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ABSTRACT

Cirrus clouds detected with a six-wavelength aerosol
lidar in the tropical region of the Maldives (4.1° N,
73.3° E) were characterized in terms of seasonal
geometrical, optical, and thermal properties. The
dataset was collected during the Indian Ocean Ex-
periment between February 1999 and March 2000,
covering two seasons of the northeast monsoon and
one of the southwest monsoon. Cirrus visible opti-
cal depth, mean extinction coefficient, and lidar ratio
were derived from the 532-nm elastic-backscatter li-
dar signals. Temperature information from radioson-
des launched frequently at the lidar site was used
to characterize the thermal structure of the tropical
troposphere and the temperature dependence of the
optical and geometrical cirrus properties. The analy-
sis of satellite-derived outgoing longwave radiation
data showed that the occurrence of cirrus is highly
correlated with deep convection. Cirrus clouds were
detected at 50% of the measurement time with an
average mid-cloud height of 12.6 km. 18% of the an-
alyzed clouds were subvisible, 52% were thin cirrus,
and 30% were cirrostratus.

1. INTRODUCTION

20% to 35% of the globe are regularly covered with
cirrus [1],[2]. The highest rates of coverage can be
found in the area of the intertropical convergence
zone (ITCZ) with an average value of 45% [2]. Such
values lead to a significant impact of cirrus clouds
on local meteorological processes as well as on the
global heat budget of the atmosphere [1],[2]. Several
field campaigns were carried out in various regions of
the globe to improve the knowledge on the climate
impact of cirrus clouds. But especially in the trop-
ics vertically and temporally highly resolved mea-
surements of cirrus cloud properties are still scarcely
available.

This work presents the first long-term lidar-derived
cirrus cloud statistics and information about cir-
rus cloud optical properties of the region of the
tropical Indian Ocean. In the scope of the Indian
Ocean Experiment (INDOEX) the transportable li-
dar system of the Leibniz Institute for Tropospheric
Research (IFT, Leipzig, Germany) performed more
than 30,000 minutes of multi-wavelength backscat-
ter, extinction, and depolarization profiling at Hul-
ule, Maldives (4.1° N, 73.3° E). Four individual field
campaigns have been carried out in February/March
1999, July 1999, October 1999, and March 2000 so
that the underlying dataset covers both, two sea-
sons of the dry northeast (NE) monsoon (Febru-
ary/March 1999 and March 2000) as well as one sea-
son of the rainy southwest (SW) monsoon (July and
October 1999). Section 2 summarizes the instrumen-
tation of the experiment. Results are presented in
Section 3.

2. INSTRUMENTATION

The optical data used in this work was recorded by
the containerized multi-wavelength aerosol lidar, de-
veloped and operated by the IFT. A detailed descrip-
tion of the system can be found in [3].

Two Nd:YAG and two dye lasers simultaneously emit
pulses at 355, 400, 532, 710 (parallel polarized), 800,
and 1064 nm with a repetition rate of 30 Hz. A
scanning unit outside of the container, realized by
a steerable mirror, permits measurements at zenith
angles from —90° to 90°. A 0.53-m Cassegrain tele-
scope collects the backscattered light. In addition to
the elastic signals of the six emitted wavelengths, the
inelastically scattered Raman signals of nitrogen at
387 nm (355 nm primary wavelength) and 607 nm
(532 nm primary wavelength) as well as of water
vapor at 660 nm (532 nm primary wavelength) are
detected. A detection of Raman signals throughout
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Fig. 1: (a) Temperature deviation from the average temperature of all radiosondes launched during Feb/Mar
1999. Black areas represent negative temperature deviations <-4 K, white areas represent positive temperature
deviations >+4 K. Descending stratospheric waves are visible. White vertical lines: observed cirrus. (b) Distance
between Hulule and nearest location with deep convection (OLR < 170 Wm™2,1° &~ 110 km).

the troposphere is only possible at night when the
background signal is negligible. The 710-nm signal
is split up into a parallel (co-) and a perpendicular
(cross-) polarized channel. Photomultipliers amplify
the signal of the detected photons. The amplified sig-
nals are acquired either in analog (400, 532, 710, 800,
1064 nm) or in photon-counting mode (355, 387, 532,
607, 660 nm).

During the four field campaigns 250 radiosondes of
the type Vaisala RS-80 were launched, providing ver-
tical profiles of pressure, temperature, and humidity.

Satellite-derived outgoing longwave radiation (OLR)
data of the Climate Diagnostics Center (CDC) [4] on
a daily basis was used to obtain an overview of the
distribution of convective activity in the region of
the Maldives. OLR values less than approximately
170 Wm~?2 indicate deep convection that is known
to be a primary source of cirrus clouds in the tropics.

4. RESULTS

4.1 Temporal and Seasonal Distribution of cir-
rus clouds

During the NE-monsoon field campaigns the occur-
rence of cirrus clouds showed significant temporal
variations. This is shown in Fig. 1 (a) where the
temperature deviation field for the campaign of Feb-

ruary/March 1999 is presented. White vertical lines
indicate the occurrence of cirrus clouds. The tem-
perature deviation was calculated from the average
temperature of all radiosonde ascends in the respec-
tive time period (approximately two per day). White
and black areas represent positive temperature devi-
ations of more than +4 K and negative deviations
of less than —4 K, respectively. Stratospheric wave
characteristics are visible in Fig. 1 (a). They were
identified as eastward propagating Kelvin waves in
[5]. The cold phases of these waves (dark areas) are
supposed to play a major role in the formation of
upper-tropospheric cirrus clouds.

In Fig. 1 (a) four of these waves can be seen. Be-
tween day 30 and day 50 the upper troposphere was
relatively warm and only few cirrus clouds were ob-
served. When cold perturbations occurred at alti-
tudes below 16 km, as between day 55 and 62 and
day 69 and 84, also a high frequency of cirrus clouds
was observed. However, an unambiguous relationship
between the stratospheric waves and the cold pertur-
bations and thus cirrus formation is not clearly recog-
nizable from Fig. 1 (a). More significant correlations
exist between the occurrence of cirrus clouds and the
distance of the observation site to deep convection.
Fig. 1 (b) presents the distance between Hulule and
the nearest location with deep convection (in geo-
graphical degrees). It was calculated from the CDC



Tab. 2: Mean values and standard deviations (in parentheses) of geometrical and thermal cloud properties. The
values are given for all observed cirrus cases as well as for the northeast monsoon and the southwest monsoon.

All Cases NE Monsoon SW Monsoon

Analyzed cases 193 114 79

Cloud Base Height (km) 11.6  (1.9) 11.8 (1.9 11.3  (2.0)
Cloud Top Height (km) 135 (1.5) 135 (1.6) 135  (1.5)
Cloud Depth (km) 19 (1L1) 16 (09) 22 (L3)
Mid-Cloud Height (km) 126 (1.6) 127 (1.6) 124 (1.6
Cloud Base Temperature (°C) —48 (15) -49  (15) -46  (15)
Cloud Top Temperature (°C) -63  (12) -63  (12) 62 (12)
Mid-Cloud Temperature (°C)  -56 (13)  —56 (13) -54  (13)

OLR dataset. When deep convection was apparent
in the vicinity of the Maldives also a high frequency
of cirrus clouds was observed. This can especially
be seen between day 57 and 62 and between day 69
and 84. The results presented in Fig. 1 suggest a re-
lation between deep convection, stratospheric waves
and the formation of cirrus clouds. Further analysis
may be needed to solve this issue.

The lidar data collected during the four field cam-
paigns were separated into the two monsoon seasons.
Thus the data of February/March 1999 and March
2000 yield to the NE-monsoon dataset. The data of
July and October 1999 provide the basis for the SW-
monsoon dataset. Information about the occurrence
frequency of cirrus clouds during the respective sea-
sons is shown in Tab. 1. The summation of the results
of both seasons yields a total of 193 cirrus cases and
a total occurrence time of 14883 minutes out of a
total measurement time of 30050 minutes. This cor-
responds to a total cirrus cloud frequency of 50%.

Tab. 1: Seasonal distribution of cirrus cases and cir-
rus occurrence time.

NE Monsoon SW Monsoon
No. of meas. min. 20761 9289
Cirrus cases 114 79
Cirrus detected (min) 8472 6411
Cirrus detected (%) 41 69

4.2 Cirrus Geometrical Properties

Cirrus geometrical properties such as cloud top and
base were derived from the lidar signal at 532 nm
wavelength. Because of a strong gradient of the lidar
signal the cloud boundaries were easy to determine.
For ascending and descending clouds the uppermost
and lowermost boundaries were taken as cloud top
and cloud base, respectively. All clouds above 7 km
that were transparent for the lidar signal were in-
cluded into the statistics. Even a thin water cloud
at such altitudes attenuated the light much stronger
than ice clouds did.

Tab. 2 provides an overview of the seasonal mean
values of height and temperature of the cloud bound-
aries and of the cloud depth. Standard deviations are
given in parentheses behind the mean values. Mid-
cloud values for height and temperature are given
as additional information. The values for the differ-
ent seasons all vary marginally within the respective
ranges of standard deviation. Only the cloud depth
shows a considerable seasonal variation. With a mean
depth of 1.6 km clouds during the NE monsoon were
on average about 0.6 km thinner than during the SW
monsoon.

4.3 Cirrus Optical Properties

The optical cirrus properties were derived from the
532-nm elastically backscattered lidar signal apply-
ing the Klett method [6],[7]. The Klett method al-
lows one to calculate the vertical profile of the par-
ticle backscatter coefficient 3, of the cirrus cloud
and the mean cloud extinction coefficient «, but
requires the assumption of a specific extinction-to-
backscatter (lidar-) ratio S. Assuming particle-free
conditions above and below the cloud, S can be de-
termined by setting 3, = 0 in that region and vary-
ing the lidar ratio until 8, = 0 on the opposite site
of the cloud. Integration of o over the cloud depth
yields the cloud optical depth 7.

An overview of the seasonal mean values of the op-
tical cirrus properties is given in Tab. 3. The cloud
types were classified after [8]. Significant seasonal dif-
ferences are obvious from the frequency of the three
cloud types. While during the convectively active SW
monsoon 47% cirrostratus was detected it was only
20% during the NE monsoon. In turn, only 5% sub-
visible cirrus was observed during the SW monsoon,
compared to 24% during the NE monsoon. Optical
depth, extinction coefficient, and lidar ratio do not
vary significantly between the different seasons.

The temperature dependence of the extinction coef-
ficient o determined from all analyzed cirrus cases is
illustrated in Fig. 2. As presented in [9] the distribu-



Tab. 3: Seasonal frequency, mean optical depth 7, mean extinction coefficient @&, and mean lidar ratio S of
subvisible cirrus, thin cirrus, and cirrostratus. Standard deviations of the mean values are given in parentheses.

The cloud types are classified after [8].

Subvisible Ci Thin Cirrus Cirrostratus
7 < 0.03 0.03 < 7<0.3 T>0.3
All Cases
Frequency 18% 52% 30%
T 0.015 (0.008) 0.13 (0.08) 0.64 (0.30)
a (km™') 0.012 (0.009)  0.06 (0.03) 0.21 (0.11)
S (sr) 21 (3) 21 (7) 18 (3)
NE Monsoon
Frequency 24% 56% 20%
T 0.014 (0.008) 0.13 (0.07) 0.57 (0.22)
a (km™h) 0.013 (0.009) 0.07 (0.03) 0.22 (0.10)
S (sr) 20 (3) 22 (6) 19 (2)
SW Monsoon
Frequency 5% 48% 47%
T 0.014 (0.003) 0.14 (0.08) 0.68 (0.33)
a (km™h) 0.010 (0.005) 0.05 (0.03) 0.20 (0.12)
S (sr) 23 (3) 19 (7) 18 (4)

tion was fitted by a second-order polynomial function
of the form «(T) = Ag + A1 T + A3 T?. The coeffi-
cients are:

A() = 5.683 x 10_4

A; =1.375x107°

Ay = 8.833 x 1078.
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Fig. 2: Temperature dependence of extinction coeffi-
cient (Ext. Cf.) to mid-cloud temperature. The gray
curve shows a polynomial fit of second order.
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