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Interdependence of tropical cirrus properties and their variability
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Abstract. The mean properties of tropical cirrus, such asobservational programs (e.g. Sassen et al., 2001) and several
cloud top, cloud base, optic centre, cloud strength/opticalfield campaigns (e.g. Starr, 1987; Rashke, 1988), as well as
depth, asymmetry factor and cloud depolarization, as well axzoncerted modelling efforts on the part of a few researchers
their heterogeneities are examined using lidar observationéStarr and Cox, 1985a, b; Jensen et al., 2001a, b), a good
over 281 nights from a tropical station Gadanki (235 deal remains to be learned. Extended ground-based measure-
79.2 E) during the period 1998-2002. This study shows thatments were made by various groups from southern and north-
as the cloud optical depth) increases the cloud becomes ern Australia (Platt et al., 1987), the tropical western Pacific
more asymmetric in its scattering property. The amount ofregion (Platt et al., 1998), Southern Japan (Imasu and lwaska,
asymmetry is less than 2% for very low valuesrpfand in-  1991), and eastern Great Basin of United States (Sassen and
creases nonlinearly with an increaseinThe physical prop- Cho, 1992) to study the geometrical and optical properties
erties of these clouds also show significant variation with dif- of high altitude cirrus. Recent advances in instrumentation
ferent time scales during the course of each night. On avhave significantly enhanced the capabilities of cirrus cloud
erage, while the short-term variationsip are in opposite  research.

phase with those of the asymmetry factg) @nd volume Using a ground-based lidar at Kwajalein island 87
depolarization ratiod), the long-term variation in. extend-  167.7 E) Uthe and Russell (1977) observed cirrus between
ing over a night are found to be in opposite phase with that;2 and 18 km quite frequently with a geometrical thickness
of £ and in-phase with that of. The short-term variations  of |ess than 1 km. Remote sensing observations by satellites
in § andz,. were attributed to possible changes in the cloud(ROSSOW and Schiffer, 1991; Wang et al., 1996), ground-
particle orientation and the long period variations to cloud hased lidars (Mather et al., 1998), and airborne lidars (Jensen
evolution process. The value dshows a pronounced varia- et a|., 1996b; Winker and Trepte, 1998) have revealed the fre-
tion along the vertical, with low values near the cloud top andquent occurrence of thin cirrus layers near the tropical cold-
cloud base and high values in the middle, which is attributedpoint tropopause at altitudes between 15 and 18 km. Satellite
to the cloud dynamics. observations have provided global information on the dis-

Keywords. Atmospheric composition and structure (Cloud tribution of cirrus clouds and their principal characteristics.
physics and Chemistry; Transmission and Scattering of radi_These studies revealed the presence of Opt|Ca”y thin cirrus

ation) — Meteorology and atmospheric dynamics (TropicalVery close to the tropical tropopause 50% of the time (Wood-
meteorology) bury and McCormick, 1983; Prabhakara et al., 1988; Wang

et al., 1994, 1996). Airborne lidar observations of equa-
torial cirrus acquired during the Central Equatorial Pacific
Experiment (CEPEX), the Tropical Ocean Global Atmo-
sphere Coupled Ocean-Atmosphere Response Experiment

While our knowledge of the characteristics of cirrus clouds, .(TOGA COARE) and the Tropical Ozone Transport Exper-

which are seen over about 20-30% of the globe at any timelment/Vortex Ozone Transport Experiment (TOTE/VOTE)

- L : Jensen et al., 1996b; Heymsfield et al., 1998; McFarquhar
has improved significantly in recent years, due to lon —term( ' ' ) '
improv 'gnif vl y N g et al., 2000; Sassen et al., 2000; Pfister et al., 2001) also
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et al. (2006) also reported the presence of thin cirrus neathe fact that the cloud optical depth does not show any sig-
the tropopause region over the tropics using the Geoscienceificant wavelength dependence in the visible region of the
Laser Altimeter System (GLAS), carried on board the ICE, electromagnetic spectrum, as the scattering efficiency of the
Cloud and land Elevation Satellite (ICESat) and showed thatloud patrticles lies close to 2 for all wavelengths in this re-
they occur more frequently over the regions of intense con-gion (Macke et al., 1998). Among the different cirrus clas-
vective activity. sifications cited above, the one proposed by Sassen and Cho

Wang et al. (1996) studied the zonal mean distribution(1992) is adopted for the present study because it provides
and latitudinal variation of high clouds using SAGE Il data. three classes for which. are significantly different and thus
They showed that the favoured locations for sub-visual cir-provides a finer classification for thin, medium and thick type
rus are centered over southeastern Asia, India and Mexicaclouds. McFarquhar et al. (2000) also used a similar classifi-
The distribution of the zonal mean cloud frequency is con-cation for cirrus clouds for assessing their radiative impacts.
sistent with the tropospheric mean circulation (Hadley and Due to the ubiquitous nature and higher altitude of the
Ferrel cells) and longitudinal distributions in the tropics are formation, the properties of tropical cirrus are distinctly dif-
generally consistent with the cloud pattern associated wittferent from those of the mid-latitude cirrus. Lidar observa-
the equatorial circulation, including the walker circulation. tions from the tropical location, Gadanki (1318, 79.2 E)
Studies on high altitude cirrus clouds were also carried outshows that cirrus clouds occur more than 50% of the time
utilizing the data from the Lidar In-space Technology Experi- over an year and in most cases they occur in the altitude re-
ment (LITE) (Winker and Trepte, 1998), the Cryogenic Limb gion around 14-16 km (Sunilkumar et al., 2003). The gen-
Array Etalon Spectrometer (CLAES) experiment (Mergen- eral properties of tropical cirrus and its association with tro-
thaler et al., 1999), and the Halogen Occultation Experimenpospheric turbulence are reported in the earlier publications
(HALOE) (Massie et al., 2000). These studies showed, how-{Parameswaran et al., 2003; Sunilkumar et al., 2003) using
ever, the frequent occurrence of cirrus in maritime environ-the data for 195 nights during the period 1998—-2001. In this
ments of Indonesia, Africa and South America primarily dur- paper we present the interdependence of tropical cirrus prop-
ing northern winter. The above studies reveal that the occurerties based on an extended database covering 281 nights
rence of cirrus at different locations shows distinctly different during the period 1998-2002.
features. Extensive measurements of SAGE Il and High Res-
olution Infrared Spectrometer (HIRS) showed that the cirrus
formation is mostly favoured over the Indian Subcontinent2 Experimental system and data analysis
(Wang et al., 1996; Wylie and Menzel, 1999).

The optical thickness of tropical cirrus shows large vari- The co-located lidar and radar systems at the National Atmo-
ability ranging from less than 0.01 to 1. Based on this, thespheric Research Laboratory (NARL), Gadanki, near Tiru-
cirrus clouds are classified as thin or dense cirrus. Thouglpati, provide an excellent opportunity to study the tropical
the classification based on cloud optical depth {s some-  cirrus clouds and their association with the prevailing tropo-
what arbitrary, it is useful for defining different cloud types. spheric structure and dynamics. The lidar equipped with a
Wang et al. (1996) classified cirrus clouds with<0.03 as  Nd:YAG laser (Model: PL8020, Continuum, USA), emitting
sub-visual clouds and clouds with>0.03, as dense clouds linearly polarized pulses at a second harmonic wavelength of
based on the measurements from Stratospheric Aerosol arsB2 nm with a 550-mJ pulse energy, has a laser pulse-width
Gas Experiment (SAGE) Il extinction profiles apdn wave-  of 7 ns at a repetition rate of 20 Hz with a beam divergence of
length. Guasta et al. (1993) used Ruby lidar (at @69  0.45mrad. This beam is further expanded using a 10X beam
wavelength) for cirrus studies. They took a critiealvalue  expander before transmitting vertically into the atmosphere,
of 0.05 for sub-visual cirrus and clouds with above 0.05 to reduce the divergence t00.1 m rad. The backscattered
as dense cirrus. Several researchers adoptef.05 as a  photons are received through a 350-mm diameter Schmidt-
threshold for visible optical depth (Lynch, 1993; Schmidt Cassegrain telescope with a field-of-view of 1-mrad. The
et al., 1993; Schmidt and Lynch, 1995) in identifying sub- lowest altitude from which a usable lidar signal is obtained
visual cirrus. Sassen and Cho (1992) made a detailed classis ~7 km, limited by the field overlapping of the transmit-
fication based on, (at 0.69um wavelength) in which clouds ter and receiver. A narrow band (1.1 nm, FWHM) interfer-
with 7.<0.03 are classified as sub-visual cirrus (SVC), thoseence filter is used to suppress the unwanted background. A
having t.>0.3 as dense cirrus (DC) and those having polarized beam splitter in the receiver beam path splits the
in between the two as thin (bluish coloured) cirrus (TC). beam into a co-polarised (P channel) and a cross-polarised
The lidar-derivedr, tends to reach saturation approximately (S channel) component which are detected independently us-
whent, reaches about 2-3, in which case the clouds (Kinneing two identical PMT channels operated in photon counting
et al., 1992) are the dense Cirrostratus (Cs). It may be notechode and acquired with a dwell time ofu® (correspond-
in this context that though the above classification of cir-ing to an altitude resolution of 300 m) over 1024 range bins
rus is based on, at different wavelengths, the criteria of and summed over 250 s (5000 transmitted pulses) to achieve
the fixing threshold, is independent of wavelengths, due to a good signal-to-noise ratio up to an altitude greater than
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30km. The Mesosphere-Stratosphere-Thermosphere (MST9loud detection algorithm the cloud bagey) and cloud top
radar was also operated simultaneously on a few nights alongh.;) are identified using the altitude profiles Bf,, R, and
with the lidar to study the temperature structure in the tropo-§. The cloud strength(), cloud mean altituden(,) and
sphere and lower stratosphere. The technical details of theloud semi-thicknessA#) are estimated from the zero, first-
MST radar system and the method of temperature estimaand second-order moments of the altitude profile of effective
tion are described elsewhere (Rao et al., 1995; Revathy et alhackscatter ratio, as described in Sunilkumar et al. (2003).
1996). The first moment of the effective backscatter rafp)(gives

The method of estimation of backscatter ratio, depolar-the mean altitude/(,,) of the cloud. This is usually referred
ization ratio and extinction profile from the lidar data is de- to as the altitude of the cloud optic centre. If the altitude
scribed in detail in an earlier communication (Sunilkumar et variation of the scattering property of the cloud is distributed
al., 2003). The lidar backscattered signals from the P andhormally (Gaussian distribution), the cloud optic centre will
S channels (co-polarized and cross polarized componentgoincide with the geometric centre. The fact that it deviates
respectively) are analyzed to obtain the altitude profile offrom the geometric centre indicates that scattering is non-
the backscatter coefficientg( and g,, respectively) in the  symmetric. If this optic centre is below the geometric centre,
altitude region 7-25km, employing Fernald’s method (Fer-it indicates that most of the scattering occurs from the lower
nald, 1984) taking 30 km as the reference altitude where thgpart. The amount of this deviation could be stated more quan-
aerosol contribution is assumed to be negligible. The alti-titatively by examining the asymmetry factor.
tude profile of the molecular backscatter coefficighit) re- Another physical property of the cirrus is its optical depth.
quired for the lidar signal inversion is estimated from the For the present case this will be for the visible region of the
mean molecular profile for that month (Sunilkumar et al., solar spectrum. The cloud optical depth)(is defined as the
2003), obtained from the model profiles of pressure and temintegrated extinction coefficient() of cloud particles from
perature (Sasi, 1994) applicable for this region. The lidarthe cloud base to the cloud top, which can be written as
signal is calibrated using this mean molecular profile, the
maximum uncertainty of which never exceeds 5% (Sunilku- het
mar and Parameswaran, 2005). The molecular backscattet = | a,(h)dh. (4)
coefficients §,,, and g, the co-polarized and cross polar-
ized components, respectively) are estimated from the mean
molecular profile, assuming a molecular depolarization fac-Based on the optical depth the cirrus clouds are classified as
tor (8,,) of 0.028 in accordance with Bodhaine et al. (1999). sub-visual cirrus (SVC) with,.<0.03, thin cirrus (TC) with
The backscatter ratios for the co-polarizet,{ and cross-  0.03<7.<0.3 and dense cirrus (DC) with>0.3.
polarized ®,;) components estimated from the respective Inversion of the lidar-backscattered signal requires a priori
backscatter coefficientgf, 8., and gy, s, respectively)  knowledge of the effective lidar ratio for aerosols X and
(Winker and Osborn, 1992) are used to estimate the “unbiair molecules §2) present in the scattering volume. Though
ased” or (Osborn et al., 1990) effective backscatter ra&io ( a constant value of/8/3 could be used fof», the range of

heb

as values reported fo§; by various investigators varies sig-
Ry(h) 4 8, Ry(h) nificantly. While the value of the extinction-to-backscatter
Re(h) = (1)  ratio derived from ray-tracing simulations (e.g. Sassen et

14 Om al., 1989) in simple hexagonal ice crystal shapes provided
The volume depolarization ratid X and particle depolariza-  a value of 38 sr for the thin plate, 11.6 sr for the thick plate,
tion ratio ¢,) are estimated from the two quadrate-polarized and 26.3 sr for the column models, the model calculation of
components of the lidar-backscattered signal (Winker andRreichardt et al. (2002) yielded values in the range 5-20 sr

Osborn, 1992; Sakai et al., 2000) as for the columnar crystals and those in the range 15-35 sr for

Ry (h) the plate-like crystals. Though Sassen and Cho (1992) have

8(h) = bm 0 (2)  used a mean value of 20sr for cirrus clouds, this was the
p upper limit reported by Ansmann et al. (1992), employing

Ry(h) 8(h) — 8, combined Raman elastic backscatter measurements. While

8a(h) = W- ®3) measurements by Whitemann et al. (2004) at Andros Island

indicated a steady increase $a from ~16+10 at—30°C

Altitude profiles of backscatter coefficients, backscatter ra-to ~30+12 at—70°C, Seifert et al. (2007) reported a value
tios as well as depolarization ratios are estimated from the alof ~304+10 in most cases, based on measurements at Hulule
titude profiles of lidar backscatter signal taken at every 25094.1° N, 73.3 E), especially during the southwest monsoon
on different nights. The cirrus cloud is identified in the al- period. The major disparity between model and observation
titude region 8 to 20 km using a threshold condition for the could be attributed to the effect of multiple scattering. Platt
backscatter ratio to exceed 2 in either of the two channelsand Dilley (1981) reported that the multiple scatter correction
(i.e. R, or Ry) and$>0.04. On the basis of this, in the factor (7) varies from 0.55 to 0.75 as the cloud temperature
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—— S§=30;—¥—8 =25 —A—§ =20;——S5 =15 tainty associated witl§; a sensitivity analysis is performed
16 ~ , — : to access the possible uncertainties in the derived cloud pa-
September 1998; 04:51 IST (a) rameters.

Figure 1 shows the altitude profiles of particulate extinc-
tion coefficient &,) estimated with four typical values 6%
(15, 20, 25, 30) for two cirrus cases. In the former case the
observed cirrus was thick while in the latter case it was thin.
Altitude profiles ofx, obtained are presented in each case.
The cloud boundaries estimated using the threshold condi-
tions of the backscatter ratio and volume depolarization ratio
are shown with a horizontal arrow head. The cloud bound-
aries remained same (within the altitude resolution of lidar)
for different values of5;. If we use the backscatter rati@ §
and R;) alone as the threshold condition, the cloud bound-
16-5 1 6.4 aries remains the same for all of the above cases except for

e . : thick cirrus whenSy is 15. In this case the cloud base de-

(Slptiiee2 e sl) (b) creases by five bins (1.5 km) in altitude. The estimated cloud
IB,=3.115x10°; < =002816 optical depths 115, 120, 725, T30) for these cases and inte-
1B, =3.083x10%; 1, =0.03682 grated particulate backscatter coefficients;§lBB2g, 1B2s,
1B, =3052x10%; 1, =004516 IB3p) within the cloud are listed in the respective frames.
v, = 0.05320 . This analysis shows that the integrated backscatter coeffi-
cient decreases with an increaseSinwhereas optical depth
increases witl§y. Itis found that uncertainty introducedip
due toS; is large for thin cirrus compared to the correspond-
ing uncertainty in the integrated backscatter coefficient.
12+h . For a given uncertainty of 25% ify (=20+5), the max-
imum uncertainty in aerosol backscatter coefficiefi) (is
10% in the absence of clouds;15% for thin cirrus and

=’

ct

|BW5=1.543X10'2; T ,=02155
L =1. x10°; =0
IB,, = 1.443 107 5 = 0.2684
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_IBBU— 1.283x10°; T, = 03572
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IB,,=3.024%107;
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e s ~30% for thick cirrus. For the same uncertainty $a,
10 10 10 ) C .

_ o - y the maximum uncertainty in the retrieved backscatter coef-
Particulate Extinction coefficient (m ') ficient andR, are around 0.6%, 2% and 10%, respectively,

for clear atmosphere, atmosphere with thin cirrus and at-
Fig. 1. Altitude profiles of particulate extinction coefficient with  mosphere with thick cirrus. The corresponding uncertainty
thick and thin cirrus for different values of lidar ratig. in the cloud mean altitude is0.02% for thin cirrus and
<0.15% for thick cirrus. Including the possible errors in the
lidar signal inversion associated with the uncertainty in the
increases from-60°C to —20°C with a rapid increase around molecular backscatter coefficient, the resultant error in the
—40°C. While Sassen and Cho (1992) suggested a value oflerived optical depth would be20%. As the signal-to-noise
~0.75 as the appropriate value pffor sub-visual and thin  ratio was>2 up to~45 km for altitudes<30 km the system-
cirrus, Platt et al. (1987) suggested a value close-@4.  induced errors will be significantly smalk({%) compared
In the present study, as we are dealing only with semitransto that from other sources (Sunilkumar and Parameswaran,
parent cirrus €. <1), this effect will be less significant. For 2005).
temperatures below 240 K (which is the true for the present
study) the clouds would contain significant amounts of non-
spherical ice crystals of the long column type (Thomas et al..3 Results and discussion
1990) for which the model quoted value of the extinction-
to-backscatter ratio is-26.3 (Sassen et al., 1989). Taking Out of 281 nights of observation during the study period cir-
a value of 30 for this ratio and a lower limit of 0.55 for rus clouds were detected on 217 nights (77.2% cases). How-
yields a value of~17 for the product of the two, which is ever, this statistic is larger than the percentage of cirrus oc-
the effective lidar ratio §1) for cirrus particles. The value currence derived from individual profiles-65%), mainly
of §1 increases to~23 when a value of 0.75 is used fgor ~ due to the fact that in most of the nights the observed cir-
Considering the large variability and uncertainty in the re- rus were either intermittent or occurred only for a short du-
ported value ofy, an effective value of 20 is used f8f in the ration during the period of lidar observation. In 63% of the
present analysis which can be considered as appropriate farases the observed cirrus clouds were of the sub-visual (with
cirrus (Liu et al., 2000). However, taking note of the uncer- 7.<0.03) type and in 30% of cases they were thin cirrus
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Fig. 2. Different forms of cirrus manifestations observed at the tropical station Gadanki. In each set the first panel shows the contour plot
of the effective backscatter rati®{), the middle panel that of volume depolarization ra#ip énd the end panel that of the particulate
depolarization ratiod;). The altitude profile of temperature derived from MST radar data is superposed on the first panel to depict the cold
point (tropopause) level.

(with 0.03<7.<0.3). In rest of the cases they were densecal extent of 200-300 m for such clouds. However, our lidar
cirrus (withz,.>0.3). Another category of cirrus which falls does not capture such types of clouds in most cases, due to
within the sub-visual range of cirrus, called “ultra thin cirrus” constraints in range resolution (300 m).

(UTC), with optical depth<10~2, is also observed occasion-  as a perusal of cloud structure showed significant short-
ally at this tropical station, most often very close to the cold term variation during the course of each night, the short-
point. Observations of UTC are also reported by several inyeriod and long-period oscillations in cirrus properties, such
vestigators (Immler et al., 2007; Peter etal., 2003; Luo etal. 55 cloud base, cloud top, cloud optic centre, asymmetry fac-
2003) from other tropical locations. They reported a verti-or cloud strength/optical depth and cloud depolarization
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418 S. V. Sunilkumar et al.: Interdependence of tropical cirrus properties and their variability

and their interdependence on each night, are examined sephackscatter ratio is less than its threshold value&nd.04)
rately, and presented in Sect. 3.1. The day-to-day variabilitypersists for a significant duration (typicallylh). Such
in the mean properties of tropical cirrus observed on differentclouds are referred to as multi-layer cirrus, a typical exam-
nights and their interdependence are presented in Sect. 3.2. fle of which is presented in Fig. 2e. In this case the two
would be worth in this context to note that the cirrus clouds cloud layers are clearly separated by a distance-®km.
will have a large horizontal extent of a few hundreds of kilo- Some of these clouds could be highly structured dense cir-
meters, as they will also be moving along with the horizon- rus topped by a thin cirrus with a very small separation of
tal wind, the temporal variations seen in lidar signature over~0.6—1 km. Typical examples of such clouds are presented
a night cannot be purely attributed to temporal evolution ofin Fig. 2c, d and f. The occurrence of thin cirrus very close
cirrus but also could be due to their spatial heterogeneity. to the tropopause plays a major role in dehydrating the air
entering the lower stratosphere (Jensen et al, 1996a). Radia-
3.1 Short-term temporal variation of cirrus properties andtive impact of these clouds on the Earth-atmosphere system

their interdependencies will also be quite significant. They can induce local heating
by absorbing upwelling long wave radiation near the cold
3.1.1 Manifestations of tropical cirrus tropopause, which is suggested (Wang et al., 1996; Rosen-

field et al., 1998; McFarquhar et al., 2000) to be responsible

Figure 2 shows the altitude-time contours of the effectivefor producing heating rates of the order of a few K per day.
backscatter ratioK,), volume depolarization ratics{ and  This absorbed radiative energy drives lifting (Gage et al.,
particulate depolarization ratid () for different nights de-  1991) of the cloud (the vertical wind speed®.2 m/s) which
picting the distinct nature of cirrus structures. The meanmay also persist for longer duration (Jensen et al., 1996b).
temperature profile derived from the vertical wind data of the Based on the data from 532 nm channel of LITE, Winker
MST radar (for a period of 2 h from 22:00IST to 24:001ST) and Trepte (1998) observed thin cirrus above the tropical
is superposed along the corresponding contours ébr that  tropopause. Different possible mechanisms are suggestive
night. The cold point tropopause identified from temperaturefor the formation of such thin cirrus above the tropopause.
profiles is indicated by an arrow mark. As can be seen fromFyjita (1982) attributed the observed lower stratospheric
this figure the contour of is a good indicator for the region  cloud near the top of the severe thunderstorms to the violent
where the cloud is present. As the backscatter ratio is small agollapse of overshooting thunderstorm turrets. The flux of
cloud boundaries (especially at its base) the altitude extent ojir across the tropical tropopause may be dominated by spo-
the cloud will not be fully represented by its contour. How- radic mass injections associated with overshooting convec-
ever, the region in which the cloud is very strong (in terms of tive cloud turrets that penetrate into the lower stratosphere
its backscatter) could be seen clearly from the contowt.of  (Robinson, 1980). Thin cirrus above the tropopause, shown
Though the particulate depolarization ratio also reveals then Fig. 2c, d and f, thus could be due to convective pump-
structure of cloud boundaries, in some cases, due to the posng of water vapour and aerosols across the tropopause or the
sible non-sphericity associated with aerosol particles aboveemnants of the thick cirrus. Similar multi-layer manifesta-
and below the cloud, values 8f could be larger beyond the ' tion of cirrus was reported by many other investigators over
cloud boundaries, in which case the contous @fould be a  the tropics (McFarquhar et al., 2000; Comstock et al., 2002),
better indicator for depicting the cloud. sub-tropics (Cadel et al., 2003) and mid latitudes (Goldfarb et

Cirrus observed on different nights revealed distinctly dif- al., 2001; Sassen et al., 2001). Satellite and aircraft measure-
ferent cloud structure/pattern. Out of 217 nights of cirrus oc-ments also showed the presence of thin cirrus above the thick
currence, single layer formations are observed on 160 nightstructured cirrus (Winker and Trepte, 1998; McFarquhar et
(74% of observational nights). These single layer formationsal., 2000; Santacesaria et al., 2003; Thomas et al., 2002).
could either be thin or thick. Thick cirrus are mostly found In the above, we have presented typical cases in which
to be highly structured. A typical example of a single layer the observed cirrus clouds were strong and persistent almost
thin (laminar) cirrus is shown in Fig. 2a. Figure 2b shows athroughout the duration of lidar observation. But on some
typical manifestation of a single layer but highly structured nights, the observed cirrus was weak and intermittent in their
dense cirrus. Generally, they occur below the cold point butappearance. In such cases the patches of cirrus appear and
very close to it. In a very few cases cirrus top penetratesdisappear at the same altitude on a number of occasions. A
the cold point and intrudes into the lower stratosphere. Fig-typical example of such intermittent cirrus encountered on
ure 2h shows one such rare event observed on 23 Novembei8 March 2002 is presented in Fig. 2g. Note that this in-
1998 in which the cloud formation is seen clearly above thetermittency in cirrus appearance is not caused by blocking
tropopause temperature inversion and it persisted in the samgue to the presence of a low level cloud, because in all these
region throughout the period of lidar observation. Note thatcases a strong lidar signal was observed throughout the ob-
the depolarization ratio is also quite large for this cloud. servation period up to the highest altitude30 km) and no

For the remaining 26% of observational nights more thanindication of low level cloud was observable in this signal.
one cirrus cloud separated by a clear region (where theSuch intermittent cirrus clouds with a single layer structure
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are observed in~7% of the nights on which lidar observa- having larger and highly non-spherical crystals with sharp
tions are made. edges. The depolarization caused by the smaller type crys-
Based on the above typical examples and the informadals (and more-spherical ones having rounded edges) will be
tion gathered from a perusal of cloud structures on differentsmaller than that caused by the larger crystals having sharp
nights it can be inferred that the tropical cirrus manifestationedges. This is generally in agreement with the observed fea-
can be broadly classified into two types; a) thin cirrus andture in the present investigation.
b) dense and highly structured cirrus. Most frequently, they The values of varies from 0.03 to 0.9. While on some
are observed very close to the cold point tropopause. Severalights the maximum value af encountered is<0.2, on
observations from satellite, lidar and aircraft have shown thesome other nights it goes up to 0.9. Similarly values of
presence of persistent, thin sheets of cirrus clouds very closehich are relatively larger than those &f also show sig-
to the tropopause (Jensen et al., 1996b; Wang et al., 1996ificant variation. The contours @f, show interesting fea-
Prabhakara et al., 1988; Comstock et al., 2002). Such thiriures on 15 November 2000. Pockets of highexceeding
cirrus clouds which are very frequently observed at this trop-unity are observed in the lower cloud layer, which is thick
ical station are usually referred to as laminar cirrus (Winkerand highly structured. The value &fvithin the cloud is also
and Trepte, 1998), based on their physical appearance. significantly large. Such a large value &f exceeding unity
was also reported by McNeil and Carswell (1975). They at-
3.1.2 Cloud depolarization tributed this to some preferred re-orientation of the electric
vector of the polarized backscattered signal, which could be
Cirrus clouds, especially over the tropics, are mostly com-encountered in scattering from an anisotropic layer of pref-
posed of non-spherical ice crystals. These particles willerentially oriented particles resulting from wind shear or due
cause significant depolarization to backscattered radiationto some other alignment processes prevailing in the atmo-
Hence the depolarization ratio within the cloud is an indica- sphere. More discussion on the dependence of depolariza-
tor of the cloud microphysical properties. Its variation with tion on ambient temperature (and on altitude) is presented in
time and altitude depicts the corresponding variation in par-Sect. 3.2.
ticle habit and size. Figure 2 show that generally low values
of § (andé,) are encountered near the cloud top and cloud3.1.3 Temporal variations of cirrus properties
base, and high values are in the middle portion of the cloud.
The vertical variation of (or §,) could be attributed to the Temporal variation of tropical cirrus properties are exam-
changes in the cloud microphysical property associated wittined for those nights in which single layer cirrus persisted
cloud formation, growth and decay. In general, the cloud icethroughout the period of lidar observation (typically 7 to 8 h).
water content will be maximum in the middle portion and Figure 3 shows the temporal variation of cloud base, cloud
decreases towards the cloud peripheries (Mace et al., 1998)op and cloud optic centre, along with that of cloud optical
The altitude profile of cloud microphysical data obtained dur-depth ¢.) and cloud strengthd) for three typical cases.
ing FIRE (I and Il) indicates that the average ice crystal sizeOn 18 January 1999, the observed cirrus was thin while on
increases from cloud top downward up to the cloud base20 January 1999 and 23 March 1999 they were rather thick.
where it decreases abruptly. The altitude of the cold point tropopause identified from the
According to the conceptual view of the formation and temperature profile is indicated by the arrow mark. A perusal
development of cirrus clouds suggested by Heymsfield andf this figure shows that the temporal variation of the cloud
MacFarquhar (2002), based on their observations, the intop is relatively small (it remains more or less aligned to the
situ generated cirrus clouds can be represented by three ditropopause) while that of the cloud base is quite significant.
tinct layers in the vertical: the nucleation layer, the growth The cloud optic centre also shows significant variations. On
layer and the sublimation layer. The upper most part of the20 January 1999, during the post-midnight period when the
cloud, composed of small ice crystals, is called the “nucle-cloud becomes dense, the optic centre descends much below
ation layer”, where the relative humidity is more than that the geometric centre, indicating that much of the scattering
required for ice initialization, leading to the formation of occurred from the lower half of the cirrus. Large variations
small ice crystals. In the middle part of the cloud, called observed in the altitude of the cloud base could be attributed
the “growth layer”, which is rather thick, the ice supersatu- to corresponding variations in strength of the convective tur-
ration sustains crystal growth and hence is composed of prisbulence below the cloud. Parameswaran et al. (2003) have
tine ice crystals. In the “sublimation layer” near the cloud shown that turbulence plays a significant role in governing
base, the ice subsaturation causes crystals to sublimate aitide cloud shape. However, for those high altitude thin cir-
disappear. This layer is relatively thin and composed of rel-rus forming just below the tropical tropopause, the temporal
atively small rounded crystals of a nondescript shape. Fronvariation in cloud top and cloud base is relatively small, a
the above it can be seen that ice crystals in the nucleatiotypical example of which is observable in Fig. 3a.
and sublimation layers are either smaller in size or having a While on some nights the cloud optical depth is very low
lesser non-sphericity compared to those in the growth layerand they persist as a sub-visual type throughout the night

www.ann-geophys.net/26/413/2008/ Ann. Geophys., 26, 4232008



420 S. V. Sunilkumar et al.: Interdependence of tropical cirrus properties and their variability

18— constant the cloud optical depth changes significantly. This

£ 6l (a)_L could be due to the cellular structure of the cirrus (Platt,

g al - : hm_- 1973). Note that in both cases the temporal variation of cloud

g I hy ] top was rather small, and the variation in cloud thickness is

0_32 _- mainly governed by corresponding variations in the cloud
I base. Another interesting feature observed on the night of
& 001 23 March 1999 is the manifestation of a very weak and ge-
0.00 | . ometrically thin cloud strata with.<0.002 aligned to the
cold point tropopause. This could be of a UTC type which

_ 1B persisted only for a shorter duration. Of the 160 nights hav-

E 1 L ing a single layer cirrus, the cloud continues to persist in the

2 .l same category in 47% of the cases (sub-visual type in 39%,

g . dense type in 6% and thin in 2% of the cases) and changes
01.2 T from one type to the other in the remaining 53% of the cases

o : (to be more precise 32% cases from SVC to TC, in 8% cases

eo0zr TC to DC and in 13% cases from SVC to TC and DC).

0.0 | | As seen from Fig. 3, the variation in cloud strengéh X
and . are well correlated. However, this is quite expected
18 becauseC, is the weighted mean backscatter ratio apd

E — o’ “n = ] is the integrated extinction, both representing the scatter-

g 61 A ] ing property of the cloud where the absorption is negligible.

E Such short-term fluctuations i are also reported by several

< Mr ) other investigators (Jensen et al., 1996b; McFarquhar et al.,
12 130 20Q0), both over the tropics as well as over the mid-latitude
06 [ 124 region.

O 04l . 0 On examining the contour plots presented in Fig. 2a—h, itis
0.2 g ;2 seen that the cloud backscatter ratio varies significantly in al-
00F  « 7 ST 0 w0 do titude with high values in the middle and low values towards

21 22 23 00 01 02 03 04 05 06

the peripheries. Note that the altitude of the peak backscat-
ter ratio does not coincide with the geometric centre of the
Fig. 3. Short-term variations of cloud tog ), cloud base/(p) cloud._ In o_ther words, as far as scatte_ring is concemed,_the
and optic centrel(, ) (mean altitude) over a night along with cloud cloud is neither homogeneous nor optically symmetric with
strength ) and optical depthd.) for three typical nights (18 Jan-  respect to its centre. The amount of deviation from the sym-
uary 1999, 20 January 1999, 23 March 1999). metric nature could be quantified in terms of the asymmetry
factorg, defined (Sassen and Cho, 1992) as

hm - hcb

Time (IST)

with a very little variation with time, on other nights the & = .
cloud optical depth shows significant temporal variations. her = heb
The cloud changes from its sub-visual category to thin andf the altitude profile of the backscatter ratio within the cloud
even to dense cirrus. Typical examples for both these caseis Gaussian (symmetric with respect to its mean positi&n),
are observable in Fig. 3. Although the optical dept}) {s will be close to 0.5. A value of less than 0.5 indicates that
low on 18 January, for example, the variations in this quan-more scattering occurs from the lower half of the cloud and
tity are appreciable in line with the cloud strength. On 20 vice versa. As seen in Sect. 2 and Fig. 1, fot-25% de-
January 1999 and 23 March 1999, the variation,irs very viation in S1 about its mean value of 20, the deviation in
large and the cloud type fluctuates between the three classés, is +0.0026 km for thin cirrus and=0.02 km for thick
within a short duration. Figure 3c shows a typical exam-cirrus. As the cloud is detected using the threshold condi-
ple of optically thin cirrus (withr,<0.3) with a larger cloud tion for the backscatter ratio, along with that of the volume
depth (compared to that in Fig. 3b). On this night also, thedepolarization ratiod>0.04) there is no change in the val-
cloud which was of sub-visual type in the beginning changedues ofi., andi.,. Then the standard error i given by

to thin cirrus and subsequently to dense cirrus just after mid-oe=cp/(he:—hep), is <0.2% for thin cirrus and<1% for
night. After this, though the cloud depth remained almost thethick cirrus.

same,. decreased drastically and the cloud type changed to The short-term variation ig is studied by examining its
sub-visual. Around 02:30IST, even though the cloud depthtemporal structure with a resolution of 4min on different
decreases, the cloud optical depth increased@®. This  nights. Figure 4a—c shows the variation f€ffor 18 Jan-
shows that even when the cloud thickness remains fairlyuary 1999, 20 January 1999 and 23 March 1999, respectively.

®)
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On 18 January 1999, at the start and at the end of the lidar @ - ' '
observation, the value df is close to 0.5, indicating that 06
the backscatter ratio distribution in the cloud is more or less
Gaussian and the optic centre of the cloud coincides with 0.5 Lo M e e\ Y g s
the geometric centre. But during midnight and in the post-
midnight period,é decreases significantly from 0.5 reach- 0.4t
ing as low as 0.38 around 00:30IST, which indicates that
the cloud optic centre has shifted below its geometric cen-
tre. Also on 20 January 1999 and 23 March 1998hows
significant temporal variations. These typical samples show
that the short-term variation gfis distinctly different on dif-
ferent nights.

18 Janulary 19|99_

0.3

20 January 1999 A

3.1.4 Interdependence of cirrus properties

As seen above, the temporal variation of cloud parameters, a:
well as the depolarization ratio over a night is mainly com-
posed of a short period fluctuation with a period of tens of ©
minutes (referred to as “short-term” hereafter), superposed
on a relatively “long-period” variation (referred to as “long-
term” hereafter) extending over the entire night. To quantify
the depolarization of the entire cloud ensemble, an effective
value of§; (¢) at any particular time is estimated by inte-
grating the altitude profile of (&, ¢) within the cloud from

hep 10 hey @and normalizing it to the cloud geometrical thick-

loud asymmetry factor, &
(=]
[&)]

ness, which can be written as 0.3 . . . . . . :
B 22 23 00 01 02 03 04 05
1 .
510) = = [ 5. 1 an, (6) HEICEl)
hct - hch
hep Fig. 4. Temporal variation of cloud asymmetry factgn ©bserved

wheres; () represents the height averaged values albng on three different nights in the year 1999 as typical examples.

the cloud thickness. Similarly the effective valueSgis also
obtained and is denoted By; .

Figure 5a—f shows the temporal variationgfr., §; and  of Fig. 5¢ (18 January 1999), on average, remains more or
84i for a few typical nights in which they showed distinct ess steady (with short-term fluctuations) around 0.08 up to
features. They show significant variations with a period 03:00IST, followed by a sharp decrease to a value less than
of a few minutes to a few hours. While on some nights 0.05 when the cloud optical depth decreasee@005. On
(~47%), even though, shows significant temporal varia- @ few other nights, the long-term variation ©fis found to
tion, the cloud type remains the same; on other nights thé€ in-phase with that of bothands;. One such example is
variation int. is so large that the cloud type changes from shown in Fig. 5b. On 8 May 1998 the long-term variations
one class (SVC/TC/DC) to the other at short time scales. Théf 7. andé are in opposite phase up to 02:00 IST. But subse-
weighted mean values éfands, (§; ands,;) also shows sig- quently in the last two hours of observation these variations
nificant temporal variations, which are more-or-less similarbecame in-phase.
in nature (though short-term variations are more pronounced In addition to these long-term variations, & ands; also
in 8,;). Because of this we deal only with the temporal vari- show significant short-term variations during the course of
ation of§; in studying the interdependencies, along with the each night. On the majority of the nights the short-term vari-
other cirrus properties. In general, as cloud optical depthations inz, are found to be in opposite phase with that of
increaseg decreases. Correspondingly, the depolarizations andé;. However, on a few nights the short-term variation
ratio shows an increase, indicating that cloud particles tendf §; and . are found to be in-phase (e.g. Fig. 5b and c).
to become more non-spherical in nature. On a long-term baFigure 5e and f shows two typical examples in whichnd
sis the variation of andz, are in opposite phase while that 7. shows significant short-term fluctuations compared to the
of §; andz, are in-phase. These features are clearly observiong-term variations. While in most of the cases the long-
able in Fig. 5c and d on the nights of 18 January 1999 anderm variation in§; andz, is found to be in-phase, the short-
16 November 2000, respectively. However, the integratederm variation are out-of-phase. The short-term variation in
volume depolarization ratio’(), shown in the lower panel §; andz. could be attributed to the changes in the orientation
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08 May 1998 . (@)

05 0.01

04 0.00

01 032
Time (IST)

Fig. 5. Temporal variations of cloud asymmetry factgp,(cloud optical depth, volume depolarizatiof)(and particulate depolarization
(8ai) of the cloud on different nights showing distinct features.

The amount of asymmetry could then be quantified in terms
of its absolute deviation from 0.5. The short-term tempo-
ral variations are smoothed out by subjecting the time series
of & andz, to a moving average filter of 30 min. The per-
centage asymmetry is then estimated &—0.5/0.5}x 100

and its dependence an is examined by making a scatter
plot, which is presented in Fig. 6. In this figure correspond-
ing parameters are plotted with a time resolution of 250 s for
80 nights, in which continuous observations were available
for more than 4 h. This plot shows that for low valuesrof
(<0.01) the asymmetry is less than 2% and increases non-

T
=]
HEe)

o
.

T

c

Optical depth, <
o
£

1E-3 E linearly with an increase in., indicating that most of the
Fsve ' g ] sub-visual cirrus are symmetric. Studies conducted at Mahe
[ A n i ninal A nhnnnl ] Island (4.4 S, 55.3 E) also showed (Pace et al., 2003) that
0.2 2 20 in most of the cases the observed cirrus is symmetric. They
GLLCLUL TR e Ll ) attributed the low values of mainly to ice precipitation,

_ _ o leading to the accumulation of ice mass near the cloud base.
Fig. 6. A scatter plot showing the variation of percentage asymme-ryis congition mostly occurs near the dissipating stage of
try of tropical cirrus with corresponding variations in cloud optical o i Jifecycle when sedimentation processes are more
depth ¢) from individual profiles on different nights. intense. High values of are attributed to ice clouds in the
early phases of their evolution, when the larger amounts of
ice crystals will be present in the upper part (where the nu-
) ) X cleation is initiated because of lower temperature). How-
could be associated with the formation, development and deéver, this hypothesis does not match with the present finding
cay phases of the cloud. where low and high values gfare observed when the cloud

The long-term variations i andz. are not always phase s strong ¢, maximum) and tending to 0.5 when the cloud
consistent. While on some nights, asincreases, the asym- pecomes weak (low,).
metry factor €) decreases or goes below 0.5, and on some
other nights it increases or goes above 0.5. In any case, as the The short period variations in cirrus cloud parameters
optical depth increases, the cloud becomes more asymmetri¢kigs. 3 and 4) could be linked to the dynamical process

of ice crystal, while the longer period variationdnandz,
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that plays a leading role in determining the cloud structure, 15
which includes cells, turbulence, eddies and waves (Gultepe
and Starr, 1995; Gultepe et al., 1995). Turbulence occurs in-
termittently in patches and coexists with wavy motions on

a variety of scales. The gravity wave phenomenon is often
present within the cirrus systems and potentially influences
cirrus processes and hence their physical properties. Boehn
and Verlinde (2000) showed a close association between the
upper tropospheric cirrus and large-scale dynamics. The ra-

N
N
—

©
—

Occurrences %
w (e)]
T g T

diosonde data revealed the presence of Kelvin waves with I

downward phase propagation from the lower stratosphere 0 T
into the upper troposphere. These waves also can modu: 8 10 12 14 16 18 20
late the cirrus clouds. The above studies show the necessit Cloud top altitude, h_ (km)

of understanding tropical waves and other sources of large- 15 — £l —
scale rising motion in the upper troposphere, to interpret the

observed temporal variation in cirrus properties caused by X 12+ i
the interaction of these waves. This involves a detailed study ¢,

for delineating the dynamical features including wave per- 8 9L |
turbations in the upper troposphere and relate them to the §

observed short period (of the order of a few minutes to a few g | |
hours) variation in cloud structure which could be addressed §

at a later stage. ©) 3L 1
3.2 Mean properties of cirrus clouds in different nights and 0 | | |

their interdependencies 8 10 ' 1|2 ' 14 ' 1I6 ' 18 ' 20
From the value of cloud top:(;) and cloud basei(,;) esti- Cloud base altitude, hcb (km)
mated from individual lidar profiles, the mean value for each
night is estimated. The frequency distributions of this (in Fig. 7. Observed mean frequency distribution of the cloud(iap)
steps of 0.5 km) for different nights during the period 1998—and cloud basen(;) for tropical cirrus at Gadanki for the period
2002 are presented in Fig. 7. This shows that the frequency998-2002.
distribution of cloud top is rather sharp compared to that of
the cloud base. Though cloud top can generally lie between 9
and 20 km, in most of the cases it occurs around 15 to 18 kmwill be possible to have more than one value €grfor the
very close to the cold point tropopause. Similarly, though thesame value of.. For sub-visual cirrus with,.<0.03,C; is
cloud base generally lies between 8 and 18 km, in most of thggenerally less than 4 and primarily lies in the range 1 to 2.5,
cases it occurs around 13 to 16 km. The most probable valughile for thin cirrus, for whichr. lies between 0.03 and 0.3,
of cloud top is 16 km and that of cloud base is 14 km, leadingthe value ofC, generally lies in the range 2 to 14, with a
to a most probable value ef2 km for the cloud depth. highest frequency of occurrence ©6+2 for C;. Both sub-

The mean cloud parameters, such as cloud strergth (  Visual and thin cirrus can have cloud strength in the range 2
cloud mean altitude or optic centre of clou,(, cloud to 6, but in the majority of such cases they will be thin. Sim-
semi-thickness4h), cloud asymmetry factokf, cloud opti-  ilarly, for dense cirrus«.>0.3), the value ofCy generally
cal depth ¢.) and the depolarization ratié;(ands,;), are ob-  ranges from 6 to 18 and dense cirrus with<6 seldom oc-
tained by averaging the respective parameters obtained frorgur. A simple linear relationship sought betwegmndC; is
each lidar profile (with a basic time resolution of 250s) for Shown in Fig. 8a. Even though a similar relationship can also
individual nights. The frequency distributions of these pa- be seen fosk andz. in Fig. 8b, the standard deviations are
rameters were presented in an earlier publication (Sunilkusignificantly large. A similar relation between cloud optical
mar et al., 2003). It may be noted that, as discussed irflepth and geometrical depth (physical depth) has been re-
Sect. 3.1, these parameters do show some temporal variatiof®rted by various other investigators for tropical cirrus (Pace
during the course of a single night which are not considerecet al., 2003; Thomas et al., 2002) and mid-latitude cirrus
in the present discussions, as they pertained only to the mea®assen and Cho, 1992).
cloud property over each night. Figures 9, 10 and 11 show the interdependencies of vari-

Figure 8 show plots of. against G andA#, the two pa-  ous cloud parameters. In these figures the open circles rep-
rameters governing the cloud optical depth. A significantresent the relevant parameters for sub-visual cirrus, grey and
scattering of points is observed in Fig. 8a, indicating that itblack shaded circles represent those for thin cirrus and dense
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3 C, <5 (region marked with small dashed-square). But thick
(&) [ clouds Ah>1km) are generally strong with<3C; <20 (re-
00 1 > 3 gion embedded by the large dashed-square).

Cloud semi-thickness, Ah (km) A scatter plot of cloud semi-thickness with cloud mean
altitude shown in Fig. 10 reveals that cirrus clouds occurring
Fig. 9. Scatter plots showing the dependence of mean cloud strengtﬁ"t very low and very high altitudes are generally thin. Thick
(Cs) on cloud mean altitudehf,) and cloud semi-thickness\@) clouds with semi-thickness 1 km primarily occur between
for tropical cirrus. 13 and 17 km, even though all cirrus clouds occurring in this
altitude range need not be thick. High values fok are
encountered for those clouds with mean altitudet km and
cirrus, respectively. Figure 9 shows the dependence of cloudhese clouds are mostly strong (high value€of. It would
strength on cloud mean altitude and cloud semi-thicknessbe worth in this context to note that, as revealed by Fig. 7,
The mean altitude varies in the range 8 to 20 km, and wealthis is the most favoured altitude for the formation of tropical
clouds (optically thin clouds witll'; <5) can occur anywhere ~ Cirrus.
in this altitude region. But strong clouds with >10 gener- Figure 11 shows the scatter plots of the cloud asymmetry
ally occur between 13 and 15 km. Figure 9b shows that thinfactor with cloud strength (top panel), cloud mean altitude
clouds with semi-thickness0.5 km are generally weak with  (middle panel) and cloud semi-thickness (bottom panel). The
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Fig. 11. Scatter plots showing the dependence of cloud asymmetry
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horizontal line in these plots is drawn &t0.5, correspond-
ing to symmetric clouds. The cloud mean altitude (optic
centre) is more or less close to the geometrical centre (with
£~0.5) for weak clouds(; <3). As the value of’; increases

the clouds becomes more asymmetric, even though quite ¢

few clouds with highC values continues to be symmetric.

significantly descends from the geometric centre (indicate
by a high occurrence af with values much less than 0.5).

In most of the cases the optic centre of the strong cloudq[_

Depolarization Ratio

Depolarization Ratio

425

1.2

1.0

0.8

06
04+
02}

0.0 -

x
.

.

* Xe

xx;&“s
f? 2@%{ &
FRG

X:Xx,&%?, 2

N4 '>a<>>& X
3

%
.'

L X
.
a(XX
. . X
G .

©
N

o
w

o
N

©
-_—

Oi] L 1 . 1 L 1 s 1 . 1 L
90 -80 -70 60 -50 -40 -30

9 10 1
Altitude (km)

12 13 14 15 16 17 18 19

20

Fig. 12. Scatter plot showing the altitude dependence of volume de-
polarization ratio (VDR) and particulate depolarization ratio (PDR)
of tropical cirrus averaged for individual nights.
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ig. 13. Temperature dependence of volume depolarization ra-
io (VDR) and particulate depolarization ratio (PDR). Open circles
present the averaged values of VDR and filled circles present the

Note that high and low altitude cirrus are more or |ess Sym-ayeraged values of PDR grouped &€5interval. The vertical bars
metric and significant asymmetry is observed only for cloudsindicate the associated standard error.

forming in the altitude region 12—-16 km. Plots in the lower
panel show that thin clouds (with lowh values) are more or

less symmetric and the asymmetry increases with increasgserature dependence of cloud depolarization, values of VDR
in Ah. In the majority of cases the optic centre descendsand PDR are grouped at cloud temperatuig {ntervals of

from geometric centret(<0.5).

5°C and then averaged. The variation in these mean values

Figure 12 shows the scatter plot of the mean values of theof VDR and PDR withT,. is presented in Fig. 13. Both VDR
volume depolarization ratio (VDR) and particulate depolar-and PDR generally show a decreasing trend with increase
ization ratio (PDR) with cloud mean altitude. Although those in 7, for values exceeding-75°C. The values of VDR for
clouds forming around 14-16 km show both high and low the temperature range75°C to —50°C compares favorably
values of depolarization, the clouds forming at lower andwith those reported by Platt et al. (1998) for tropical cirrus.

higher altitude show low values<(Q.2). To study the tem-
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However, the mean VDR (also PDR) shows a dip wiign
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decreases below75°C. Pace et al. (2003) also observed visual cirrus are generally symmetric. As the optical depth
a similar feature from the ground-based lidar data at Mahencreases, the cloud becomes more asymmetric. The cloud
(4.4 S, 55.3 E). They have shown that the integrated depo-parameters show significant short-term oscillations, along
larization values ranges between 0.27 and 0.19 for the temwith a long period variation extending over the entire night.
peratures in the range73°C and—33°C. The tropical cirrus ~ On average, the short-term oscillationsrinare in opposite
data during the TOGA/COARE campaign also showed a regphase with those of ands. The long-term variations ig
ular increase i with a decrease in temperature (from 0.375 are found to be in-phase with thosesadnd in-phase quadra-
at—35°C to 0.5 at—85°C) (Sassen et al., 2000). ture with those of.. While the short-term variation ifiand

The change in depolarization can be attributed to ther, could be due to corresponding changes in the cloud parti-
change in crystal habit at different temperature regimes. Sevele orientation, the long period variations could be associated
eral studies indicate that plate type and hollow column typewith the growth and decay phases of the cloud. The cloud de-
crystals depolarize less than solid columns (Sassen and Chepglarization shows a pronounced variation along its vertical.
1992; Takano and Liou, 1995). This suggests that the obitis generally low near the cloud top and cloud base, with rel-
served low values of cloud depolarization could be due to theatively large values in the middle. This could be attributed to
presence of plate type or hollow column type crystals. Thethe prevailing dynamical processes, such as formation at the
difference in the values of cloud depolarization call on geo-top, development in the middle and evaporation at the base
graphical differences in the microphysical contents of cirruswithin the cloud.
clouds, dissimilarities in the formation mechanism and the
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