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[1] Lidar observations of cirrus cloud macrophysical properties over the U.S. Department
of Energy Atmospheric Radiation Measurement (ARM) program Darwin, Australia, site
are compared from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) satellite, the ground-based ARM micropulse lidar (MPL), and the ARM
Raman lidar (RL). Comparisons are made using the subset of profiles where the lidar
beam is not fully attenuated. Daytime measurements using the RL are shown to be
relatively unaffected by the solar background and are therefore suited for checking the
validity of diurnal cycles. RL and CALIPSO cloud fraction profiles show good agreement
while the MPL detects significantly less cirrus, particularly during the daytime. Both
MPL and CALIPSO observations show that cirrus clouds occur less frequently during the
day than at night at all altitudes. In contrast, the RL diurnal cycle is significantly different
from zero only below about 11 km; where it is of opposite sign (i.e., more clouds during
the daytime). For cirrus geometrical thickness, the MPL and CALIPSO observations
agree well and both data sets have significantly thinner clouds during the daytime than
the RL. From the examination of hourly MPL and RL cirrus cloud thickness and through
the application of daytime detection limits to all CALIPSO data, we find that the
decreased MPL and CALIPSO cloud thickness during the daytime is very likely a
result of increased daytime noise. This study highlights the significant improvement the
RL provides (compared to the MPL) in the ARM program’s ability to observe tropical
cirrus clouds and will help improve our understanding of these clouds. The
RL also provides a valuable ground-based lidar data set for the evaluation of
CALIPSO observations.
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1. Introduction
[2] Cirrus clouds are optically thin but widespread and

therefore important regulators of the global radiation balance
[Liou, 1986; Fu et al., 2000, 2002]. In the tropical atmo-
sphere, cirrus clouds are especially prevalent [e.g.,Winker
and Trepte, 1998; Wang et al., 1998; Fu et al., 2007; Dessler
and Yang, 2003; Massie et al., 2010] making them a crucial
component of the tropical energy budget and hence impor-
tant for understanding tropical circulations. For example,
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the vertical distribution of radiative heating in the tropi-
cal tropopause layer [e.g., Yang et al., 2010; Lin et al.,
2013] places constraints on various atmospheric processes
[Hartmann et al., 2001; Gettelman et al., 2004; Corti et al.,
2005; Fu et al., 2007].

[3] A large portion of tropical cirrus clouds are too opti-
cally thin for detection by cloud radar [e.g., Comstock et al.,
2002] or by passive instruments [e.g., Ackerman et al.,
2008]. Passive instruments also provide limited information
on the vertical structure of clouds [Zhang et al., 2004]. Lidar
observations provide information on cloud vertical struc-
ture with a much higher sensitivity to optically thin clouds
than a cloud radar. Ignoring clouds detectable by lidar only
can cause biases in radiative heating rate profiles [Feldman
et al., 2008; Thorsen et al., 2013] and top-of-the-atmosphere
fluxes [Haladay and Stephens, 2009; Borg et al., 2011; Sun
et al., 2011]. Therefore, high quality lidar observations are
required to fully assess the radiative impacts of tropical
cirrus clouds.

[4] In this work, we compare macrophysical properties
of tropical cirrus clouds as observed by three different
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lidar systems over the Department of Energy Atmospheric
Radiation Measurement (ARM) program’s Darwin,
Australia, site [Ackerman and Stokes, 2003]: (1) the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP)
instrument on board the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) [Winker et al.,
2009, 2010], (2) the ground-based ARM micropulse
lidar (MPL) [Campbell et al., 2002], and (3) the ground-
based ARM Raman lidar (RL) [Goldsmith et al., 1998;
Turner et al., 2002].

[5] The comparison of CALIPSO to ground-based lidars
provides a way to evaluate each of the instruments and
understand their relative strengths and weaknesses. In one
such comparison of the ARM MPL and CALIPSO, Thorsen
et al. [2011] found that statistics of cloud properties in
profiles where the lidar beam was not fully attenuated
typically agreed well, particularly at night. However, the
frequency of occurrence of cirrus clouds in the MPL
observations is significantly less than CALIPSO, suggesting
that the MPL is less sensitive than CALIPSO. As part of the
current study, we perform a similar comparison but with the
addition of the relatively new ARM RL at Darwin (deployed
in December 2010), which transmits a more powerful laser
beam than either CALIPSO or the MPL. We seek to deter-
mine if the RL can provide better observations of tropical
cirrus clouds compared to the MPL and thereby provide a
more useful tool for comparisons to CALIPSO.

[6] Both the MPL and CALIPSO lasers operate at
532 nm, which is in a region of maximum solar energy.
Therefore, daytime MPL and CALIPSO observations must
contend with a large amount of additional noise during
the daytime which may cause biases. Unlike the MPL and
CALIPSO, the RL elastic channel operates at a wavelength
of 355 nm where the Sun emits less energy. Therefore,
the smaller impact of daytime noise, which is explicitly
quantified in this study, on RL observations provides an
opportunity to determine the effects of daytime noise on both
MPL and CALIPSO observations of cirrus clouds.

[7] Thorsen et al. [2011] documented diurnal cycles in
tropical cirrus cloud that occurred in both MPL and
CALIPSO observations—during the daytime, cirrus clouds
occur less frequently and are geometrically thinner. While
it is possible that the observed diurnal cycles could indicate
real geophysical phenomena, they could also be due to
increased noise during the daytime associated with the solar
background. Noise will prevent the detection of optically
thinner clouds, causing less cloud to be detected relative to
the nighttime. Noise may also prevent the detection of the
more tenuous cloud top and/or base, causing geometrically
thinner clouds during the daytime. We use the RL to examine
these diurnal cycles and determine if they are physical or an
artifact of noise.

[8] Details of the RL, MPL, and CALIPSO data sets are
given in section 2, and the comparison methods used are
discussed in section 3. The increased amount of daytime
noise in each lidar system is quantified and compared
in section 4.1 along with the signal-to-noise ratios in
section 4.2. Vertical profiles of cirrus cloud fraction are
compared in sections 4.3 and 4.4 along with the diurnal
cycles in each set of observations. Finally, cirrus layer
geometrical thickness and its diurnal cycle are compared in
section 4.5 with concluding remarks given in section 5.

2. Data Sets
2.1. MPL

[9] The ARM MPL [Campbell et al., 2002; Coulter,
2012] transmits 6 – 8 �J pulses of 532 nm light with a pulse
repetition frequency (PRF) of 2500 Hz. Backscattered light
is collected by a 20 cm telescope using a 0.1 mrad field-
of-view (FOV) at a vertical resolution of 30 m. Data is
averaged to 2 min to improve the signal-to-noise ratio
(SNR). A cloud mask is applied to the backscattered
signal following Wang and Sassen [2001]. The Wang and
Sassen [2001] algorithm is a slope method which examines
the relative change in the returned signal power for strong
negative and positive slopes which occur in the presence of
clouds/aerosols. Complete attenuation of the lidar beam is
determined following Lo et al. [2006] whereby the vertical
gradient of the measured backscatter signal above the cloud
layer is compared to that expected from pure molecular
scattering. Individual cloud layers separated by less than
500 m are merged into single cloud layers. Times when the
data quality are questionable are not considered in this study.
A shutter covers the telescope around solar noon to prevent
direct sunlight from damaging the system during which no
backscatter data is available.

[10] The lower-level mplpolavg value added product
(VAP), containing raw MPL signals at a 30 s averaging
interval and a 30 m vertical resolution, is also used in this
study for the comparison of background noise among the
three lidars.

2.2. RL
[11] The ARM RL [Goldsmith et al., 1998; Turner et al.,

2002; Newsom, 2009] operates with a PRF of 30 Hz with
300–350 mJ pulses of light at 355 nm. A 61 cm tele-
scope collects elastic backscatter (355 nm) as well as Raman
scattered light from nitrogen (387 nm) and water vapor
(408 nm) using both a narrow FOV (NFOV, 0.3 mrad) and
wide FOV (WFOV, 2 mrad). The signals in these channels
are detected at a vertical resolution of 7.5 m. The WFOV
signal is too noisy to be useful for cirrus cloud observations;
therefore, we only use signal collected in the elastic NFOV
channel, which is split into copolarized and cross-polarized
signals. Like the MPL, the RL uses a shutter to prevent
damage from direct sunlight. The amount of time the
shutter is in place varies with season from remaining
completely open during the winter to being closed for up to
4 h a day during the summer.

[12] Raw RL data is used to produce several higher-level
VAPs available from the ARM data archive. These include
the aerosol scattering ratio (ASR) and total linear depolariza-
tion ratio products (DEP): both include a cloud mask. Visual
inspection of these clouds mask reveal that they perform
well in identifying low clouds but miss a significant amount
of high clouds (up to � 50%) particularly ones with weak
backscatter signals. Therefore, in this study, we created our
own cloud mask that is more sensitive to cirrus. We use the
depolarization ratio from the DEP product, whose data is
averaged to 2 min and 30 m, to create a cloud mask during
times when the RL is producing good quality data.

[13] A cloud mask is determined by first applying a
median filter to the total linear depolarization ratio (i.e.,
the Rayleigh component is not removed) using a moving
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window of 150 m by 10 min. Since the clear-sky depo-
larization ratio is calibrated to 2% [Turner et al., 2002],
clouds are identified as a depolarization ratio greater than
3% with a random error less than 20%. Individual cloud
layers separated by less than 500 m are combined into single
cloud layers. Complete attenuation is determined by exam-
ining the mean clear-sky depolarization ratio from 18.5 to
19 km in each profile. When the mean depolarization ratio
in this altitude range differs by more than 30% from the
expected clear-sky value (2%), the lidar beam is considered
completely attenuated.

[14] Lower-level data is used in the comparison of
background noise among the three lidars. For the RL, we use
the rlprofmerge VAP [Newsom et al., 2009] available from
the ARM data archive which contains merged analog and
photon counting profiles at a resolution of 10 s and 7.5 m.

2.3. CALIPSO
[15] The CALIPSO satellite [Winker et al., 2009, 2010]

was launched in April 2006 into a sun-synchronous orbit
as part of the A-Train satellite constellation [L’Ecuyer and
Jiang, 2010] providing near global observations at approx-
imately 0130 and 1330 (local time) for a fixed point. The
main instrument on board is CALIOP, a two-wavelength
(532 and 1064 nm) polarization sensitive lidar with a PRF
of 20 Hz and 110 mJ pulses of light [Hunt et al., 2009].
Backscattered light is collected with a 1 m telescope using
a 0.13 mrad FOV. In this study, we utilize the CALIPSO
L2 v3 5 km cloud layer (CLay) product whose vertical
resolution is 30 m from the surface to 8.2 km and 60 m
from 8.2 to 20.2 km. The description of the algorithm used
to identify cloud (and aerosol) layers is given in Vaughan
et al. [2009]. The Vaughan et al. [2009] algorithm is a
threshold method where portions of the measured backscat-
ter signal profile which exceed the backscatter expected from
clear-sky only are identified as clouds/aerosols. The CLay
product includes an opacity flag that identifies profiles where
the lidar beam has become completely attenuated. The flag
is determined by examining the profile for the presence of
signal return from the surface. Only layers identified with
“high confidence,” which is layer with a cloud-and-aerosol
discrimination (CAD) score [Liu et al., 2009] of 70–100, are
included in our analysis. In the CLay product, cloud layers
are identified using a nested multigrid averaging scheme
using horizontal averages of 5, 20, or 80 km. The method
can result in a single cloud layer being reported as multiple
layers that appear to overlap in the vertical. In such cases,
we merge the cloud boundaries to create a single cloud layer.
The minimum gap allowed between cloud layers varies with
each horizontal resolution applied to the data making it
possible for any cloud layers separated by less than 1 km
to be combined into a single cloud layer. For cloud layers
separated by less than 1 km, we find the mean amount of
clear-sky between layers to be 497 m. Therefore, the mean
effect of CALIPSO’s gap closing technique is approximately
equivalent to that used for the MPL and RL data—both allow
a minimum gap of 500 m.

[16] The CALIPSO L2 v3 5 km cloud profile (CPro)
product is also utilized which has a uniform vertical
resolution of 60 m. Thresholds are applied to the CPro
profiles to estimate the effect of CALIPSO’s different
daytime and nighttime detection limits. The detection limit

of CALIPSO data averaged to 5 km, in terms of extinction
(˛), is 0.0016 km–1 at night and varies between 0.0035
to 0.0061 km–1 during the day at 15 km [Chepfer et al.,
2012]. In addition to the official CPro data, we consider two
other modified data sets with (1) extinction is greater than
0.0061 km–1 (the high threshold) and (2) extinction greater
than 0.0035 km–1 (the low threshold). After removing
cloudy bins which fall below the extinction threshold, it
is possible that small gaps will be created in between
clouds layers. In CALIPSO’s retrieval of cloud layers, such
small gaps would be removed as the multiple layers are
merged into a single layer. Since we cannot exactly replicate
CALIPSO’s process of gap closing, we instead merge layers
in these thresholded profiles separated by less than 500 m.
This is approximately the mean minimum gap allowed in
the official CALIPSO data and is consistent with the min-
imum gap allowed in the MPL and RL data sets. Note
that applying the daytime threshold only approximately esti-
mates what a nighttime cloud layer would be viewed as
during the daytime. This is because the retrieval of extinc-
tion is dependant on the detection of all cloudy portions of
the profile, so the signal can be corrected for in-cloud atten-
uation [Young and Vaughan, 2009]. Since portions of cloudy
layers may go undetected during the daytime, it is difficult
to make strict comparisons of nighttime and daytime extinc-
tion coefficients. Therefore, the thresholded data sets are
used secondarily to the comparisons to the RL and MPL as
a method to understand day and night differences.

[17] Comparisons of signal quality (background noise and
SNR) are made using the CALIPSO L1B v3 profile product
which contains backscatter profiles at a horizontal resolution
of up 1/3 km and a vertical resolution of up to 30 m.

3. Comparison Method
[18] Statistics of cirrus macrophysical properties are

compared during two time periods dictated by the
availability of data: (1) June 2006 through August 2011
and (2) December 2010 through December 2012. The first
time period is used to compare CALIPSO (which began
in June 2006) with the MPL (which was removed from
the Darwin site in August 2011) which we refer to as the
“MPL sampling period.” The second time period is used to
compare CALIPSO with the RL (which began operating in
December 2010) which we refer to as the “RL sampling
period.” While the RL sampling period spans 2 years, the
RL data is only available 46% of the time due to frequent
periods of downtime. There is a period of time (December
2010 through August 2011) when data from all three lidars
is available. However, during these 9 months, the period
when collocated CALIPSO, MPL, and RL observations can
be compared amounts to less than 2 weeks of continuous
ground-based data. Therefore, we do not present results from
this time period since the small sample size greatly increases
the uncertainty and noise in the derived statistics. Since we
do not consider a period to directly compare the MPL and
RL, and since CALIPSO’s sensitivity is similar during the
two sampling periods (section 4.2), CALIPSO is used as an
intermediary to discuss differences between the three lidars.

[19] CALIPSO data is taken from a 5ı � 5ı latitude-
by-longitude box centered on the ARM Darwin site
(12.325ıS, 130.891ıE). In the chosen spatial domain,
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CALIPSO makes two passes (1 day and 1 night) about every
5 days. Two different sets of ground-based data are con-
sidered: (1) profiles within ˙4 h of CALIPSO overpasses
and (2) all available profiles. We particularly focus our com-
parisons on the former, ground-based data collocated in
time to CALIPSO, reducing the number of ground-based
profiles by about an order of magnitude. Our relatively
large collocation criteria was chosen to reduce sampling
uncertainty for the CALIPSO and RL comparison period.
Reducing CALIPSO’s spatial domain to a 2.5ı � 2.5ı
latitude-by-longitude box and the ground-based collocation
time to ˙2 h results in statistically identical results for both
time periods. However, during the CALIPSO and RL com-
parison period, these smaller collocation windows result in
noisy statistics with very large statistical uncertainties, par-
ticular during the daytime (when the RL shutter is closed for
up to 4 h). Therefore, we chose to analyze data using the
larger spatial and temporal collocation criteria. Note that in
all of the comparisons presented in this study, there is uncer-
tainty associated with these spatial/temporal collocation cri-
teria which is not explicitly quantified. However, we do not
expect this uncertainty to adversely impact our conclusions
since, compared to other cloud types, cirrus are relatively
homogeneous with large horizontal scales—typically around
100 km [Massie et al., 2010].

[20] Statistical significance for all quantities is determined
using the moving-block bootstrap technique [Efron, 1982;
Wilks, 1997]. The moving-block bootstrap technique
estimates sampling uncertainty through a large number of
resamplings (10,000 in this study) of the original data. To
preserve the autocorrelation inherent in atmospheric vari-
ables, sets of consecutive profiles (blocks) are resampled.
CALIPSO blocks are defined as whole passes through the
spatial domain, and the ground-based data block length is
taken as 4 h.

[21] The main focus in this study is on the subset of pro-
files transparent to the lidar beam and cirrus clouds—defined
as a cloud layer with a base above 7 km. For CALIPSO and
the MPL, whose cloud masks are defined using backscat-
ter, water and mixed phase clouds may also be identified
since these clouds can occur above 7 km in the tropics [e.g.,
Zhang et al., 2010]. However, these clouds are typically
optically thick and therefore should be excluded from the
set of transparent profiles. We verified this by examining
the CALIPSO CLay product’s assessment of cloud phase
[Hu et al., 2009]. In transparent CALIPSO profiles, 0% of
cloud layers with bases above 7 km are identified as contain-
ing liquid water and 0.1% are of unknown phase. Since the
depolarization ratio is used to construct the RL cloud mask,
all cloud layers identified are composed of ice. For consis-
tency, the 7 km cloud base requirement is still applied the
RL data which excludes about 1% of cloud layers from the
transparent profiles.

[22] It is possible that the RL cloud mask may miss
horizontally oriented ice crystals since they induce a small
depolarization signal. However, since horizontally oriented
ice crystals occur in environments with weak updrafts
[Magono, 1953; Ono, 1969], we do not expect horizontally
oriented ice crystals to frequently occur at a tropical loca-
tion like Darwin. To confirm this, we examine CALIPSO’s
identification of horizontally oriented ice particles [Hu et al.,
2009] which shows that less than 4% of cloud layers are

identified as containing horizontally oriented ice particles.
While possible that this subset of cloud layers are missed
by the RL’s depolarization threshold, such layers are eas-
ily identifiable by their very strong backscattered signal.
The ARM data archive’s ASR and DEP products apply a
cloud mask to the backscattered signal and, as discuss in
section 2.2, are able to identify strongly scattering cirrus.
Therefore, we use these ASR/DEP cloud masks to sup-
plement the clouds identified using the depolarization ratio
(section 2.2). We find that a negligible amount of clouds are
not identified using our cloud mask method. Therefore, we
conclude that the presence of horizontal-oriented ice crystals
will not impact the comparisons presented in this study.

4. Results
4.1. Solar Background

[23] Accurate lidar measurements during the daytime are
challenging due to the noise present from the solar back-
ground. We anticipate the solar background to have a
smaller impact on the RL than either CALIPSO or the
MPL due to the different operating wavelengths. However,
the magnitude of the solar background is also determined
by other characteristics of the lidar system besides wave-
length. Reduction of the solar background in lidar systems
is achieved through the use of a narrow FOV and narrow-
band interference filters to only allow light from the desired
direction and wavelength. The factors that determine the
amount of solar background present in a given lidar profile
also depend on viewing platform. For example, a profile con-
taining an optically thick cloud viewed from a ground-based
lidar would have a low solar background since the cloud
obscures the Sun above. The same profile view from space
would have a high solar background due to reflection from
the top of the optically thick cloud. In this section, we exam-
ine the impact the solar background has on the MPL, RL,
and CALIPSO signal.

[24] Random error in lidar measurements from
background noise is due to solar radiation, detector dark
current, and thermal noise. Daytime background noise is
much higher due to the presence of the solar background.
The larger daytime random error makes the detection of
cloud layers more difficult and increases uncertainty in
retrievals. Since this study examines diurnal cycles of cirrus
cloud properties (sections 4.3 and 4.5), we examine the
enhancement of the background noise during daytime to
determine the likelihood that observed diurnal cycles are the
consequence of noise differences.

[25] The background root mean square (RMS) noise is
computed for each profile using the standard deviation of
the lidar signal in a region where the backscattered signal is
negligible:

NBG =

vuut1
n

nX
i=1

�
SBR(i) – SBR

�2 (1)

where SBR is the signal in a background region of n samples.
For the RL, the background RMS noise is computed from the
signal before the laser fires, which is from –2.4 to –0.23 km
in the rlprofmerge VAP. The MPL background RMS noise
is given in the mplpolavg VAP and is computed using the
signal from 45 to 55 km. CALIPSO background RMS noise
is reported in the L1B product and computed using samples
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Table 1. Ratio of the Median Daytime Background RMS Noise to
That at Night for Profiles Transparent to the Lidar

Jun 2006 to Aug 2011 Dec 2010 to Dec 2012

CALIPSO 9.3 CALIPSO 10.0
MPL 25.3 RL 2.1
MPL,˙ 4 h 28.9 RL,˙ 4 h 2.4

from 65 to 80 km. All of the background RMS noise is
calculated from data with a finer temporal/spatial resolu-
tion than the higher-level data used for cloud macrophysical
retrievals. Therefore, the background RMS noise is aver-
aged to the temporal/spatial resolution of their respective
higher-level data sets using

NBG =

vuut 1
m

mX
i=1

(NBG)2 (2)

where m is the number of profiles being averaged.
[26] The ratios of the median daytime background RMS

noise to the median nighttime background RMS noise are
given in Table 1. The ratio of day to night represents the
relative contribution of the solar background to the noise
present in each lidar measurement. The ratios are derived
using only profiles transparent to the lidar since this subset
of profiles are used for the comparison of cloud proper-
ties. The solar background noise has the smallest impact on
the RL observations with only about factor of 2 increase in
the noise during the daytime. CALIPSO experiences about
a factor of 10 increase in noise during the daytime which,
compared to data collocated in time, is about 4 times more
than the RL. The MPL performs the poorest with a fac-
tor about 25–30 more noise during the daytime—about 3
times more than CALIPSO and 12 times more than the RL.
Therefore, we conclude that the solar background will have
the smallest impact on the cloud properties retrieved from
RL measurements. Accordingly, subsequent comparisons of
cloud properties will treat the RL observations as relatively
unaffected by the solar background.

4.2. Signal-to-Noise Ratio (SNR)
[27] To further compare the signal quality among the three

lidars, we examine the SNR. SNR is calculated from the
quantity used for retrieving the cloud mask for each lidar,
i.e., backscatter for CALIPSO (from the L1B product) and
the MPL, and the depolarization ratio for the RL. CALIPSO
L1B backscatter profiles are averaged to the primary hor-
izontal resolution of the L2 CLay product (5 km) before
calculating SNR. All three lidar retrievals perform some
smoothing before determining the cloud mask. However, for
this comparison, no smoothing is performed so that the com-
parison of signal quality is independent of the processing
performed during the retrievals.

[28] Two comparisons of SNR are made: (1) using
approximately the same horizontal and vertical averaging
for all three lidars and (2) using the signal averaged to its
respective amount of horizontal and vertical averaging used
for deriving the cloud mask. The former allows the com-
parison of SNR among the three lidars independent of the
amount of averaging performed. Examination of the mean
radiosonde wind speed profiles at Darwin shows that the

2 min RL/MPL averaging interval samples less atmosphere
than CALIPSO’s 5 km of horizontal averaging. Using the
mean wind speed from 7 to 19 km, we find that 10 min of
averaging (during both the MPL and RL sampling period) is
approximately equivalent to a 5 km spatial average. There-
fore, we use the MPL and RL data averaged to 10 min for
this comparison along with same vertical averaging, 60 m,
for all three lidar data sets. The SNR is calculated using a
rolling window of 50 min for the ground-based lidars and
25 km for CALIPSO. The mean divided by the standard
deviation in this window is defined as the SNR.

[29] The MPL, RL, and CALIPSO profiles of the median
SNR in the clear-sky portion of transparent profiles using the
same horizontal and vertical averaging are given as dashed
lines in Figure 1. Profiles are shown separately for the day
(Figure 1a) and night (Figure 1b). Only the ground-based
data collocated in time to CALIPSO overpasses are shown.
Note that in this comparison, the CALIPSO SNR only dif-
fers from its native amount of averaging (shown as a solid
line in Figure 1) below 8.2 km. During the daytime, the MPL
SNR is very poor with median values below 1 above 8 km.
Above about 17 km, the median MPL SNR becomes nega-
tive and is not shown in Figure 1a. The CALIPSO SNR is
around 1 during the daytime and increases to about 2–3 dur-
ing the nighttime. The MPL SNR is greatly improved during
the nighttime and larger than CALIPSO at all altitudes. The
RL SNR is much larger than the other two lidars with little
difference between the day and night profiles.

[30] The second comparison of SNR, using the signals
averaged to the horizontal and vertical resolutions of the
respective cloud detection schemes, is given as solid lines
in Figure 1. The SNR in this comparison is calculated
using a rolling window of 10 min for the ground-based
lidars and 25 km for CALIPSO. The mean divided by the
standard deviation in this window is defined as the SNR.
The CALIPSO SNR profiles only differ from the previous
comparison below 8.2 km below which the SNR suddenly
decreases due to the amount of vertical averaging decreas-
ing from 60 to 30 m. For CALIPSO, two lines are shown,
one for the MPL (black in Figure 1) and one for the RL
(blue in Figure 1) sampling periods. During the two differ-
ent sampling periods, CALIPSO’s SNR is very similar with
SNR during the RL sampling period slightly smaller. The
good agreement in SNR during the two sampling periods
justifies our comparison strategy of using CALIPSO as an
intermediary to discuss differences between the three lidars.
Daytime SNR for the MPL is very small with median val-
ues less than 1 at all altitudes. The MPL’s SNR is larger
during the nighttime and more comparable to CALIPSO
with larger SNR than CALIPSO below about 11 km and
lower above. The RL SNR is the largest of the three lidars
at all altitudes during both the day and night. Unlike the
MPL and CALIPSO, the SNR is similar between the day
and night, which is consistent with the conclusion from the
previous section.

4.3. Transparent Cloud Fraction
[31] Profiles of cirrus cloud fraction are compared for the

transparent MPL, RL, and CALIPSO profiles in Figure 2.
The MPL detects significantly less cirrus than CALIPSO
(Figures 2a–2c). The difference is more striking during the
daytime (Figure 2b), when the MPL detects very little cirrus
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Figure 1. Median signal-to-noise ratio (SNR) in the clear-sky portion of profiles transparent to the
lidar derived from the CALIPSO observations during the MPL sampling period (black), CALIPSO
observations from the RL sampling period (blue), MPL observations (green), and RL observations (red).
Profiles are shown separately for (a) daytime and (b) nighttime. SNR profiles depicted as solid lines are
calculated using the signals averaged to their respective amount of horizontal and vertical averaging used
for deriving the cloud masks. Profiles depicted as dashed lines are calculated using approximately the
same horizontal and vertical averaging for all three lidars. RL and MPL observations are collocated in
time (˙ 4 h) to CALIPSO overpasses.

(a)

(e)

(b) (c)

(f)(d)

Figure 2. Transparent cirrus cloud fraction profiles for MPL (green), RL (red), and CALIPSO (black)
observations from (a–c) June 2006 through August 2011 and (d–f) December 2010 through December
2012. Profiles are shown separately for observations from all times (Figures 2a and 2d), only daytime
(Figures 2b and 2e), and only nighttime (Figures 2c and 2f). MPL and RL observations collocated in time
(˙ 4 h) to CALIPSO overpasses are depicted as solid lines. The shading on each line represents the 95%
confidence interval due to statistical uncertainty. Dashed lines denote MPL and RL profiles derived using
all available data.
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(a)

(b)

Figure 3. The difference between the day and night mean
transparent cirrus cloud fraction profiles for MPL (green),
RL (red), and CALIPSO (black) observations from (a) June
2006 through August 2011 and (b) December 2010 through
December 2012. MPL and RL observations collocated in
time (˙ 4 h) to CALIPSO overpasses are depicted as solid
lines. The shading on each line represents the 95% confi-
dence interval due to statistical uncertainty. Dashed lines
denote MPL and RL profiles derived using all available data.

clouds. Given the relatively large amount of noise caused by
the solar background and the resulting poor SNR during the
daytime (sections 4.1 and 4.2), the lack of cirrus detected by
the MPL is unsurprising. During the nighttime (Figure 2c),
the MPL performs better, detecting more cirrus but still sig-
nificantly less than CALIPSO above about 11 km. Below
11 km at night, CALIPSO and the MPL agree better with the
MPL detecting slightly more cirrus at lower altitudes. The
agreement at night mirrors the SNR comparison (Figure 1)
where the MPL SNR is smaller than CALIPSO’s above
about 11 km and larger below. During the RL and MPL
sampling periods, CALIPSO cloud fraction profiles are very
similar. Unlike the MPL, the RL and CALIPSO transparent
cirrus cloud fraction profiles (Figures 2d–2f) show excellent
agreement—when all profiles are considered (Figure 2d),
no statistically significant differences exist. When the com-
parison of the RL and CALIPSO is separated into day
(Figure 2e) and night (Figure 2f), some significant differ-
ences are found particularly at night below about 12 km
where the RL observes significantly fewer cirrus clouds
than CALIPSO. Compared to the MPL, the RL consider-
ably improves ground-based cirrus observations at the ARM
Darwin site and agrees well with CALIPSO observations.

[32] A comparison of cloud fraction profiles may be
impacted by the different amount of averaging performed
in each set of observations. For example, a larger amount
of horizontal/temporal averaging can smear clouds and arti-
ficially increase the reported cloud fraction. Considering
typical wind speeds at Darwin, the ground-based lidars’ time
averages sample less atmosphere than CALIPSO’s spatial
average so that the CALIPSO cloud fraction is larger due
to spatial averaging alone. To test this effect, we follow
Thorsen et al. [2011] and used monthly mean radiosonde
wind speed profiles to convert the 2 min MPL data into larger
averages that approximate a 5 km sample. After correcting
for spatial averaging differences, the MPL’s cloud fraction
increases; however, the MPL still shows significantly fewer
cirrus clouds than CALIPSO. When this process is repeated
for the RL data, the resolution difference with CALIPSO
has a negligible impact. The contrasting effect of converting
MPL and RL cloud mask to 5 km is apparent after a visual
inspection of the cloud masks. The larger increase in the
MPL cloud fraction is due the presence of cloud layers that
appear broken in time (i.e., the horizontal). When the 2 min
data is converted to 5 km, the gaps in the cloud disappear,
increasing the MPL cloud fraction. The same cloud layer
viewed with the RL, with its superior performance, appears
as a continuous, unbroken cloud layer; so when a larger aver-
aging is considered, the cloud fraction remains relatively the
same. Therefore, we can conclude that the comparison of the
RL and CALIPSO in Figure 2 is unaffected by the difference
in horizontal resolution.

[33] The diurnal cycle of transparent cloud fraction—
that is the mean nighttime transparent cloud fraction minus
the mean daytime transparent cloud fraction—is shown in
Figure 3. For the MPL and CALIPSO, both sets of observa-
tions show the same diurnal cycle with more cirrus during
the nighttime at all altitudes. This diurnal difference is larger
for the MPL observations (Figure 3, green line) and also
occurs in the full set of MPL data (Figure 3, dashed green
line). Given the increased noise during the daytime, which
prevents the detection of optically thin clouds, it is not clear
how much, if any, of this diurnal cycle is physical. For
further insight, we examine the CALIPSO and RL sam-
pling period, where CALIPSO shows a similar mean diurnal
cycle as in the MPL sampling period. Unlike in the longer
MPL sampling period, the CALIPSO diurnal cycle during
RL sampling period is not significantly different from zero
above about 15 km, which is likely just due to the reduced
sample size. The RL diurnal cycle is statistically different
than zero only below about 11 km but with an opposite sign
(i.e., less cirrus during the nighttime) from the CALIPSO
observations. Therefore, if we take the RL observations as
a reference, then the CALIPSO and MPL decreased cirrus
occurrence during daytime below about 11 km appears to
be the result of increased daytime noise. The diurnal cycle
from the RL observations is not statistically different from
CALIPSO’s diurnal cycle above about 14 km but is also not
significantly different than zero. Therefore, a larger sample
size of collocated RL observations is required to make statis-
tically significant conclusions above 14 km where the MPL
and CALIPSO observations show significantly less cirrus
during the daytime.

[34] Also examined was the changes to the CALIPSO
diurnal cycle caused by applying the daytime extinction
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(a) (b) (c)

Figure 4. Total ice cloud fraction profiles for RL (red) and CALIPSO (black) observations from Decem-
ber 2010 through December 2012. Profiles are shown separately for observations from (a) all times, (b)
only daytime, and (c) only nighttime. RL observations collocated in time (˙ 4 h) to CALIPSO over-
passes are depicted as solid lines. The shading on each line represents the 95% confidence interval due to
statistical uncertainty. Dashed lines denote RL profiles derived using all available data.

thresholds to the CPro data. Relative to the unmodified CPro
data, the enforcement of the either high or low daytime
thresholds reduces the magnitude of the diurnal cycle, but
cirrus clouds are still less frequent during the daytime at all
altitudes (not shown). Neither of the thresholded data sets
shows the diurnal cycle as the RL observes.

[35] When all RL data (Figure 3, dashed red line) is
considered, the diurnal cycle is close to zero with slightly
more daytime cirrus at most altitudes. This suggests that
CALIPSO’s diurnal cycle could be due to its particular sam-
pling time of day and night (approximately 0130 and 1330).
If so, the collocated RL observations may not adequately
capture this since the RL shutter is closed around solar noon
by up to 4 h during the summer. This reduces the num-
ber of profiles closely coincident with daytime CALIPSO
overpasses. Ideally, seasonal observations would be useful
since the RL shutter remains open all day during the winter;
however, the small amount RL data prohibits this.

4.4. Total Cloud Fraction
[36] The RL and CALIPSO comparison in the previous

section portrayed excellent agreement in the subset of pro-
files transparent to the lidar beam. Unfortunately, complete
attenuation of a lidar beam is not uncommon, and in these
cases, cloud layers beyond the point of the lidar beam’s
extinguishment are unobservable. The total (both transparent
and attenuated profiles) CALIPSO and RL ice cloud fraction
is given in Figure 4. For this comparison, it is possible for the
CALIPSO observations to contain mixed phase cloud layers
or layers of supercooled water (see section 3). Therefore, to
compare fairly to the RL observations, whose cloud mask
identifies only ice clouds, CALIPSO’s cloud phase infor-
mation in the CLay product is used to remove any liquid
cloud layers. In this section, the cloud fraction profiles are
no longer composed solely of cirrus clouds since the inclu-
sion of attenuated cases may include thicker ice clouds such
as anvil clouds. We therefore refer to the cloud fraction as
the ice cloud fraction.

[37] Ice cloud fraction profiles in Figure 4a show the RL
observations to have significantly less clouds above about

12 km. During the day (Figure 4b) and night (Figure 4c), the
RL observations have significantly less clouds above about
15 and 10 km, respectively. Since transparent cloud frac-
tion agreed well (Figures 2d–2f), the differences in Figure 4
are mostly occurring in attenuated profiles. During this sam-
pling period, the fraction of attenuated RL profiles, 44%, is
significantly larger than CALIPSO, 34%. The larger amount
of RL profiles that are completely attenuated is perhaps due
to the difference in wavelengths of the two lidar system. At
the RL’s shorter wavelength (355 nm), the optical depth due
to molecular scattering is about 5 larger than at CALIPSO’s
wavelength (532 nm).

[38] CALIPSO has two distinct advantages in attenuated
profiles which allows it to observe more cirrus clouds than
the RL. The first is due to its spaceborne platform. In a
profile containing an ice cloud layer, the ground-based RL
signal must first penetrate through any lower liquid cloud
layers present, which rapidly and possibly completely extin-
guishes the lidar signal. Profiles viewed from CALIPSO’s
spaceborne platform have the advantage of observing the
ice layer first before encountering any thick liquid cloud
layers. The second advantage is due to multiple scattering
which is a function of the particle properties, the lidar FOV,
and the distance to the scattering target [Eloranta, 1998].
While the RL FOV is larger, the large distance between
CALIPSO and its target allows for a more significant con-
tribution from multiple scattering. This allows CALIPSO to
penetrate further into opaque layers [e.g., Yorks et al., 2011]
and therefore detect more clouds than the RL in these cases.
Figure 4 proves these advantages to be significant since at
most altitudes, CALIPSO cloud fraction is larger.

4.5. Geometrical Thickness
[39] Probability density functions (PDFs) of cirrus cloud

layer geometrical thicknesses in transparent profiles are
given in Figure 5. Table 2 shows the median cirrus cloud
layer thickness for each comparison.

[40] Figure 5 shows that the overall agreement of PDFs is
good during the MPL sampling period. Only a few bins have
significant differences, namely, the day and night CALIPSO
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(a)

(d) (e) (f)

(b) (c)

Figure 5. Probability density functions (PDFs) of cirrus cloud layer geometrical thickness in
profiles transparent to the lidar for MPL (green), RL (red), and CALIPSO (black) observations from (a–c)
June 2006 through August 2011 and (d–f) December 2010 through December 2012. Profiles are shown
separately for observations from all times (Figures 5a and 5d), only daytime (Figures 5b and 5e), and
only nighttime (Figures 5c and 5f). MPL and RL observations collocated in time (˙ 4 h) to CALIPSO
overpasses are depicted as solid lines. The shading on each line represents the 95% confidence interval
due to statistical uncertainty. Dashed lines denote MPL and RL profiles derived using all available data.
Bin size for the PDFs is 0.5 km.

and MPL comparison for thicknesses larger than 3 km. Dur-
ing the RL sampling period, CALIPSO and RL PDFs agree
well when all times are considered and during the night-
time. During the day, the RL PDF is shifted toward larger
thicknesses relative to CALIPSO. Both CALIPSO and MPL
PDFs shift toward lower thickness during the day relative to
at night. This is also apparent when comparing the median
cirrus thicknesses (Table 2) where the MPL and CALIPSO
cirrus layers are 0.48 and 0.66 km thinner during the day-
time, respectively. Both these differences are statistically
significant. When all daytime and all nighttime MPL data are
considered (Figures 5a–5c, dashed green line, and Table 2),
cirrus are also thinner during the daytime. CALIPSO obser-
vations during the RL sampling period (Figures 5d–5f and
Table 2) also have a similar significant diurnal cycle with
cirrus layers 0.42 km thinner during the daytime. In contrast
to the MPL and CALIPSO observations, RL observations
show nonsignificant differences in PDFs and median cloud

thicknesses between the daytime and nighttime with cloud
layers thicker during the daytime by 0.27 km. Median cloud
thickness in Table 2 show that cirrus cloud thickness agrees
better among all three sets of observations during the night-
time while during the day, both CALIPSO and the MPL
are significantly thinner than the RL. The RL observations
imply that thinner daytime CALIPSO and MPL clouds are
the result of increased noise. The larger amount of noise dur-
ing the daytime could cause thinner cloud layers due to the
difficulty in detecting the tenuous top and base of the cloud.
This would result in a geometrically thinner cloud layer than
if it was observed at night.

[41] The diurnal cycle of cirrus cloud thickness is more
closely examined in Figure 6 which shows the hourly
anomaly of the median cirrus cloud thickness relative to the
median nighttime thickness. A portion of the RL observa-
tions are plotted with a dotted line to indicate hours with
relatively poor sampling due to the protective shutter being

Table 2. Median Cirrus Cloud Layer Geometrical Thicknesses (km) in Transparent Profilesa

Jun 2006 to Aug 2011 Dec 2010 to Dec 2012

All Day Night All Day Night
CALIPSO 1.44 1.14 1.80 CALIPSO 1.50 1.26 1.68
MPL 1.50 1.23 1.68 RL 1.47 1.53 1.44
MPL,˙ 4 h 1.44 1.14 1.62 RL,˙ 4 h 1.65 1.83 1.56

aBold values indicate that the difference between day and night is statistically significant.
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Figure 6. Hourly median cloud thickness anomaly rel-
ative to the median nighttime thickness for MPL (green
“x”), RL (red dot), and CALIPSO (black circle) obser-
vations. CALIPSO observations are shown for the June
2006 through August 2011 (black “x” inside circle) and
December 2010 through December 2012 (black dot inside
circle) sampling periods. CALIPSO (black plus inside cir-
cle) and MPL (green cross) data from June 2006 through
August 2011 forced to match RL’s monthly sampling is also
shown. Times when the RL sample size is poor are con-
nected using a dotted line. Sunrise occurs at approximately
6 and sunset at 18.

closed (hours 10–13). In addition to poor sampling, the RL
observations during these times are biased to wintertime
cirrus when the shutter is kept open all day. The MPL
also has fewer samples around noon, but its sample size
is not as severely reduced as the RL. Both the RL and
MPL fully sample the diurnal cycle making it natural to
compare their results directly. However, spurious agree-
ment or disagreement may be due to the different time
periods they sample. To better compare the MPL data
to the RL data, we force the monthly sampling of the
MPL data to match the RL. This is accomplished using
a Monte Carlo method whereby random MPL profiles
are added or removed from the native MPL data set in
order to match the RL monthly sampling. This creates
a modified MPL data set used to recalculate the hourly
cirrus thickness. Many (1000) modified MPL data sets

are created, and the hourly cirrus thicknesses recalculated.
The mean of these 1000 iterations are used to approximate
a MPL data set with the same monthly sampling as the
RL. This process is also performed for the CALIPSO data
from the MPL sampling period. The data sets forced to have
the same RL monthly sampling are denoted with pluses in
Figure 6. Compared to their respective native data sets, both
the MPL and CALIPSO diurnal cycles are similar when the
RL monthly sampling is imposed.

[42] Figure 6 shows that the hourly thickness for the
daytime MPL observations are highly correlated with the
progression of the Sun with clouds becoming thinner as
the Sun rises and thicker as the Sun sets. And, as shown
previously, the daytime CALIPSO observations have thin-
ner clouds than the nighttime observations. The RL cloud
thickness in Figure 6 remains similar throughout the day
which implies that the diurnal cycle of the CALIPSO and
MPL observations is mostly due to increased noise during
the daytime causing cirrus layers to be thinner.

[43] In addition to using the RL observations as a refer-
ence, diurnal cirrus cloud thickness differences with thresh-
olds applied to the transparent CALIPSO CPro data are used
to determine if daytime noise is responsible for CALIPSO
observing thinner cloud layers. While this comparison uses
only CALIPSO data, the observations are still collocated
to the MPL and RL observations during their respective
sampling periods. Since cloud layers separated by less
than 500 m in the threshold data sets are merged together
(section 2.3), the same criterion is applied to the unmodified
data set for comparison purposes. The median cirrus cloud
layer thickness derived from extinction profiles in the CPro
product is shown in Table 3. Since we merge layers separated
by less than 500 m, both day and night cloud layers derived
from the unmodified CPro product (Table 3) are thicker than
those taken from the official CLay product (Table 2). How-
ever, cloud layers do remain significantly thinner during the
daytime by approximately the same amount.

[44] The median cirrus cloud layer thickness from the
unmodified CALIPSO CPro product, the data set with the
high daytime extinction threshold applied, and the data set
with the low daytime extinction threshold applied are shown
in Table 3. During the RL sampling period, the application of
the either the high or low threshold eliminates the significant
difference between day and night cirrus layer thicknesses.
For the MPL sampling period, daytime cirrus layers remain
significantly thinner after applying either the high or low
threshold. However, the magnitude of the diurnal cycle is
reduced by approximately a factor of 3.5 and 2 for the high
and low thresholded data, respectively. The application of
this simple range of thresholds to the CALIPSO data indi-
cates that it is possible for the different detection limits to

Table 3. CALIPSO Cirrus Cloud Layer Median Geometrical Thicknesses (km) Derived From the L2 CPro Product in
Transparent Profilesa

Jun 2006 to Aug 2011 Dec 2010 to Dec 2012

Day Night Day Night
CALIPSO 1.26 1.86 CALIPSO 1.44 1.86
CALIPSO, ˛ > 0.0061 km–1 1.20 1.38 CALIPSO, ˛ > 0.0061 km–1 1.38 1.32
CALIPSO, ˛ > 0.0035 km–1 1.26 1.56 CALIPSO, ˛ > 0.0035 km–1 1.44 1.50

aLayer thickness is also derived after applying two different extinction (˛) thresholds to the data. Bold values indicate that the difference
between day and night is statistically significant.

9218



THORSEN ET AL.: CALIPSO, MPL, AND RAMAN LIDAR CIRRUS PROPERTIES

cause cirrus cloud layers to be thinner during the daytime
which is consistent with the conclusions determined using
the comparisons to RL observations.

[45] Comparisons of the shift in the daytime median
cloud top and base heights relative to the nighttime are used
to determine whether inaccurate cloud top, base, or both is
the dominate cause of thinner daytime CALIPSO and MPL
cirrus cloud layers. For the RL observations, both cloud
top and base heights shift toward lower altitudes during the
daytime by 0.33 and 0.66 km, respectively. The slightly
larger shift downward in cloud base height results in slightly
thicker RL cirrus cloud layers during the daytime (Table 2).
The CALIPSO observed cloud tops also shift to lower alti-
tudes by 0.24 km, which is a similar amount as shift in
the RL observed cloud top. However, unlike the RL, the
CALIPSO cloud bases shift to higher altitudes by 0.54 km
during the day resulting in thinner cloud layers (Table 2).
Therefore, the thinner daytime CALIPSO cirrus is primary
due to premature cloud base identification. For the MPL,
the severe lack of high clouds in the daytime observations
results in large shifts to lower altitudes in both cloud top
(2.07 km) and base (1.29 km) during the daytime. The shift
in MPL cloud top heights is 0.78 km larger, implying that
the dominate cause of thinner daytime MPL cirrus layers is
poor identification of cloud top location.

5. Summary and Conclusions
[46] Cirrus cloud macrophysical properties from the RL,

MPL, and CALIPSO are compared over two sampling peri-
ods: (1) June 2006 through August 2011 and (2) December
2010 through December 2012. The RL observations are
shown to have the smallest increase in noise due to the solar
background with approximately a factor of 2 increase—
about 4 times less than CALIPSO and 12 times less than
the MPL. Therefore, the RL observations are considered
relatively unaffected by the solar background and are
used as a reference for examining the diurnal cycle of
cirrus cloud properties.

[47] The impact of the solar background on the MPL is
evident by a very low daytime SNR, severely reducing its
ability to detect cirrus. Even during nighttime, the MPL
SNR is too low at the altitudes where cirrus most frequently
occur (above 11 km), causing it to miss a significant amount
of cirrus compared to CALIPSO. In contrast, the RL and
CALIPSO show excellent agreement at all altitudes when
day and night observations are considered together. The
CALIPSO observations have a lower SNR and higher solar
background relative to the RL, but the good agreement with
the RL suggests that CALIPSO’s measurement quality is
sufficient to detect a similar amount of cirrus at Darwin.

[48] CALIPSO and MPL PDFs of cirrus cloud geometri-
cal thickness in transparent profiles agree well. CALIPSO
and RL PDFs show good agreement, particularly during
the nighttime. Both CALIPSO and MPL PDFs and median
layer thicknesses shift toward lower thicknesses during the
daytime relative to at night. The RL observations do not
show this diurnal cycle but instead show similar statistics
for the day and night observations. In terms of median
layer thickness the RL, MPL, and CALIPSO agree best at
night while during the day, both the MPL and CALIPSO
cirrus layers are significantly thinner than the RL. When

comparing hourly median cirrus layer thickness, the RL
observations show little variation throughout the day while
the MPL cloud layers are correlated with the Sun—
becoming thinner as the Sun rises and thicker as the Sun sets.
Furthermore, the application of the approximate daytime
detection limits to all CALIPSO data eliminates or reduces
the differences between day and night cloud layer thick-
nesses. All this evidence insinuates that the diurnal cycle of
the MPL and CALIPSO is caused mainly due to increased
daytime noise. Users of CALIPSO and MPL data should be
aware that observations of cirrus clouds are biased toward
smaller geometrical thicknesses during the daytime.

[49] Overall, the results of this study highlight the signif-
icant improvement the RL provides (compared to the MPL)
in the ARM program’s ability to observe tropical cirrus
clouds. While we only examined a single MPL system, the
relatively poor performance of the MPL documented here is
likely to apply to other MPL systems. Our results are par-
ticularly applicable to other tropical sites like Darwin (e.g.,
the ARM tropical western Pacific Manus and Nauru sites)

where the solar background is large. MPLs at midlatitude
or polar sites will contend with a smaller solar background
than the Darwin system. However, in a comparison of a RL
and MPL at a midlatitude site by Dupont et al. [2011], it
was shown that this MPL was also severely limited by day-
time noise. Regardless of solar background considerations,
the MPL is also less sensitive than CALIPSO or the RL at
night. The relative lack of cirrus detected by the MPL is
very apparent at a location like Darwin where thin cirrus
occur frequently [e.g., Thorsen et al., 2011]. While the mag-
nitude of the impact due to the poor sensitivity of a MPL will
vary at other locations depending on the frequency of cir-
rus clouds, we still expect a MPL to perform poorly relative
to CALIPSO or a RL system. Overall, users of MPL cirrus
observations should consider carefully the limitations of the
MPL, particularly during the daytime.

[50] With continued operation, the accumulation of a
long-term ARM RL data set of tropical cirrus, with inde-
pendently retrieved extinction/backscatter [Ansmann et al.,
1990] and relatively higher-quality daytime measurements,
will be a useful means for CALIPSO validation and help
improve our understanding of tropical cirrus clouds.
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