04:00 CST to
08:00 CST.

Because no collocated meteorology observations are avail-
able on site, we use the weather research forecasting (WRF)
model [37] to simulate the time series of temperature and hu-
midity profiles on March 1st, 2014. This case used NCEP FNL
(Final) Operational Global Analysis data as the initial field,
and performed a 24-h forecast in two nested domains, with the
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horizontal resolution of 18 and 6 km, respectively. The observa-
tion site is located at the center of domain 2. The time step of the
model was set to be 60 s, and the model outputs profiles at the
location of observation site with a 5-min interval. In Fig. 8(b),
the dashed curves in black and red represent temperature and
RH profiles, respectively, from the RS launched at 07:15 CST
on March 1st. The RS has been elevated to 5 km altitude along
with the balloon at about 07:30. The temperature (solid curve
in black) and RH (solid curve in red) profiles from modeling
at 07:30 CST on March Ist are also shown. The temperature
profiles agree well between WRF modeling and RS. The RH
profiles from modeling and RS both significantly increase above
5 km, which is likely associated with the presence of the cloud
layer. A cloud layer is observed around 5 km during the period
as indicated by Fig. 8(a). In addition, Fig. 8(c) shows the RH
profiles from modeling between 01:40 to 08:10 CST. There are
two peaks in RH profiles around 2-3 and 6-8 km, which may
again be associated with clouds that are independently observed
by AMPLE.

As WRF model shows solid ability to estimate temperature
profiles [38], we use the vertical profile of temperature derived
from the WRF model to estimate the RH for a period in our
observation of WVMR from 02:00 to 08:00 CST on March Ist.
The RSCS and RH profiles for cases 1, 2, and 3 (marked in
Fig. 8) are presented in Fig. 9. The RH profile is averaged over
16 min, with a vertical smoothing of 420 m. In Fig. 9(b), (d), and
(), the standard deviation of RH profiles during the averaging
time (16 min) is marked by gray shading. The CBH is marked as
the black dashed line and squares in Fig. 9. Because the Raman
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Fig. 10.  (a) Time series of AEC vertical profiles taken between 12:00 CST

on March 1st and 12:00 CST on March 4th 2014. In (b) and (c), blue, green,
and red lines indicate the temporal changes of averaged AEC (b) and WVMR
(c) at height ranges of 0.2-0.3, 0.3-0.5, and 0.5-0.7 km, respectively. (d) Blue
and red lines indicate the temporal changes of concentrations of PMs 5 and
PM;, respectively. The concentrations represent the mean value derived from
nine environmental monitoring stations (see Fig. 1), and error bar indicate its
standard deviation. (e) Simultaneous WS and WD. The northwest, southwest,
southeast, and northeast winds are marked as blue, pink, red, and green dots,
respectively.

signals are disturbed beyond the cloud base, the RH profile is
neglected above CBH. In Fig. 9(b), (d), and (f), RH is found to
have a sudden increase just below the cloud. In particular, RH
has increased by about 50% within 500 m from the cloud base.
Moreover, RH stays mostly above 80% at cloud base.

Note that in case 2, there is an increase in RSCS at around
2.5 km [see Fig. 9(c)]. According to the classification criteria
described in Section 111, this layer is classified as aerosol layer.
Relatively high RH is also found within this layer [see Fig. 9(d)];
high RH may be the important reason of formation of this aerosol
layer due to hygroscopic growth effect of aerosols. Compared
to case 1, the slope of RSCS in this layer is lower than that for
cloud and its RH is much lower than 100%.

C. Application to a Haze Episode

We further examined a typical haze episode from 12:00 CST
March 1st to 1200 CST March 4th using our lidar system.
Fig. 10(a) represents the evolution of AMPLE retrieved AEC
profiles during this period. We can clearly see a heavy pollution
process starting around 00:00 CST March 2nd all the way up
to 00:00 CST March 4th, with a sharp dissipation process af-
ter 00:00 March 4th. The AEC level maintains high throughout
March 3rd. For better identification of aerosol vertical structure,
we plot the time series of AEC at height ranges of 0.2-0.3, 0.3—
0.5, and 0.5-0.7 km [see Fig. 10(b)]. In general, AEC decreases
with height. However, during the period with the heaviest pol-
lution (the whole day of March 3rd), AEC is high throughout
the mixed layer which reaches ~0.9 km. Nighttime WMVR
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The black line illustrates the linear regression, and R represent the correlation
coefficient. The color of the square indicates the corresponding concentration
of PMs 5.

for the same period is also shown at different height ranges in
Fig. 10(c), which indicate similar evolution trends as aerosols,
partly due to the hygroscopic growth of aerosols [39]. AEC
within the mixed layer also agrees well with PM;, and PM, 5
concentrations, with the highest correlation found at 0.2-0.3 km
altitude range [see Fig. 10(d)]. Fig. 10(e) represents the coinci-
dent wind condition. NW dominates before and after the haze
process, corresponding to low aerosol concentration, whereas
during the haze process, WD switched to south and WS stayed
low. The relationship between AEC/PMs 5 concentrations and
WS can be better identified in Fig. 11, which clearly indicates
that high AEC and PM> 5 conditions are associated with low
WS and vice versa. WVMR also exhibit a similar correlation
with WS as aerosols.

For better understanding the accumulation and dispersion
processes of the haze, backward trajectories of air masses in
the lower atmosphere were calculated using NOAA’s hybrid
single-particle Lagrangian trajectory (HYSPLIT) model [40],
[41]. One-day backward trajectories of air masses are computed
by the HYSPLIT model, ending from 00:00 CST to 12:00
CST March 2nd and from 01:00 CST to 13:00 CST March 4th
2014, which correspond to the accumulation and dispersion
period of haze respectively (see Fig. 12). For the accumulation
process of haze, the air masses came from the southern part
of the North China Plain with low altitude and high WVMR
content [see Fig. 12(a) and (c)]. Because Beijing is surrounded
by mountains in the north which serve as a natural barrier for
air mass dispersion, water vapor and aerosols transported from
the south will build up in the Beijing area. The high content of
water vapor and aerosols forms an ideal environment for haze
formation. In the dispersion process of haze, air masses came
from the northwest arid area, which is usually cold and dry [see
Fig. 12(b) and (d)]. These dry air masses serve as an effective
cleaning mechanism of water vapor and aerosols, and push the
humid, polluted air masses further southward.

The haze formation process is further studied in detail, the
WVMR and AEC measurement from 22:00 CST on March 1st
to 05:00 CST on March 2nd is presented [see Fig. 13(a) and
(b)]. We especially focus on the evolution of water vapor and
pollution at different altitudes. By comparing the time series of
AEC and WVMR concentration at different altitudes, we find
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Fig.13.  (a) Temporal changes of WVMR vertical profiles and (b) AEC vertical

profiles taken between 22:00 CST on March Ist and 05:00 CST on March 2nd
2014. (c) Solid red and blue lines indicate the temporal changes of average
WVMR at height ranges of 0.2-0.5 and 0.5-0.7 km, respectively, while the
dashed red and blue lines indicate the temporal changes of averaged AEC at
these two height ranges. (d) Simultaneous WS and WD. In (a) and (b), the black
lines indicate the PBL top.

that the lower altitude (0.2-0.4 km) has both higher AEC and
WVMR concentration and variability [see Fig. 13(c)]. More-
over, there is also a timing difference in the haze accumulation
process. For the 0.2-0.4 km range, AEC and WVMR began to
increase after 00:00 CST on March 2nd, while for 0.5-0.7 km,
they did not increase until 02:00 CST.
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Fig. 14. One-day backward trajectories of air masses computed with the
HYSPLIT model for 21:00 CST March 1st to 05:00 CST March 2nd, 2014.
Each line represents backward trajectories arriving along the cruise track at
(a) 200 m and (b) 700 m above sea level. The black stars indicate the lidar
site. In (c) and (d), each line presents the corresponding evolution of air mass’s
elevation above sea level along with air mass’s movement. In (e) and (f), each
line presents the corresponding evolution of WVMR of air mass along with air
mass’s movement. The color of each line presents the end time of backward
trajectory.
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Fig.15. (a) Temporal changes of WVMR vertical profiles and (b) AEC vertical
profiles taken between 22:00 CST on March 3rd and 05:00 CST on March 4th
2014. (c) Solid red and blue lines indicate the temporal changes of average
WVMR at height ranges of 0.2-0.4 and 0.5-0.7 km, respectively, while the
dashed red and blue lines indicate the temporal changes of averaged AEC at
these two height ranges. (d) Simultaneous WS.

The delayed increase of water vapor and aerosols for higher
altitudes is further studied using the HY SPIT model, the results
of which are presented in Fig. 14. One-day backward trajecto-
ries ending at 21:00 CST March 1st to 05:00 CST March 2nd
2014 for two heights 0.2 km [see Fig. 14(a)] and 0.7 km [see
Fig. 14(b)] are calculated and different colors represent different
ending times (see Fig. 14). We can see that air masses at 0.2 km
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Fig. 16. One-day backward trajectories of air masses computed with the
HYSPLIT model for 14:00 CST March 3rd to 01:00 CST March 4th 2014.
Each line represents backward trajectories arriving along the cruise track at
(a) 200 m and (b) 700 m above sea level. The black stars indicate the lidar
site. In (c) and (d), each line presents the corresponding evolution of air mass’s
elevation above sea level along with air mass’s movement. In (e) and (f), each
line presents the corresponding evolution of WVMR of air mass along with air
mass’s movement. The color of each line presents the end time of backward
trajectory.

generally come from the south and the WVMR remained high
after 00:00 CST March 2nd, whereas the air masses at 0.7 km
came from the northwest before 02:00 CST March 2nd but
shifted to the south with higher water vapor content after 02:00
CST March 2nd. The different origins of air masses for different
height likely explain the delayed increase of AEC and WVMR
for higher altitude.

In the haze dispersion process, pollutant and water vapor at
different altitudes also exhibit different characteristics. Fig. 15
shows the time series of AEC and WVMR at the two height
ranges as well as that for WS. Different for the accumulation
process, we notice that AEC and WVMR at higher altitudes
decrease earlier [see Fig. 15(c)]. Again we examine HYSPLIT
back trajectories for these two heights [see Fig. 16]. At 0.2 km,
air masses mostly come from the sea with higher water vapor
content, helping to maintain the high WVMR level. At 0.7 km,
air masses also come from seaward first but switched to the west
around 22:00 CST on March 3rd, reducing WVMR level. The
haze decay process at different altitudes is again well explained
by the different air mass sources.

V. CONCLUSION AND DISCUSSION

In this study, we presented Raman lidar retrieval of water va-
por during the spring dry season in Beijing. To our knowledge,
this is the first time that such high-resolution measurement of
water vapor is made in the North China Plain. The AMPLE Ii-
dar system is able to reliably measure WVMR in the lower and
middle troposphere. The information retrieved is sufficient to
reveal atmospheric processes (e.g., cloud formation, wind vari-
ation, and weather change). The high-resolution products reveal
more details about atmosphere and offers new opportunities
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for the study of clouds and the boundary layer. We also inves-
tigated the variability of WVMR associated with wind, clouds,
and aerosols. This study is helpful for understanding the causes
of water vapor variability and its interaction with meteorol-
ogy/aerosols in the Beijing area, and also has implications for
many other regimes, especially other mega cities in the world.

Clouds have critical influences on the vertical distribution
of water vapor. Water vapor shows high variability in the ap-
pearance of cloud. RH changes dramatically with cloud. As the
standard deviation of WVMR measurements significantly in-
creases above cloud base, the disturbance caused by cloud has
been removed during the observational time period. Aerosol lay-
ers are also associated with relatively high water vapor content,
and water vapor shows similar vertical structures and variation
trend with aerosols. Moreover, water vapor evolution trend is
heavily impacted by the wind field. We examined the variation
of WVMR under different WS and WD conditions. The NW is
the major factor for the reduction of moisture content. Besides,
the WS also affects water vapor variability, and is negatively
correlated with WVMR.

The causes of severe haze episodes in Beijing are complex
and remain uncertain [42], [43], and our application of the AM-
PLE system provides useful insights into this research topic. The
variability of water vapor and aerosols is found to be highly cor-
related. On one hand, the hygroscopic growth of some aerosol
species which increases their extinction efficiency heavily de-
pends on water vapor content. On the other hand, the accu-
mulation and dispersion of water vapor and aerosols are both
influenced by the WS and direction. Wind condition again exerts
a major impact on the formation and dispersion of haze. In the
PBL, there exhibits a delayed increase and an earlier decrease
of water vapor and pollutants at higher altitudes compared to
surface. The associated mechanism is further clarified using
HYSPLIT back trajectory analysis.

The case study presented in this paper well demonstrates the
usefulness of the Raman lidar technique in studying the temporal
and vertical evolution of atmospheric water vapor. Our work
delivers the message that the advanced Raman lidar system is
quite suitable in studying the atmospheric processes associated
with water vapor and aerosols, which should thus be of interest
to the broad remote sensing community. In the future, we plan
to apply our observation technique for a more comprehensive
study of water vapor, clouds, wind, and aerosol optical properties
for different seasons and geographic locations, in order to fully
understand the nature of their interaction in the atmosphere.
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