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ABSTRACT
Cirrus clouds play a significant role in the Earth’s energy balance and in the hydrological cycle of the
atmosphere. Here, a high-performance Micro Pulse Lidar was continuously used to investigate cirrus cloud
formation and characteristics at Ali (32.50�N, 80.08�E; 4279m), in the western Tibetan Plateau from 25 July
to 23 September 2016, a time frame that spanned the prevalence and degeneration period of the Asian
summer monsoon (ASM). The cirrus clouds frequently occurred with sharp fluctuations in the vertical
distribution from 8 to 14km above ground level (AGL) during the ASM period. In contrast, cirrus clouds
were remarkably reduced and consistently existed near 10km in September, when the ASM began subsiding
due to the lack of a driving force that triggers ice formation. Approximately half of the cirrus clouds were
caused by deep convective activity during the ASM period, which held one-third of total cirrus clouds during
the whole measurement period. These anvil cirrus clouds have a liquid origin and are characterised by
optically thicker clouds with Cloud Optical Depth values greater than 0.2, high depolarisation ratios and
high lidar ratios. These observations indicate that, in agreement with other studies at mid-latitudes and in the
Arctic, liquid origin cirrus could be associated with thicker, larger and more complex nonspherical ice
crystals in comparison to in situ formed cirrus. Cold perturbations were responsible for the formation and
evolution of the remaining two-thirds of cirrus clouds. These clouds were mostly associated with in situ
formation of ice crystals, in the slow updrafts in the tropical transition layer over the Tibetan Plateau.
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1. Introduction

Cirrus clouds are predominantly composed of non-spher-
ical ice crystal particles (e.g., Lynch et al., 2002) that
appear frequently in the tropical transition layer (TTL)
region. Cirrus clouds are one of the largest sources of
uncertainty in the Earth’s energy balance due to albedo
and greenhouse effects (McFarquhar et al., 2000, Zerefos
et al., 2003, Boucher et al., 2013). Additionally, cirrus
clouds are crucial to the atmospheric hydrological cycle

via the stratosphere–troposphere exchange of water
vapour. Recent research shows that increased strato-
spheric water vapour is linked mainly to the occurrence
of cirrus clouds in the TTL (Randel and Jensen, 2013).

The net radiation effect of cirrus clouds depends
strongly on their microphysical parameters, including ice
crystal number, size, and shape (Liou, 1986; Zhang et al.,
1999; Gallagher et al., 2012), in addition to macroscopic
cloud properties, such as optical thickness, ice water con-
tent (IWC), and geometric extent (Kienast-Sj€ogren et al.,
2016; Schnaiter et al., 2016). Thin cirrus clouds
usually contribute to a positive radiative forcing in the
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upper-level troposphere, whereas thick cirrus clouds may
produce cooling (Stephens and Webster, 1981; Fu and
Liou, 1993; Fahey and Schumann, 1999; Fu et al., 2002).
Microphysical properties of cirrus clouds, including num-
ber density, and the size and shape of ice crystals, affect
cloud lifetimes in the TTL region (Jensen and Toon,
1994). The special properties of cirrus clouds are deter-
mined by certain cirrus formation types. For example,
heterogeneous ice nucleation (mostly immersion freezing)
can occur already just below 0 �C and plays a pivotal role
in the formation of liquid origin cirrus clouds in the sub
tropics, likely because of moderate updrafts in compari-
son to tropical deep convection and the high loading of
heterogeneous INs in the subtropical upper troposphere
(UT) (Cziczo et al., 2013). In in situ origin cirrus, hetero-
geneous freezing (here mostly deposition freezing) can
occur at RHi � 100% (DeMott et al., 2003a), but most
often the freezing RHi are higher, varying between 110%
and close to the homogeneous freezing threshold. One
essential condition for homogeneous freezing is that the
relative humidity must be strongly supersaturated with
respect to ice (RHi ¼ 130% to 150%) at T¼ 235–190K.

Liquid origin and in situ origin indicate whether cirrus
clouds are formed at lower altitudes by the freezing of
existing water droplets at water saturation, or alterna-
tively via the freezing of solution droplets or heteroge-
neous nucleation at the respective ice supersaturation, but
below water saturation (Kr€amer et al., 2016). More spe-
cifically, in in situ originated cirrus clouds, the ice crystals
form directly from the gas phase (at T< 235K) via differ-
ent ice nucleation mechanisms (heterogeneous or homoge-
neous), depending on the prevailing strength of updrafts.
In slow updrafts, cirrus clouds are particularly thin and
have lower IWC and ice crystal number concentration
values (Nice), but also exhibit larger ice crystals due to
limited ice nuclei (IN) concentrations in the atmosphere
(Rogers et al., 1998). Exceptions occur in locations with
abnormally abundant IN, such as in outflow regions of
dust storms (DeMott et al., 2003a), where heterogeneous
formation primarily occurs. In contrast, thicker cirrus
clouds form in fast updrafts with higher IWCs (and Nice),
and their formation is mostly homogeneous. Cirrus
clouds with liquid origin form when ice crystals nucleated
(at T> 235K) by heterogeneous freezing of liquid drops
that are then subsequently transported to higher altitudes.
When the updrafts are high enough, homogeneous ice
nucleation of supercooled liquid drops (at around
T¼ 235K) can occur (Kr€amer et al., 2016; Luebke et al.,
2016; Wernli et al., 2016).

The Asian summer monsoon (ASM) system transports
abundant anthropogenic aerosol precursor emissions
from Asia, coupled with rapid vertical transport to the
UT, followed by confinement within the upper-level ASM

anticyclone (Fu et al., 2006; Park et al., 2009; Randel
et al., 2010). Satellite observations have illustrated that
significantly high concentrations of some chemical com-
ponents (H2O, CO, CH4, C2H6, C2H2, NOx, N2O, and
HCN) are found in the ASM anticyclone of the UTLS
during the ASM period (Park et al., 2004, 2007, 2008,
2009; Kar et al., 2004; Li et al., 2005; Randel and Park,
2006; Xiong et al., 2009; Randel et al., 2010), in addition
to the highest aerosol concentrations (Vernier et al., 2011;
Thomason and Vernier, 2013). Gao et al. (2003) exam-
ined seasonal variation of water vapour and cirrus clouds
over the Tibetan Plateau and observed that the mean
high cloud reflectance over the plateau reaches its max-
imum in April and its minimum in November. Further,
Chen and Liu (2005) observed that a substantial number
of cirrus clouds in March and April were generated by
relatively warm and moist air being slowly lifted over a
large area via topographic lifting. Moreover, satellite
observations have indicated that cirrus clouds are associ-
ated with outflow from deep convection that frequently
occurs over the Tibetan Plateau (Li et al., 2005; Fu et al.,
2006; Jin, 2006). As in subtropical regions, the deep con-
vection activities are predominant over the Tibetan
Plateau during the ASM period. These processes, along
with topographic lifting and abundant aerosols and their
precursors in UTLS, could act together to promote ice
formation, resulting in frequent cirrus cloud occurrence.

Optical image observations from satellites provide
valuable information on cirrus clouds, but they have lim-
ited temporal and vertical spatial resolution. This limita-
tion underscores the need for local active remote sensing,
such as lidar, which is one of the most useful instruments
for cirrus cloud investigation, due to its capability to
detect high and optically thin cirrus clouds (Wang et al.,
2005; Noel et al., 2007). Key microphysical parameters of
cirrus clouds include the extinction coefficient, extinction-
to-backscatter ratio, cloud-base height, and cloud geo-
metric depth (Sunilkumar and Parameswaran, 2005).
Cloud-top and tropopause relationships from
Cloud–Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO; http://www-calipso.larc.nasa.
gov/) (Pan and Munchak, 2011) measurements and a case
study of cirrus cloud properties from balloon-borne
optical particle counters (Tobo et al., 2007) have been
recently reported for the Tibetan Plateau. Nevertheless,
vertically and temporally resolved measurements of cirrus
cloud properties are still scarce over the plateau. He et al.
(2013) investigated the geometric and optical properties
of cirrus clouds over Naqu (31.29�N, 92.04�E, 4507m
above sea level; asl) within the northern Tibetan Plateau,
and found that deep convective activity and Rossby
waves are important dynamic processes that control vari-
ation of cirrus clouds. In particular, both anvil cirrus
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outflowing from convective cumulonimbus clouds and
large-scale strong cold perturbations in the UT can play
key roles in cirrus cloud formation. However, the nucle-
ation mechanisms and contributions of ASM anticyclones
to cirrus cloud occurrences were not investigated due to
the lack of appreciable and reliable water vapour sound-
ing in the UTLS region, and a relatively short measure-
ment period.

In the present study, micropulse lidar (MPL) observa-
tions of cirrus clouds were performed for more than
1400 h in Ali, within the western Tibetan Plateau, and
about 100 radiosondes were launched. The experiment
was conducted between July and September 2016, such
that the underlying dataset spans the prevalence and
degenerating period of the summer monsoon. The tem-
poral variation in cirrus clouds and their mechanisms of
formation were examined over the Tibetan Plateau using
the newly available 2-month lidar cirrus cloud dataset
obtained from the Variation of Land-atmosphere
Coupled Systems and its Global Climate Effect over the
Tibetan Plateau project. Using the most comprehensive
lidar- and radiosonde-based cirrus cloud statistics for the
Tibetan region, the obvious optical characteristics of cir-
rus clouds were connected to different formation mecha-
nisms. The article is organised as follows. Section 2
describes the experimental procedures and methods of
data analysis. In Section 3, the process of cirrus cloud
formation and the optical properties of observed cirrus
layers are discussed. Finally, Section 4 summarises
the findings.

2. Experiments and methods

The field experiment was conducted at Ali (32.50�N,
80.08�E; 4279m asl), which is located in the western
Tibetan Plateau, from July 25 to September 23, 2016.

2.1. Micro pulse lidar

A micro-pulse lidar (MPL-4B, Sigma Space Corp., USA)
was co-located with the balloon launch site. The MPL is
a backscatter lidar and uses an Nd: YVO4 laser with an
output power of 12 lJ at 532 nm and a repetition rate of
2500Hz. The vertical resolution and integration time of
the MPL lidar observations are 30m and 30 s, respect-
ively. The diameter of the receiving telescope is 20 cm,
and the field of view (FOV) is 0.1 mrad. The relatively
small FOV reduces background noise and renders the
multiple scattered signals from optically thin cirrus clouds
negligible. The receiver channels are designed to detect
the depolarisation of backscattered light.

Only clouds above 8.0 km high (AGL) were considered
to avoid the possible influence of water clouds on our

analysis. We used the cloud mask algorithm of Clothiaux
et al. (1998) to identify cloud boundaries from the lidar
backscatter profiles, and subsequently applied the algo-
rithm of Comstock and Sassen (2001) to calculate cloud
extinction coefficients, a (km�1) with a precision of
0.01 km�1, and the lidar ratio (LR, sr) of cirrus clouds.
The visible cirrus cloud optical depth (COD) calculation
involves integrating the values of the lidar cloud between
the cloud base, Hb, and the top, Ht. The uncertainty in
the optical depth and the column lidar ratio that is intro-
duced by the multiple scattering correction is estimated as
10%, and is due to the unknown effective size of cirrus
particles (Chen et al., 2002). The upper limit of COD
from lidar detected cirrus is set to 1 to exclude significant
uncertainty in the optical depth due to the multiple scat-
tering effect following the scheme of Chen et al. (2002).
The depolarisation ratio (DPR) of 532 nm is defined as
the ratio of the perpendicular component of the backscat-
ter signal to the parallel component, with respect to the
polarisation plane of the emitted laser beam. This param-
eter is used to derive the phase of the cloud and subse-
quently identify the type of ice crystals present within the
cloud. The DPR equals zero for spherical particles.
Cirrus clouds are mostly composed of nonspherical ice
crystals that will result in significant depolarisation.
High-altitude cirrus clouds are mostly thin and their
optical attenuation is weak. Consequently, the laser pulse
can penetrate the cirrus cloud completely and the signal
transition from the top of the cirrus cloud to clear air
can be detected. However, lidar signal is occasionally
heavily attenuated, or missing, due to thick clouds at low
altitude, resulting in failure to detect cirrus (if at all pos-
sible) above them using lidar, thereby resulting in less
accurate determination of cirrus cloud numbers.

2.2. Balloon-borne sonde observations

Ninety-six L-band (GTS1) electronic radiosondes
(Nanjing Bridge Machinery Co., Ltd., China) were
launched during the field campaign to provide vertical
profiles of pressure, temperature, and humidity up to
20–25 km (AGL). The radiosondes were released at the
lidar field site at Ali twice daily at 0000 and 1200 UTC
(LST-8). Daily vertical distributions of temperature and
the levels of tropopause were consequently recorded.

2.3. Satellite observations

National Oceanic and Atmospheric Administration
(NOAA) satellites provide outgoing longwave radiation
(OLR) data for the top of the atmosphere. OLR data are
calculated daily by the Climate Diagnostic Center (CDC)
division of NOAA (Liebmann and Smith, 1996), and the
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horizontal resolution is 2.5� by 2.5�. The missing values
are computed by applying spatial and temporal interpola-
tions. The OLR measurements in this dataset are calcu-
lated by converting channel radiances from 10 to 12 lm,
as measured by the Advanced High-Resolution
Radiometer aboard the NOAA operational polar orbiting
satellites. The daily mean is the average of one daytime
and one nighttime measurement. The OLR emitted by
high, cold, and deep convective clouds is much lower
than that by warmer, lower clouds or by the surface.
Values less than 200W m�2 typically indicate deep con-
vection (Fujiwara et al., 2009). Deep convection, in turn,
indicates regions with extensive lifting of air that may
play roles in the formation of cirrus clouds.

The CALIPSO measures the vertical distribution of
aerosols and clouds, in addition to their optical and phys-
ical properties using near-nadir-viewing geometry with
two-wavelength (532 and 1064 nm) polarisation-sensitive

lidar (Winker et al., 2009). This study utilised version
3.01 of the level-1 aerosol data that have a vertical and
horizontal resolution of 60m and 1,000m, respectively.
The data represent the altitude region between 8.2 and
20.2 km, from which the total backscatter in this layer is
obtained by integrating the backscatter efficient. Cloudy
pixels with a mean volume DPR greater than 5%
are removed.

3. Results

3.1. Cirrus cloud formation mechanisms

Figure 1 shows the distribution of monthly averaged geo-
potential height and wind field at 100 hPa over central
Asia between July and September. The obvious anticyc-
lone and high barometric pressure indicate that the ASM
anticyclone is present over the Tibetan Plateau in July

Fig. 1. The distribution of monthly averaged geopotential height (in gpm) and wind field at 100 hPa over central Asia in (a) July, (b)
August, and (c) September. The observation site is indicated by a black square.
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and moves eastward, with the edge of the ASM anticyc-
lone located at the experimental site in August. The ASM
anticyclone decays significantly in September with a weak
high pressure center over northern India. The frequent,
deep convective activities are associated with the ASM
anticyclone.

Figure 2 shows the distribution of the monthly aver-
aged total backscatter values between June and
September. The four consecutive monthly maps depict
the presence of a remarkable layer of high aerosol con-
centration, extending from the Eastern Mediterranean
region to Western China with a value between 0.03 and
0.08. The total backscatter increased from June to
August over the Ali location and decreased dramatically
in September, correlating perfectly with variation in the
ASM anticyclone. Actually, the maximum aerosol con-
centration near the tropopause over the Tibetan Plateau
has also been observed by lidar and balloon borne meas-
urements (Tobo et al., 2007; He et al., 2013). Li et al.
(2005) showed that the aerosol plume is detectable in the
anticyclone around the altitude of 150 hPa over the
Tibetan Plateau through satellite observations and model
study. Frey et al. (2011) proposed that nucleation events
at very low temperatures accompanied by the outflow of
convective systems could be dominant process in the pro-
duction of the Asian Tropopause Aerosol Layer (ATAL).
Aircraft measurements in the UT over Asia indicated
that the ATAL at lower altitudes consists mainly of sul-
fate and carbonaceous aerosols (Martinsson et al., 2014).
Vernier et al. (2015) found that there is a 1-month phase
lag of the aerosol scattering ratio from Cloud-Aerosol

Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) after the RHi from the Microwave Limb
Sounding (MLS) at the beginning of the convective
period (May/June), which could possibly be caused by
the growth of the nanometric particles to the larger par-
ticles that can be detected by satellites.

Significantly high concentrations of some chemical
components and aerosols have been observed in the
UTLS within the ASM anticyclone during the ASM
period. Further, mineral dust particles were observed in
the residuals of evaporated ice crystals in cirrus-forming
regions (Cziczo et al., 2013; Cziczo and Froyd, 2014) and
in the free troposphere at Mount Werner, Colorado, at
3220m asl (DeMott et al., 2003b). Combinations of nat-
ural mineral dust/fly ash and metallic particles were also
identified as INs in natural and anthropogenic air masses
(Chen et al., 1998; DeMott et al., 2003b; Richardson
et al., 2007). Additionally, sulfate and organic aerosols
play a role in tropical tropopause cirrus cloud formation
(Froyd et al., 2010). Tobo et al. (2007) also suggested
that selective ice nucleation on heterogeneous ice nuclei
might be more efficient at cirrus temperatures. Therefore,
aerosol particles on the UTLS over the Tibetan Plateau
could act as INs to induce the heterogeneous freez-
ing process.

Figure 3a illustrates the temporal variation of the daily
mean bottoms and tops of cirrus clouds (blue and red tri-
angles). The cirrus clouds frequently occur with a sharp
fluctuation of vertical distribution from 8 to 14 km in the
ASM period (July–August), whereas they are remarkably
reduced and consistently existed near 10 km in September

Fig. 2. The distribution of the monthly averaged total aerosol backscatter (sr�1) from CALIPSO measurements over central Asia
between 8.2 and 20.2 km altitude in (a) June, (b) July, (c) August, and (d) September. The observation site is indicated by a red asterisk.
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when the ASM begins subsiding. The geometric extent of
cirrus clouds is generally upwards of 1–2 km over the
whole observation period. The lapse rate tropopause
(LRT, blue line) is defined as the level at which the lapse
rate becomes �2K/km, given that the average lapse rate
from this level to the next two kilometers is less than 2K/
km (WMO, 1957). All of the cirrus clouds occurred at
altitudes near and below the cold point tropopause (CPT,
red line), and even the LRT. The maximum convective
outflow level (COL, yellow line) is the altitude of the
minimum potential temperature gradient (Pandit et al.,
2014). Most COLs are located between 8 and 10 km, just

below the bottom, or inside of, cirrus clouds during the
ASM period. In contrast, they significantly decrease to
about 7 km, far below the bottom of cirrus clouds, when
the ASM starts subsiding in September, indicating that
cirrus cloud occurrence is closely related to deep convect-
ive activities during the ASM period. Consequently,
liquid origin cirrus clouds are absent after the ASM
period due to reduced convective activity. As observed
over Naqu in 2011, anvil cirrus clouds outflowing from
convective cumulonimbus clouds in the UT play a key
role in cirrus cloud formation (He et al., 2013).
Meanwhile, aerosol abundance decreases due to the lack

Fig. 3. (a) Deviation field from the average temperature of the radiosondes in the summer of 2016. The white and black areas
correspond to positive and negative deviations from the average temperature, respectively. The blue and red triangles are the observed
bottoms and tops of cirrus clouds, respectively, and the red, blue, and yellow lines correspond to CPT (Cold Point Tropopause), LRT
(Lapse rate Tropopause), and COL (Convective Outflow Level) altitudes, respectively. (b) Temporal variation of temperature deviation
within cirrus clouds. (c) The attribution of temperature deviation proportions.
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of a driving force for upward transportation from deep
convective activities when the ASM starts subsiding.
Thus, the cirrus observed after the ASM are farer away
from the COL, most likely in situ origin, probably
formed in slow updrafts. The deviation field from the
average temperature of radiosondes between July and
September 2016 is overlaid on Fig. 3a (white and black
background color). A remarkable cold perturbation was
observed near the tropopause between August 3 and 16
(see the black region below the LRT), and in the UT
after August 25, when the COL was far from the bottom
of cirrus clouds, however, some cirrus clouds were still
observed. Cirrus cloud occurrences are hypothesised to
generally increase when strong cold perturbations occur
in the tropopause layer and in the UT (Randel and
Jensen, 2013; He et al., 2013; Kim and Alexander, 2015),
which are more possibly connected to in situ origin.

To investigate the contributions of cold perturbations
on the formation of cirrus clouds, temporal variation of
temperature deviation is plotted in Fig. 3b. Further, the
fractions of temperature deviation are shown in Fig. 3c,
based on the sign of the deviations inside cirrus clouds.
‘Positive’ means the case with coincident positive devia-
tions inside cirrus clouds; ‘Negative’ means that with
coincident negative deviations, while ‘Mixed’ represents
temperature deviations inside cirrus clouds containing
both positive and negative deviations. The y-axis of Fig.
3b ranges between the extreme values of the temperature
deviations inside daily cirrus clouds. Positive deviations,
with occasional negative deviations, generally occur
before August 11, while negative deviations are prevalent
after that date. The cirrus clouds with positive deviations
only represent 27% of all of the observations, which are
also characterised by remarkably close COLs to cloud
bottoms. Liquid origins of anvil cirrus can be inferred as
outflowing from deep convective activities that are gener-
ated at low altitudes, while those formed in situ are more
closely connected to cold perturbations. Deep convective
clouds generate anvil cirrus clouds when winds in the UT
remove ice crystals from the top of the large convective
column, which then persist for between 0.5 and 3.0 days,
even after the deep convective cloud dissipates (Seifert
et al., 2007). Comparisons of our observations with those
of other studies indicate similarities in cirrus cloud alti-
tude over the Tibetan Plateau with those at tropical sites.
For example, Comstock et al. (2002) proposed two dis-
tinct types of cirrus clouds at Nauru, in the tropical west-
ern Pacific, with one having cloud base altitudes above
15 km, and the other below this height and exhibiting dis-
tinctive characteristics. Moreover, Liu and Zipser (2005)
observed that only 1.38% and 0.1% of cirrus clouds from
tropical convective systems reached altitudes of 14 km
and 16.8 km, respectively. These results can be illustrated

with an origin of cirrus clouds close to the tropopause
from convection that penetrates the tropopause, while the
lower cirrus clouds are the ceiling of most convection.

It should be noted that cirrus clouds do not always
occur under cold perturbation conditions, and especially
in September when the ASM system begins to decay. The
gradient of temperature deviation with altitude (T’),
along with overlapped cirrus cloud prevalence is shown in
Fig. 4a. The negative gradient (black background: tem-
perature deviation decreases with altitude) is predominant
during the ASM period, and then changes to a positive
gradient (white background: temperature deviation
increases with altitude) after that, which could further
influence the interpretation of cirrus cloud reduction. The
prevailing cirrus clouds with negative gradients (Fig. 4b,
c) are consistent with the results of Kim et al. (2016),
wherein negative gradients in temperature deviation with
altitude favors their formation and maintenance.

Based on the above analyses, the primary mechanism
of cirrus cloud formation over the Tibetan Plateau results
from the outflow of deep convection and cooling in the
UT. Low OLR (< 200W m�2) has been noted as an indi-
cator of organised, deep convective activity in the tropo-
sphere (Fujiwara et al. 2009). The temporal variation of
vertical velocity between 500 and 100 hPa from the verti-
cal distribution of vertical velocity over Ali (Fig. 5) was
derived from the National Centers for Environmental
Prediction final version re-analysis (NCEP FNL) data
and the OLR calculated from the CDC OLR dataset
over the Ali observation site. Strong convective activity
over the site is clear during the time periods: August 3 to
12 and August 25 to 29. The results point to two stages
that are consistent with the period when COLs were very
close to the bottom of the cirrus clouds. Cirrus clouds in
two stages can be reasonably generated via liquid origins.
Anvil cirrus clouds of liquid origin outflow from deep
convective activities that are generated at low altitudes.
While those formed in situ are predominant other than
these two time periods when deep convective activities are
weak and there are cold perturbation conditions and the
slow vertical velocities due to large-scale updrafts in
the UT.

Thus, it is reasonable to consider OLR of less than
200W m�2 as the threshold for liquid origins of cirrus
clouds. Based on this classification definition, cirrus
clouds originating in situ and by liquid origins from deep
convective systems contribute approximately two thirds
and one third to the total cirrus cloud occurrence on the
UTLS over the Tibetan Plateau during the whole meas-
urement period, respectively. For the ASM period, those
originating in situ contribute approximately half to the
total cirrus cloud occurrence. Using daily values from the
Halogen Occultation Experiment (HALOE) aerosol
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extinction and CDC OLR data, Massie et al. (2002)
showed that half of the cirrus clouds in TTL over the
maritime continent are convectively generated, while the
other half are formed through in situ processes.

3.2. Optical properties of cirrus clouds

The relationship between the daily average optical param-
eters for COD and DPR from lidar retrieval according to
different cirrus origins is shown in Fig. 6. The COD of
cirrus clouds with a liquid origin is generally higher,
exhibiting a mean COD of 0.31, compared to that of in

situ origins, 0.23. Cirrus clouds with a liquid origin exhib-
ited a maximum daily average COD of 0.41, which is
ascribed to August 7 and a minimum of 0.18 on August
25. Using a microphysical box model with the validation
of cirrus data sets from 17 aircraft campaigns, over
Europe, Australia, Brazil as well as South and North
America, Kr€amer et al. (2016) concluded that liquid ori-
gin cirrus clouds are mostly thick with higher IWC and
larger ice crystals than the in situ cirrus clouds.

Unlike liquid-originated cirrus clouds, those generated
in situ are characterised by a positive correlation between
COD and DPR, indicating that larger and more complex

Fig. 4. Data are plotted following Fig. 3, but with the gradient of temperature deviation plotted with altitude.
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nonspherical ice crystals are present, along with denser,
in situ originated cirrus clouds.

To further investigate the key features that distinguish
liquid originated cirrus clouds from in situ originated cir-
rus, the occurrence frequencies of optical parameters for
the two types were analysed (Fig. 7). Liquid origin cirrus
clouds exhibit more extreme COD values, whereas those

originating in situ can occur on most optically thin clouds
with COD �0.3, indicating that dense cirrus predomin-
antly form via liquid origins. The prevailing proportion
of liquid-originated cirrus with extremely high extinction
coefficients could also support this inference. Luebke
et al. (2016) adopted airborne in situ measurements over
the European continent and also found that the key

Fig. 5. The temporal variation of vertical velocity (cm s�1) from the NCEP FNL data (upper panel) and the OLR calculated from the
CDC OLR dataset over the Ali observation site (lower panel). The symbols represent the occurrence of cirrus clouds on the
corresponding dates. Colors distinguish the origin (red for liquid and blue for in situ).

Fig. 6. The relationship of the daily average optical parameters for Cloud Optical Depth (COD) and DePolarisation Ratio (DPR)
from lidar retrieval according to different cirrus origins (blue: in-situ origin, red: liquid origin, see also Fig. 5).
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features that distinguish cirrus clouds with a liquid origin
from those with an in situ origin are higher frequencies of
high IWC (>100 ppmv), higher ice crystal number con-
centrations, and larger ice crystals, resulting in larger
extinction coefficients and COD values. Additionally,
Wolf et al. (2018) analysed the balloon-borne in situ
measurements of Arctic cirrus clouds and suggested that
the number size distribution for liquid origin clouds was
much broader with particle sizes between 10 and 1200 lm
compared with that of in-situ origin clouds characterised
by all smaller than 350 lm diameter. Therefore, more
subvisible cirrus clouds could be associated with in situ
origins. The frequency of DPR occurrences demonstrates
that cirrus with an in situ origin are characterised by
lower DPR (e.g., horizontally oriented ice crystals or thin
plates of ice crystals). This observation indicates that the
particles associated with anvil cirrus clouds will comprise
larger and more complex nonspherical ice (e.g., hexagonal
ice crystals) that contribute to significantly larger volume
DPRs (Thampi et al., 2009). The DPR is high in cloud
regions where the turbulence effect is high
(Krishnakumar et al., 2014), implying the possibility of
ordered crystal formation via turbulence in anvil cirrus
clouds. Ordered crystals in clouds give rise to high DPRs,
and crystal growth increases in regions with high turbu-
lence. The LR of liquid origin cirrus shows a peak at
around 20 sr, while that of in situ cirrus occurs at around
10 sr. The distributions of LR for different cirrus origin
suggest that lower LR is predominant in in situ cirrus. In
general, the liquid origin cirrus ice crystals are larger and
have more complex shapes because they are formed at

lower altitudes where much more water is available than
at the altitude of in situ cirrus formation.

4. Summary and conclusions

During a field campaign in the framework of the
Variation of Land-atmosphere Coupled Systems and its
Global Climate Effect over the Tibetan Plateau project, a
high-performance MPL was successfully deployed at a
Tibetan Plateau experimental site. Measurements were
continuously taken from July 25 to September 23, 2016,
which spans the prevalence and degenerating period of
the summer monsoon. Radiosondes were launched twice
daily to observe temperatures, RH, and wind profiles.
The temperature profiles, together with the lidar observa-
tions, were used to investigate cirrus cloud formation
mechanisms. The cirrus clouds exhibited frequent occur-
rences, with sharp fluctuations in vertical distribution
from 8 to 14 km in the ASM period. In contrast, they
were remarkably reduced and consistently existed near
10 km in September when the ASM began subsiding. The
relatively close correlation between cirrus occurrences and
COLs in the troposphere indicates that one-third of the
cirrus clouds observed at Ali were caused by deep con-
vective activity. The origin and maintenance mechanisms
of cirrus clouds were further investigated using lidar
observations and temperature deviations that were calcu-
lated from average temperature profiles over three
months. The results suggest that the cirrus connected to
high convective updrafts are of liquid origin, while cold
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perturbations with slow updrafts are responsible for the
formation and evolution of in situ cirrus clouds.

The anvil cirrus clouds with liquid origins are mostly
characterised by optically thicker clouds with COD >�
0.2, higher DPR, and higher LR than those with an in
situ origin. The particles associated with the anvil cirrus
clouds will be larger and more complex nonspherical ice,
resulting in a significant increase of LR.

The mechanisms that are proposed for cirrus cloud
dynamics in this study are based on two months of data.
Extended meteorological observations, and especially for
water vapour and microphysical parameter measure-
ments, such as particle size, are required obtaining a bet-
ter understanding of the formation and variation of
cirrus clouds over the Tibetan Plateau. These observa-
tions will ultimately help improve climate modeling of cir-
rus clouds.
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