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ABSTRACT

The cloud fraction (CF) and cloud-base heights (CBHs), amdsproperties, over a site in southeastern China from
June 2008 to May 2009, are examined by a ground-based liégsul® show that clouds occupied the sky 41% of the time.
Significant seasonal variations in CF were found with a maxminimum during winter/summer and similar magnitudes
of CF in spring and autumn. A distinct diurnal cycle in the @iemean CF was seen. Total, daytime, and nighttime annual
mean CBHs were .85+ 2.73 km, 2464+ 2.08 km, and 31+ 3.07 km, respectively. The lowest/highest CBH occurred
around noon/midnight. Cirrus clouds were presefi6.2% of the time at night with the percentage increasedrmser and
decreased in spring. Annual mean values for cirrus geocagépioperties were.89+ 1.65 km, 980+ 1.70 km, 1073+ 1.86
km and 183+ 0.91 km for the base, mid-cloud, top height, and the thicknesspectively. Seasonal variations in cirrus
geometrical properties show a maximum/minimum in summiatax for all cirrus geometrical parameters. The mean sirru
lidar ratio for all cirrus cases in our study was25+ 17 sr, with a smooth seasonal trend. The cirrus optical deptged
from 0.001 to 2.475, with a mean of3%+ 0.33. Sub-visual, thin, and dense cirrus were observedlia%, 43%, and 45%
of the cases, respectively. More frequent, thicker cirtosas occurred in summer than in any other season. The pireper
of cirrus cloud over the site are compared with other lidasdd retrievals of midlatitude cirrus cloud properties.
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1. Introduction climate effects of clouds, especially cirrus clouds, &

N . ... main largely uncertain. A clear understanding of their macr
The significant influences of clouds on the red|str|but|onh . ) X . .
wysical and optical properties at different geograpHaxz-

g;g?fsrg);:(;l?hrg?:sgiﬁé a}irglo ipggngnd?/;a};m;?’a:ﬁrrT:i?ns is essential for climate modeling studies (Gianna&ak
i y g Y g globg 2007). Satellite-based passive remote sensing, ssich a

scales by means of scattering and absorbing radiation ghd . ;
releasing latent heat mainly depend on their spatio—tezaﬂlp;%ﬁat performed by the Moderate Resolution Imaging Spectro

variations in vertical structure and horizontal distribat radiometer (MODIS), has enabled the observation of cloud

(Stephens, 2005: Dong et al., 2005). Among the multip%mractenst_lcs such as the amount and tqp he!ghton a global
: . ) scale (Platnick et al., 2003). However, their retrievalaacy

cloud types, cirrus clouds play an important role in Earth S iffers from various limitations (Chang and Li, 2005). Pas-

climate and cover 17%—30% of Earth’s atmosphere (Dess?er 9 ' '

) sive satellite sensors with visible and near-infrared clesn
and Yang, 2003; Sassen et al.,, 2008). The frequency_h(gfve difficulty inferring the properties of low and optigall

occurrence of cirrus clouds can reach 45% in the tropics .
(Stubenrauch et al., 2006). Cirrus clouds in the upper tr%—m clouds (Wu et al., 2009). Spaceborne active remote sen-

; ) . sors, such as CloudSat and Cloud-Aerosol Lidar Pathfinder
posphere have two opposite effects: an infrared greenho{is

effect and a solar albedo effect, which strongly depend Atellite Observations (CALIPSO), can provide informatio

i . . . - ABout cloud vertical structure worldwide (Winker et al.030
their macrophysical and optical properties. The radiative Mace et al., 2009), but the temporal resolution is limited,

making any investigation of the diurnal cycle of clouds over
* Corresponding author: Zhanging LI specific regions impossible (Min et al., 2010).
Email: 11112010133@bnu.edu.cn Ground-based instruments can capture the diurnal cycle
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of clouds and are valuable for monitoring long-term trentds 2. | nstruments and methods
fixed locations. Although ground-based lidars cannot pene- A depolarization-sensitive micropulse lidar (MPL),

trate optically thick clouds or determine cloud-top hesx‘]htwhich is a compact and solid state lidar developed at NASA
they can detect the presence of clouds and measure lQw-

est layer cloud-base heights (CBH). Numerous studies h and manufactured by the Sigma Space Corporation, was used

demonstrated their ability to observe cloud properties{a ?g?omhwne et_al., 1995). It uses an Nd: YU_: pulsed laser
bell and Shiobara, 2008; Shupe et al., 2011; Thorsen et glOde’ operating at a wavelength of 527 nm with a pulse rep-
’ ' " X ition rate of 2500 Hz. The bin time of the MPL receiver

X ) . X €
2.013)’ and in pamculqr, to quantn‘y and c_haracterlze me.vwas 200 ns, with a 30 m vertical resolution. The MPL sys-
tical structure and optical properties of cirrus cloudsddri

. L : . tem averages many low-ener ulses in short durations to
observations provide information on cloud vertical stauet 9 y gy p

with a much higher sensitivity to optically thin clouds thar‘%jIChIeve a good S|gna_l to noise ratio (S.NR)' A pulsed solid
. state laser, a narrow field-of-view (FOM:100 urad), harrow
a cloud radar (Thorsen et al., 2013). The capability of ‘a ) \ .
. L interference filters £0.3 nm full width at half maximum),

ground-based lidar system to detect thin cirrus clouds sake . " . ; o
hd photon counting capability resultin a highly sensitive

itone of the most appropriate instruments to use for theyStugrument. Further detail regarding the features of the MPL

of thes_e clouds (Noel et a_I., 2007). : can be found in Spinhirne et al. (1995).
Using ground-based lidar data, many studies have been _. .
Figure 1 shows the steps taken to retrieve cloud proper-

carried out regarding the temporal and spatial variatidns 0 . © . . .
cloud structure (Mahesh et al., 2005: Bissonnette et al).720tles in this study. Using the method described by Campbell et

Shupe et al., 2011) and macro- and microphysical and optigéil (2002), raw data were corrected to the normalized x@lati

properties, as well as radiative effects of cirrus cloudsrov ackscatter signal (NRB). Lidar signals at upper-tropesjoh

different regions, such as the tropics (Sassen and Campbrglrl]ges are significantly influenced by the afterpulse. Te min

2001; Comstock et al., 2002; Seifert et al., 2007; Sunilmmlglzﬁgr?ils Izg:fnfﬁe’ arl;t;trrlla:cljsse Cr?)“?)rigls ch;% pg;fﬁdé? al
et al., 2008) and the midlatitudes (Reichardt, 1999; Ketkh g y 9 prop y P '

el 2005 Wang et al 2005 Das el 2008 Duportt 460 0 L1 € % (GOLD) s brdares were ce.
2010). Significant differences in cloud characteristicstex 9 9 9

. ; 001). This algorithm is based on characteristics of the li
from one region to another and the representation of clou IS sianal. as in the differential zero-crossing and toksh
in climate models is still poor (Zhang et al., 2005). Charac- gnal, 9

terizing the spatial and temporal distributions of cloudthw methods, and also takes into account the underlying physi-

. ) . . cal differences between cloud and aerosol layers, and noise
better spatial and temporal resolutions, including thenmac

. ) : . . effects. To distinguish a cloud layer from an aerosol layer,
physics and optical properties of cirrus clouds at differen ==~ .

) ) ) . empirical threshold values were used (Clothiaux et al. 3199
geographic locations, is fundamental to understanding aed

quantifying the roles of clouds in climate change and in Im_ampbell etal., 2002; Zhao et al, 2014). Use of these values

proving weather climate models (IPCC, 2007; Vukicevic & the algorithm proved successful at separating clouda fro
al., 2010) ' ' aerosols with high accuracy. More detail is given in Wang and

. . Sassen (2001). Cirrus optical properties were retrievadjus
Durlnq the deployment Of. the United States Depa.rtmeph% algorithm of Comstock and Sassen (2001), which is based
of Energy’s Atmospheric Radiation Measurement Mobile Fa-

cility in China (Li et al., 2011), extensive measurementsave®” the solution of the lidar equation. The cloud backscatter

- N i
made at Taihu from May 2008 to December 2009 for thceoefflment,ﬁc (km sr7=), is given by

purpose of studying aerosol—cloud interactions underilyeav Bo(2) = G(2,2) — B(2)

polluted conditions. The site (31.70%, 120.358E; 10 m ¢ 1—2nkfzf) G(z,zdz "™

above sea level) is located in the heart of the Yangtze Delta, S22 87T z

where there is an abundance of different types of anthi®{zy,z) = fin(z0) =——— % exp{z (— - nk)/ Bm(z)dz} ,
pogenic aerosols (Li et al., 2007). To help unravel aerosol— 8(20)2(2) 3 %

cloud interactions, cloud and aerosol properties were mewhere 3, is the scattering contribution from air molecules,

sured by numerous advanced instruments installed at the (z) is the normalized lidar backscatter signal, an@ndk

By virtue of continuous ground-based lidar measuremenige the forward multiple-scattering correction paramatet

we investigate the cloud-base distribution and geométriche extinction-to-backscatter ratio, respectiveyg. denotes

and optical properties of cirrus clouds with the goal of laythe height just below the cloud base where the scattering is

ing the foundations for studying aerosol—cloud interaio presumably due to molecules, amds the height at which
The remainder of the paper is organized as follows. Sethe backscatter signals are received. The pararkdtede-

tion 2 describes the micropulse lidar system and methagsmined using an iterative technique where the valueisf

used to determine the cloud mask and to retrieve cirrus dpereased incrementally from 5 to 100 sr. It reaches its fi-

tical properties. Seasonal patterns and the diurnal cyclerral value when the average backscatter coefficient above the

the cloud-base distribution are discussed in section 3- Seud is equal to the average molecular backscatter coeffi-

tion 4 presents the seasonal evolution of the vertical strugent above the cloud.

ture, macrophysical properties, and optical propertiesrof The optical depth of the cirrus cloudg, can be deter-

rus clouds. Section 5 gives the main conclusions. mined by integrating3; between the cirrus cloud basa,
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MPL Signal Corrections
1. Dead time correction
2. Afterpulsing correction

3. Background correction

Cloud Boundary Detection

1. Determine standard deviation
of backnoise; Calculate slope
and the variation of signal

2. Find the height of layer base,
peak and top; Calculate signal
ratio of peak to base (T) and the
maximum of negative slope
between base and top (D)

3. Distinguish a loud from noise
or an aerosol layer by
comparing the T and D with
empirical threshold values for

Cirrus Properties Retrieve

1. Calculate the linear
volume depolarization ratio
(6) profile; Identify the
cirrus cloud

2. An iterative technique is
used to solve the lidar
equation to get the lidar
ratio

993

4. Overlap correction clouds and aerosols

) ) 3. Calculate the extinction
4. Indicate the top is a real top and optical depth of cirrus
or an effective top for each el

cloud layer (real top=air
scattering detected by lidar)

5. Distinguish the cloud base
from virga base

Fig. 1. Diagram of the steps taken to retrieve cloud propertiesigdtudy.

and the cloud topz. The primary uncertainty in the; re- a pencil beam of the sky that depends on the advection of
trieval is in estimating the parametkr which results in a clouds overhead, studies have found that they are statigtic
maximum uncertainty of-24% for the retrieved value af  representative in terms of long-term averages (Dong et al.,
(Comstock and Sassen, 2001). This algorithm has been 2006, 2010).

plied to several long-term datasets in both the midlatisude Figure 2a shows the monthly mean CF from June 2008
and the tropics with reasonable accuracy (Sassen and CéonMay 2009 with seasonal and annual mean values summa-
stock, 2001; Comstock et al., 2002). The forward multipleized in Table 1. CF varied significantly throughout the year
scattering correction parameter was used to compensate@ér peaked during February, October and March, with val-
the effect of forward multiple-scattering on the returnmgye ues larger than 50% and reached a minimum during June and
The contribution of forward multiple-scattering to theabt July, with values around 25%. The largest GFo{7.2%) was
cloud optical depth was assumed to be relatively small herere than 2.5 times greater than the smallest CF (25.4%).
because the MPL receiving telescope has a narrow FOV (Ddee annual averaged CF was 40.6% and the seasonal mean
et al., 2009). In this study, we sgt= 0.9 based on simula- CF was marked by maxima during winter and minima dur-
tions of the multiple scattering correction factor by Cooekt ing summer (Table 1). The CF seasonal variability reflects
and Sassen (2001). the difference in large-scale atmospheric dynamics batwee

The linear volume depolarization ratid), defined as the summer and the winter and transition periods (Kollias
the ratio of cross-polarized and co-polarized scatterdtios, et al., 2007). A similar CF and the same seasonal varia-
was computed from MPL measurements using the methibah in CF were also found at another midlatitude site, the
of Flynn et al. (2007). This quantity is useful for studyingouthern Great Plains (SGP) site in the U. S. (Dong et al.,
the shape of ice crystals and provides dynamical informati@006). Monthly (Fig. 2b) and seasonal (Table 1) mean day-
about cloud formation. time and nighttime CF show that more clouds occurred dur-

ing the night than during the day. On average, the largest sea
) o sonal CF for daytime and nighttime occurred in winter and
3. Cloud fraction and cloud-base distribution  spring, and the smallest values for both were found in sum-
mer. Annual mean daytime and nighttime CFs were 17.9%
and 22.7%, respectively, during the entire study period.

The cloud fraction (CF) is defined here as the percent- Seasonal and annual mean diurnal cycles of the CF
age of returns that are identified as cloudy within a speeinomaly, defined as the difference between hourly and daily
fied sampling period (e.g., a month) regardless of the numbeean CF, are presented in Fig. 3. The annual average CF
of cloud layers. Although lidar-derived CF represents onynomaly experienced a significant diurnal cycle with ampli-

3.1. Cloud fraction
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tudes of about 24.6%. The annual average CF anomaly de-
creased sharply from the beginning of the day to midday, and
then gradually increased again. Maxima in the CF anomaly
occurred at around 0200 and 2200 LST and the minimum oc-
curred at around local noon. This is possibly related to an
increase in solar heating at the cloud top at noon resulting i
a relative stabilization of the cloud layer leading to sorhatv
less cloudiness (Shupe et al., 2011). Concerning the sglason
diurnal cycle, a strong diurnal variation can be seen imspri
summer, and autumn with amplitudes of 35.0%, 32.1%, and
24.2%, respectively. A relatively moderate diurnal vaoiat
was found in winter with amplitude of about 15.7%, which
is partly due to the weak local convection at the surface in
wintertime (Dong et al., 2005). Generally speaking, seakon
patterns in the variation of the diurnal CF mean anomaly are
similar to the annual pattern, except for wintertime. Intsim

the minimum CF mean anomaly occurred at 0500 LST and
around 1200 LST, with a sharp variation between the begin-

Fig. 2. Monthly variation in (a) mean cloud fraction (b) dur- ning of the day and the late afternoon, followed by a leveling

ing the day (0600-1800 LST) and during the night (1800-06000ff for the remainder of the night. Although similar variztis
LST) over Taihu from June 2008 to May 2009.
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are found in spring, summer and autumn, differences in the
relative variation are seen. For example, in summer, thie var
ation was smoother before and after noon than it was during
spring and autumn.

3.2. Cloud-basedistribution

Due to the severe attenuation in lidar signals by thick
clouds, the analysis of cloud bases presented here refiies to
analysis of the first cloud layer base detected from the gtoun
regardless of the number of cloud layers above it. Monthly
statistics of total (T), daytime (D), and nighttime (N) CBH,
with annual means given on the right-hand side of the plot
(shaded), are summarized in Fig. 4. Seasonal and annual
means, standard deviations, and median values of CBH for T,
D, and N cases are shown in Table 1. Relatively high annual
mean CBHs were found, with mean values @&+ 2.73 (T),

Fig. 3. Seasonal and annual mean diurnal cycles of the cloud?-4642.08 (D), and 3514 3.07 km (N). The highest annual
fraction mean anomaly (hourly mean minus daily mean) overmean CBH was found during the night. Monthly variations
Taihu from June 2008 to May 2009.

in the mean CBH for all cases were almost the same, with the

Table 1. Seasonal and annual mean cloud fraction (CF) and cloudHsght (CBH) in three altitude bins (L, M, H)* based on tot@) (
daytime (D), and nighttime (N) observations. Also included the seasonal and annual mean probability distributioctions (PDFs) in
the three altitude bins.

CBH(T)*  CBH(D)*  CBH (N)**
CF(T) CF(D) CF(N) (Meo(“a)n) (Me(di)an) (Mgd)ian) PDF(L) PDF(M)  PDF (H)
Spring 42.7%  16.6%  26.1% .BIt275 2864205 4304298 35.8% 34.3% 29.9%
3.09 2.25 3.63
Summer  27.7% 9.9% 17.8% .9B+3.57 2744263 4684382 41.5% 25.8% 32.7%
2.77 1.57 3.52
Autumn  46.5%  24.0% = 22.5% .35+203 2204182 2514222 57.7% 31.3% 11.0%
1.59 1.50 1.71
Winter 51.4%  255%  25.9% .23+211  222+196  224+224 60.8% 27.6% 11.6%
1.35 1.45 1.29
Year 40.6%  17.9%  22.7% .G5+£273  246+208  351+3.07 48.9% 30.3% 20.8%
2.07 1.74 2.40

*L, M, H: cloud-base heights located below 2 km, between 2 kih B km, and above 5 km, respectively.

**Mean values of cloud-base height. Units: km.
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T different altitude ranges (below 2 km, 2-5 km, and above 5
104 (2) Total 1 km) are listed in Table 1. Looking at the annual mean ver-
] 1 tical distribution, the largest number of detected clougdsa
51 é é é é & é H é é- (~17%) falls within the surface-based temperature inversion
0. ] (0.5-1 km). A similar result was reported by Dong et al.
T 15 — 11—t (2005) at the SGP site. Annual mean vertical probability
= 10 (b) Day ] distributions gradually decrease with increasing heigjova
< ] 1 km. Annual mean PDFs of CBH within the three height
£ 54 ranges were about 48.9%, 30.3%, and 20.8%, respectively
= 0.—é 4, é é é é é (Table 1).
15- The monthly and annual diurnal cycles of mean CBH are
; (c) nght plotted in Fig. 6. CBHs were averaged over a half-hour pe-
104 1 riod in this study. The diurnal cycle of CBH in summer and
5] Q é é é L é H é é_' spring varied greatly throughout the day. CBHSs hit a mini-
] ] mum around noon and reached a maximum around midnight.
0 The strongest signatures were seen in July. The highest CBH

e ﬂgnth O‘Ifa;earMar May occurred from 0030 to 0100 LST and the lowest CBH oc-

curred between 1100 and 1130 LST. The difference between
Fig. 4. Monthly and annual (ANN) mean cloud-base heights for the highest and lowest CBH was 5.1 km. The daily range in
(a) all clouds, (b) daytime clouds, and (c) nighttime cloondsr ~ CBH during autumn and winter was not as dramatic. For ex-
Taihu from June 2008 to May 2009. Box and whisker plots ample, in February, changes in CBH throughout the day were
include the median (middle of the box), 25th and 75th per-less than 1.1 km. The diurnal cycle in CBH was weak in au-
centiles (ends of the box), 5th and 95th percentiles (entiseof  tumn and in winter. The annual diurnal cycle in mean CBH
whiskers), and the mean (black dots). (Fig. 6b) has the same features as the variation in CBH during

spring and summer. From 0300 to 1000 LST, a marked de-

highest values in the spring and summer, and especially dth€35¢ in CBH occurred, and from 1700 to 2100 LST a sharp

ing the nighttime period (Table 1). Because monthly/seal'sor'PCrease was seen.
distributions of CBH are strongly skewed towards higher val
ues, monthly/seasonal median values are typically lower,
though the same general trends are seen (Shupe et al., 2011).
Similar seasonal patterns in CBH, i.e., maximum/minimum To differentiate between water clouds and cirrus clouds,
values in summer/winter, have been found at other sites, ethe following three criteria are used to identify cirruswds:
the SGP site (Dong et al., 2005), the South Pole (Mahesh(Et CBH is greater than 7 km; (2) is greater than 0.03
al., 2005), and Eureka in the Arctic (Shupe et al., 2011). (Das et al., 2010); and (3) the maximumis less than 3.0
Probability distribution functions (PDFs) of monthly andSassen and Campbell, 2001). Only nighttime data are used
annual mean CBH, given in 0.5 km vertical range bins, atere because, during the day, the signal-to-noise ratiods p
shown in Fig. 5. Seasonal and annual mean PDFs for thegehigh altitudes due to contamination by background pho-

Cirruscloud properties

25 14

14 13| Annual  (b)
12
12 20 11
—_ —~ 10

€ 10 £
< 15 X 2
5 8 g 7
2 2 6
= 6 10 £ 5
< < 4
4 5 3
2 -~ 2
P e 0 :)
Jul Sep Nov Jan Mar May (%) 0 10 20
Month of Year probability (%)

Fig. 5. Probability distribution functions of (a) monthly and (lraual mean cloud-base heights over
Taihu from June 2008 to May 2009. Cloud-base heights wenaged over 0.5 km bins in the vertical
direction.
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Fig. 6. (&) Monthly and (b) annual mean diurnal cycles of mean cloaske heights over Taihu from
June 2008 to May 2009. Cloud-base heights were average@0waimutes.

ton counts (Dupont et al., 2011). The cirrus occurrence fraghich can be expressed as

tion is defined as the ratio of the number of nights that cir- Be(2) + By(2)
rus was detected to the total number of nights measurements Rs(z) = A A
were made. Cirrus clouds were identified in 42, 45, 17, and By(2)

13 nights out of a total of 83, 87, 85, and 68 nights duwheref3,(z) andf.(z) are the backscattering coefficients of
ing spring, summer, autumn, and winter, respectively. Thesr and cloud at the laser wavelength, respectively.
corresponds to cirrus occurrence fractions of 50.6%, 51.7% Figures 7a and 7b show that cirrus base and mid-cloud
20%, and 19.1%, respectively. The annual mean cirrus dwights varied greatly by month. Maximum and minimum
currence fraction was 36.2%. A maximum cirrus occurrenceonthly mean cirrus base (mid-cloud) heights ofg8L02.2

in summer and a minimum in winter were also found frorkm (1182.2 km) and 774-0.6 km (844-0.6 km) occurred

two years’ worth of Cloud-Aerosol Lidar with Orthogonain July and December, respectively. For most of the year,
Polarization (CALIOP) data over northern China (Min et algloud-base and mid-cloud height distributions were stiypng
2011). The summertime maximum happens because thskewed towards higher values because median values were
is a relatively abundant supply of upper-tropospheric watgypically lower, although the same general trends are seen
vapor introduced by regional convective activity influetice(Shupe et al., 2011). Seasonal mean cirrus cloud-basetheigh
by the western tropical Pacific and because of the seasafmaid-cloud heights) were.884-1.02 km (2214 0.99 km),
meridional displacement of subtropical cirrus bands (&as9.89+ 1.97 km (1097+ 1.93 km), 794+ 0.71 km (866+

et al., 2008; Min et al., 2011). The annual mean cirrus occ@:69 km), and 775+ 0.60 km (840+ 0.61 km) in spring,
rence in our study is similar to that (37%) calculated from ssummer, autumn, and winter, respectively, with an annual
eight-year cirrus climatology generated by Das et al. (2008 ean of 889+ 1.65 km (280 1.70 km) during the course

over Chung-Li, a site in East Asia. of the study (Table 2). The vertical distribution of summer-
) ) ) time cloud-base heights shows a broad distribution in summe
4.1. Cirrus geometrical properties ranging from 7 km to 14.3 km and a relatively smooth vari-

Figure 7 shows the following cirrus geometrical propegtion with height. For other seasons, about 62.7% (spring),
ties in the form of box plots: (a) CBH, (b) mid-cloud height82.8% (autumn) and 89.4% (winter) of cirrus cloud bases
(c)cloud-top height, and (d) geometrical thickness in eaelne located below 8.5 km. Figure 8b shows that the vertical
month and year-round. Seasonal and annual mean cirrus@geurrence of mid-cloud heights also experienced a smooth
ometrical properties and vertical probability distrilaunts of variation with height in summer, with peaks at 8.5 km and
cirrus geometrical properties are summarized in Table 2 ah?2.5-13 km. In spring, around 81.5% of mid-cloud heights
plotted in Fig. 8. The mid-cloud height is the weighted CBHegll between 8.0 and 10.5 km, and about 87.5% and 93.0% of

which is defined as mid-cloud heights varied between 7.5 km and 9.5 km in au-
- tumn and winter. From data over the whole year, cirrus base

M — Jbase (2)dz and mid-cloud heights ranged from 7 km to 14.3 km and from

Zf)‘g‘s’e (2dz * 7.1 km to 15 km, respectively. The majority of cirrus base

heights (~56%) and mid-cloud heights-{60%) were located
Here, zyase and zp correspond to CBH and CTH, respecin the range of 7-8.5 km and 8-9.5 km, respectively.
tively, andz is the height at which the backscatter signals Cirrus cloud-top heights (CTHSs) also experienced signif-
are received. The paramef®i(2) is the backscattering ratio,icant monthly variations (Fig. 7c). Mean CTHs wered&+
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Table 2. Seasonal and annual averages, standard deviations, anahmvatlies of cirrus base height (BH), top height (TH), méigt
(MH), and geometrical thickness (GT).

BH (km) MH (km) TH (km) GT (km)
Mean+ std Median Meant std Median Meant std Median Meant std Median

Spring 838+1.02 8.09 921+0.99 8.92 1008+ 1.07 9.95 169+ 0.76 1.65
Summer B9+1.97 9.44 1097+1.93 10.90 12104+1.98 12.22 2240.97 2.17
Autumn 7944+0.71 7.76 866+ 0.69 8.59 925+ 0.80 9.26 131+0.72 1.26
Winter 7.754+0.60 7.64 840+0.61 8.37 899+0.75 8.81 124+ 0.57 1.26
Year 8894 1.65 8.33 980+1.70 9.24 1073+1.86 10.22 183+0.91 1.77
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Fig. 7. The same as Fig. 4, but for cirrus geometrical propertiescl(aud-base height; (b) mid-cloud
height; (c) cloud-top height; (d) geometrical thickness.

1.07 (spring), 1210+ 1.98 (summer), 25+ 0.80 (autumn) (spring), 2224 0.97 (summer), B1+ 0.72 (autumn), and
and 899+ 0.75 km (winter), with an annual mean of X8+ 1.24+ 0.57 km (winter). The PDF for cirrus thickness in
1.86 km. Figure 8c shows that CTHs had a broad (7-16 kmach season (Fig. 8d) has a distribution with one mode and
and multimodal distribution, with a major mode centered ahicknesses are mostly less than 5 km (spring), 6 km (sum-
the 13-13.5 km height range in summer. Nearly 70% amaer), 3.5 km (autumn) and 3 km (winter). Peaks in thickness
more than 90% of CTHSs in spring and in autumn and winterere found in 26.1% of the cases in spring (1.5-2 km), 23.8%
respectively, were located below 10.5 km. Most CTHs (mord the cases in summer (2—-2.5 km), 22.0% of the cases in au-
than 40%) reached an altitude of 9-10.5 km during the stutiymn (1-1.5 km), and 35.1% of the cases in winter (1-1.5
period. km). In terms of the annual PDF, approximately 86.2% of
Cirrus geometrical thickness monthly and annual statigie cases studied had thicknesses between 0.5 km and 3 km.
tics are shown in Fig. 7d. There is a noticeable month-to- ] ] ]
month variation. Maximum (minimum) values are found i#-2- Cirrusoptical properties
summer (autumn). The annual mean thickness wa3-t Cirrus optical properties, including the extinction-to-
0.91 km and seasonal mean thicknesses we88-4 0.76 backscattering ratio (commonly known as the lidar ratio),LR
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Fig. 8. Probability distributions of cirrus geometrical propestifor each season (horizontal bars) and annual
means (solid lines): (a) cloud-base height; (b) mid-cloeight; (c) cloud-top height; (d) geometrical thickness.

the cirrus extinction coefficientd), and 1. over Taihu are size and is also likely due to the process that forms cirrus
investigated. In the case of sub-visible cirrus, the Fernatlouds over the site.

retrieval relation (Fernald, 1984) is insensitive to esties In this study,o ranged from 0.001 to 1.59 km, with

of LR. For such cases encountered in this study, the cirrais annual mean of 25+ 0.31 km! (Table 3). Seasonal
LR is set to 24 sr. This value represents the mean of all meano values were 23+ 0.35 (spring), 0194+ 0.19 (sum-
trieved cirrus LR for clouds witlt <0.3 found in the study. mer), 0374+ 0.56 (autumn), and @0+ 0.40 kn? (winter).
This approach has been used by Das et al. (2009). Médean g as a function of mid-cloud height in each season
LR in spring, summer, autumn, and winter was@¥ 20.1, and over the entire study period is shown in Fig. 10. The
235+ 151, 241+ 153, and 253+ 16.7 sr, respectively, meano is averaged over every 1 km height bin and the stan-
with an annual mean LR of 25+ 17.7 sr (Table 3). Sassendard deviations of the annual meanare shown as vertical

et al. (1989) simulated the backscattering-to-extinctatio bars. On the whole, the meandecreased with increasing
(1/LR) for hexagonal ice crystals and found that for thimmid-cloud heightin each season and year-round. Others have
plate, thick plate, and column ice crystals, 1/LR is equal &hown thato increases with mid-cloud temperature (Pace et
0.026 srl, 0.086 srl, and 0.038 sr!, respectively. Fig- al., 2003; Das etal., 2010), which is consistent with thisigt
ure 9a shows the frequency occurrence of 1/LR calculatedcause higher mid-cloud heights are usually associatéd wi
from data collected over Taihu. About 70% of the valua®latively lower temperatures.

fall between 0.025 st and 0.055 stt, with a peak at 0.035 For all cirrus cloud cases in this studs ranged from
sr-1, suggesting that most of the cirrus clouds observed 0001 to 2.475, with mean values aBQ -+ 0.24, 040+ 0.33,

our study consisted of column ice crystals. Values of 1/L&34+ 0.30, and 020+ 0.20 in spring, summer, autumn, and
close to 0.2 st are likely due to specular reflection causedinter, respectively. The annual mean wa343 0.33 (Ta-

by falling or horizontally-oriented ice crystals, espdlgiaf ble 3). Clouds with different. play different roles when
observed through a vertically-pointing lidar (Ansmannlet ait comes to cloud radiative effects, which depend on cloud
1992; Das et al., 2009). Seasonal and annual mean LR amposition and geometrical thickness. Cirrus clouds here
function of mid-cloud height is shown in Fig. 9b. The LRare classified into three cloud categories: sub-visibleiatlo

is averaged over every 1 km height bin and vertical bars refp: < 0.03), optically thin cloud (03 < 1 < 0.3), and opti-
resent the standard deviation of the annual mean LR. Theedly dense cloudt > 0.3) (Seifert et al., 2007; Das et al.,

is no obvious correlation between LR and mid-cloud height8009). Table 3 lists the optical properties of cirrus clond i
This may be due to large variations in ice crystal mode amrdch of these categories for all seasons and year-round- Num
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Table 3. Seasonal and annual mean optical properties of sub-visitite and dense cirrus. Standard deviations are givenrgngiaeses.

All Sub-visible Thin Dense
ox (km™1) ™+  LR(sn)* o (km™d) T o (km™1) T LR(sr) o (km™1) T LR (sr)

Spring 0.23 0.31 27.6 0.017 0.016 0.123 0.16 24.7 0.38 0.53 .6 32

(0.35)  (0.24)  (20.1) (0.022)  (0.009) (0.100) (0.08) (19.7) (0.47)  (0.19) (19.2)
Summer 0.19 0.40 23.5 0.011 0.015 0.094 0.16 19.4 0.29 0.65 .1 28

(0.19)  (0.33) (15.1) (0.009)  (0.009) (0.064) (0.08) (13.7) (0.19)  (0.31) (14.3)
Autumn 0.37 0.34 24.1 0.024 0.015 0.160 0.15 21.6 0.70 0.63 .2 27

(0.56)  (0.30) (15.3) (0.025)  (0.009) (0.155) (0.07) (14.7) (0.70)  (0.23) (14.2)
Winter 0.20 0.20 25.3 0.021 0.014 0.128 0.13 25.9 0.54 0.52 .6 28

(0.40)  (0.20)  (16.7) (0.015)  (0.009) (0.167) (0.07) (15.7) (0.70)  (0.20)  (16.6)
Year 0.25 0.34 25.3 0.016 0.016 0.120 0.16 23.6 0.43 0.60 28.5

(031)  (0.30) (17.7) (0.020)  (0.009) (0.107) (0.08) (17.2) (0.43)  (0.35) (16.8)

* g, extinction coefficienty, optical depth; LR, lidar ratio.
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Fig. 9. (@) Frequency distribution of 1/LR over Taihu from June 26®81ay 2009 and (b) seasonal and
annual mean LR as a function of mid-cloud height.

bers in parentheses are standard deviations. For all athlyz —~ 1

cirrus cloud casesy12% of the cases were sub-visible cirrus, é B Spring
~43% were thin cirrus, and 45% were dense cirrus. Signifi-= o g | ® Summer
cant differences in the magnitudeaffor all three categories & A AU_tum”
of cirrus cloud are found. 206 M Winter
= Year

4.3. Comparisonswith lidar-based retrievals “0_3 f

For the sake of a proper comparison, we summarize infor- O 0471
mation about midlatitude cirrus clouds detected by ground-9
based and space-borne lasers from studies made over the p@to 2f
decade (Table 4). A large range of cirrus CBH can occur. & K i
For example, at the Obsérvatoire de Haute Provence (OH ot ., ) i ) e

and Site Instrumental de Recherche par Télédétection Atcu 8 9 10 11 12 13 14 15
mosphérique (SIRTA) sites in France, they range from 7— 13§ Mid—cloud Height (km)

km, and over the Clouds and the Earth’'s Radiant Energy

System (CERES) Ocean Validation Experiment (COVE) andrig. 10. Seasonal and annual mean extinction coefficient as a
SGP sitesinthe U. S., cirrus CBH ranges from 7 km to 15 kmfunction of mid-cloud height.
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(Dupont et al., 2010). In this study, cirrus CBH ranges frono 30 sr from 15-16 km (Chen et al., 2002).
7 km to 14 km. Mean cirrus base heights range from 8 to The variability in 7. depends on the composition and
10 km in most of the studies listed in Table 4. One sitihickness of the cloud (Sivakumar et al., 2003). From the
(Chung-Li) has a relatively high base height of greater thatudy by Sassen and Cho (1992), approximately 60% of cir-
12 km (Das et al., 2009). The mean base height from tha&s clouds are optically thin and, over Chung-Li, more than
studies presented in Table 4 (excluding Chung-Li) is arouB8% of the cirrus cases are optically thin (Das et al., 2009).
9.2 km, which is considered a typical base height for mi@verall, most midlatitude cirrus clouds are optically thimd
latitude cirrus clouds. The mean cloud-base height in trescur 60% of the time. The frequency of sub-visible cirrus
study (894 1.7 km) is comparable to this typical value. Adn this study is approximately 12%, which is much higher
listed in Table 4, mean cirrus cloud-top heights range frothan the 3% reported by Giannakaki et al. (2007) over Thes-
9.5 km to 14.4 km, with most located around 11 km. Thgaloniki and the 5% reported by Dupont et al. (2010) over
mean value (excluding Chung-Li) is about 11.0 km, which the SGP site. It is significantly lower than the 38% reported
close to the value found in this study (Y& 1.9 km). A study by Das et al. (2009) over Chung-Li. The frequency of sub-
on the global characterization of cirrus using CALIPSO datasible cirrus in this study is roughly in line with that from
(not shown in Table 4) has also shown that, betweetiN20studies of midlatitude cirrus over the COVE site (Dupont et
and 60N, cirrus clouds with base and top altitudes at 8 kral., 2010), at the OHP (Goldfarb et al., 2001; Dupont et al.,
and 11 km, respectively, occur most often and that there 2@10), Salt Lake City (Sassen and Campbell, 2001), Prest-
no significant differences in the vertical distribution @fras  wick (Immler and Schrems, 2002), Punta Arenas (Immler and
clouds between (26-60°N) and (20—60°S) (Nazaryan et al., Schrems, 2002), the SIRTA (Dupont et al., 2010) sites, and
2008). Although cloud thickness generally has a broadidistnorthern China (Min et al., 2010). Since most midlatitude ci
bution, e.g., from about 7.0 km over Salt Lake City (Sasseus clouds are optically thin, the mean valuagis generally
and Comstock, 2001) and Chung-Li (Das et al., 2009), atebs than 1.0. The meanfor all cirrus clouds in this study
ranging from 0.5 km to 5 km over French and Americais 0.34+4 0.33, which is consistent with the mean values of
sites (Dupont et al., 2010), most cirrus cloud thicknesses ®.31 reported by Giannakaki et al. (2007) and 0.28 reported
less than 2.0 km. The mean cirrus thickness over Taihu was Immler and Schrems (2002). However, the mean value
1.83+0.91 km, which is slightly larger than that found ovefound in this study is significantly larger than the value of
the OHP (Goldfarb et al., 2001), Prestwick and Punta Ar8-16+0.27 reported by Das et al. (2009) and slightly smaller
nas (Immler and Schrems, 2002), and SIRTA (Dupont et ahan the value of @1+ 0.68 reported by Min et al. (2011).
2010) sites, and less than that over Salt Lake City (Sasskn dhe mean value of; is much smaller than that of 76+ 0.91
Comstock, 2001), Thessaloniki (Giannakaki et al., 2007, areported by Sassen and Campbell (2001).
Buenos Aires (Lakkis et al., 2009). Averaging all valuesifro  These differences are expected due to the variability in
Table 4, the typical thickness of midlatitude cirrus clousls cirrus clouds arising from factors such as synoptic coodsj
1.7 km. Based on cirrus data sets derived using different deater vapor amount, and number of cloud condensation nu-
tection techniques, Dowling and Radke (1990) reported thaei (Sassen and Campbell, 2001; Min et al., 2010). In ad-
a typical global value for cirrus cloud thickness is 1.5 km. dition, discrepancies may also arise from artifacts catsed
The mean LR in this study was 2517 sr for all cirrus instrument characteristics, such as lidar vertical resmiy
cloud cases, which falls within the range of values shown maximum pulsed energy, receiver solid signals and so on, as
Table 4. Using lidar data from Salt Lake City, Sassen anmekll as from different methods used to retrieve optical prop
Comstock (2001) calculated a mean LR of about2ZB sr erties and to correct for multiple scattering. Differentysa
and a median value of£27 sr. They also reported that theof identifying/defining a cirrus cloud can also result in-dif
mean LR for anvil cirrus, and cirrus formed from synoptiferences in their optical properties. For example, Das.et al
flows and from orographic effects, is 24443 sr, 26+ 40 (2009) define a cirrus cloud as the lowest cloud with a base
sr, and 26t 35 sr, respectively. The mean LR for midlatheight located above 8 km, while Wang and Sassen (2001,
itude cirrus in the Northern Hemisphere over ThessalonikD02) and Dupont et al. (2010) use a value of 7 km for the
from 2000 to 2006 was 38 17 sr (Giannakaki et al., 2007).lowest cirrus CBH. An even smaller value of 5 km was used
From two studies made at Chung-Li (Chen et al., 2002; Dasiethe studies by Nazaryan et al. (2008) and Min et al. (2010)
al., 2009), values of 2@ 12 sr and 23 16 sr were found, re- using CALIPSO data. Other observed variables sudt#)
spectively. A similar value of 23 sr was found over Prestwicknd lidar depolarization ratio can also be used to identify ¢
during September to October 2000 (Immler and Schremgs clouds. Discrepancies in any of these can contribute to
2002). At a site in the Southern Hemisphere, a mean valuedifferences in retrieved cirrus cloud properties.
26 sr was calculated from data collected in March and April
of 2000 (Immler and Schrems, 2002). Results found in this
study are consistent with those from these earlier worke. T§.  Conclusion
LR depends on the properties of ice crystals and is also influ-
enced by the height of the cirrus cloud. For example, in the Towards gaining insights into the characteristics of
study over Chung-Li, the LR varied randomly below 12 knaerosols, clouds, and their interactions in southeasteimaC
and varied between 20 sr to 40 sr from 12—15 km, and 10asheavily polluted area in East Asia, a suite of instruments,
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Overall, clouds were observed 41% of the time over the
site throughout the campaign, and varied seasonally with Ansmann, A., U. Wandinger, M. Riebesell, C. Weitkamp, and W.
typical summer minimum (27.7%) and a winter maximum  Michaels, 1992: Independent measurement of extinction and
(51.4%). These results are similar to those reported in a backscatter profiles in cirrus clouds by using a combined Ra-
study based on ground-based radar-lidar observations over Mman elastic backscatter lidappl. Opt., 31, 7113-7131.
the SGP site from 1997 to 2002. In most months, moréissonnette, L. R., G. Roy, and G. Tremblay, 2007: Lidar-
clouds were found at night than during the day. On average, based characterization of the geometry and structure afrwat

. . clouds.J. Atmos. Oceanic Technol., 24(8), 1364—1376.
the largest/smallest seasonal CF occurred in W|nter/summ86lmpbell 1 R. and M. Shiobara. 2008: Glaciation of a mixed

during the day, while the largest/smallest value at night oc phase boundary layer cloud at a coastal arctic site as delpict

curred in spring/summer. Annual average CF experienced . continuous lidar measurementolar Science, 2(2), 121—
a significant diurnal cycle with amplitudes of about 24.6%. 157

Cloud amounts decreased noticeably from the beginning @ampbell, J. R., D. L. Hlavka, E. J. Welton, C. J. Flynn, D. D.
the day to midday, and then continuously increased from lo-  Turner, J. D. Spinhirne, V. S. Scott, and I. H. Hwang, 2002:
cal noon to the end of the day. Annual mean CBHs were Full-time, eye-safe cloud and aerosol lidar observatioftat
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