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ABSTRACT results in an increased amount of multiple scattein

We report on the depth to which CALIPSO’s (Cloud-the signal and less rapid signal attenuation than
Aerosol  Lidar Infrared  Pathfinder  Satellite €xperienced by comparable ground-based lidars.
Observations) lidar can profile into the eight typef ~ Consequently, CALIOP can penetrate clouds to a
clouds it identifies. Penetration depths were deteed ~ 9reater distance than can these lidars.

from an analysis of “expedited” Vertical FeaturesWa | this work we report the results of an analydishe
(VFM) files for the 12-month period from March 2010 penetration depths of the eight types of cloudsifies!

to February 2011. The study region was the regionghy CALIOP. The penetration depths were obtained
forecast domain of the Numerical Weather Predictiorfrom an analysis of “expedited” Vertical Feature sWa

(NWP) module _of the Australian Community Climate fijes for the 12-month period from March 2010 to
Earth System Simulator (ACCESS). February 2011 inclusive. The study area was the
Analyses were performed as a function of seasoriegional forecast domain of the ACCESS Numerical
latitudinal band, time of day and whether or no¢ th Weather Prediction (NWP) model.

clouds attenuated the lidar signal completely. \ivie f

that mean nighttime penetration depths for cloudg- DATADESCRIPTION

determined to be opaque vary from around 800 m forhe data used in the study were “expedited” Velrtica
CALIPSO cloud type 3 (broken cumulus) and 970 m fofFeature Mask (VFM) files obtained from the NASA
type 2 (stratocumulus) to around 3100 m for cirang  Langley Atmospheric Science Data Center (ASDC).
3700 m for “deep convective” clouds. These data, along with CloudSat data, have been
obtained routinely for assessing the performancief

Of interest to a planned study of Southem Ocea%CCESS NWP module in forecasting cloud amounts

clouds, where super-cooled liquid water appearseto and locations [2], and for assessing the accuréclyeo

relatively abundant, we find that the penetratiepttis Australian Bureau of Meteorology’s cloud-drift wind
for boundary-layer clouds are comparable to the

physical depths measured over the region in atrcraiprOdUCt'

cloud studies during the 1990s. The study area was the mesoscale domain of the
ACCESS NWP module (10°N — 60°S latitude and 90°E

1. INTRODUCTION to 175°E longitude). CALIPSO’s ground track passed

Global data on the vertical profiles of cloud amdomol ~ through this box six to eight times per day, evenly
location and optical properties have been availabie ~ distributed between daytime passes (UTC times less
the CALIPSO Mission almost continually since mid- than 12) and nighttime passes (UTC times greaget th
June 2006. Such data have the potential to add2)- The analysis window spanned the 12-month derio
significantly to our understanding of the effect of rom 1 March 2010 to 28 February 2011, a period
clouds on the Earth's radiation budget, which isduring which there were only four days of missing
currently the largest source of uncertainty in mode CALIPSO VFM data. This period covered the four
predictions of future climate change [1]. One gitgnt austral seasons: autumn (_March — May, 2010), winter
of significant interest measured by CALIPSO is the(June- August, 2010), spring (September — November
cloud liquid water phase (LWP), which influences th 2010), and summer (December 2010 — February 2011).

radiative properties of clouds and is also of ie$eto  \ye chose to use expedited, rather than nominah dat
potential cloud seeding operations. However, aue®l  pecause the former were already being obtained
criticism made of_Ildar pr_of|I|ng_ of clouds (in geular routinely for the purposes mentioned above, which
of water clouds) is that lidar §|gnals are atteadabo required the use of near real time data. The végli h
rapidly and that the penetration depths are, tbezef Gt storage and download volumes prohibited the
too small to be of much use in studying these doud  gownloading of additional data for the long period
The lidar carried by CALIPSO, the Cloud-Aerosol studied. For this reason, all the information usethis
Lidar with Orthogonal Polarization (CALIOP), has a @nalysis was obtained from the VFM files, rathearth
large footprint (~100 m) at cloud top as a restlite  from the files containing cloud profile and layeata,
great distance (~ 705 km) from the cloud targetis T Which are also available from the ASDC.



3. ANALYSIS METHODS Cloud penetration depths were accumulated in 288 bi
Analysis began by extracting the data of interesmf ©f 60 m depth. Counts were accumulated as a functio
the VFM files for all overpasses within the stuegion ~ Of cloud subtype, latitude region, season, timelay
for each day. The information included date, time,(day or night), and opacity (opaque or transparent)
latitude, longitude, and the feature classificatiag at  1hree latitude regions were used: Tropical (Equétor
each location. The feature classification flag waslfopic of ~Capricorn), Sub-Tropical (Tropic of
decoded to obtain the number of features, feayype, t Capricorn to 45°S) and Southern Ocean (here 45°S to
feature subtype, and various quality assurances.flagGOoS)-
(The structure of CALIPSO’s VFM fi.les is described  The counts array was then normalized by the total
the ~ relevant ~ Data  Quality  Statement nymber of counts for each particular combination of
http://eosweb.larc.nasa.gov/PRODOCS/calipso/Qualityparameters to create frequency distribution arrays.
Summaries/CALIOP_L2VEMProducts 3.01.njml These were analyzed to determine, the minimum,
Only features that were classified as clouds with anaximum, mean, and peak frequencies. (Because some
confidence level of at least “medium” were included  frequency distributions were bimodal, we use tirente
this analysis. peak rather than mode.)

The locations of the top and base of any cloudufeat From the frequency distributions, distributions of
were determined by detecting changes in featur ityp  cymulative frequency (CFDs) were produced. From
successive range bins. The minimum altitude at Whictnese, in turn, median penetration depths were
atmospheric data exist in any column was defined agetermined as the first bin where the cumulative
the altitude bin immediately above the maximum offequency exceeded 0.5. (Note that some CFDs had
either the altitude of the surface feature or thitude  pigh slopes in this region, so the CFD jumped from

where the feature type became either “invalid” iea  gjgnificantly below 0.5 to significantly above Oif
type = 0) or “no signal / “totally attenuated” &fere gy ccessive bins.)

type =7).

All of the above information was written to a dalile
that contained, at each measurement location,jries t
latitude, longitude, number of cloud features ire th
column, minimum valid lidar altitude, and the altes
of cloud base and top, and cloud subtype. Thedg dai
files were also the files that were used with Clead
data to create a composite file that was then compa
with the ACCESS NWP model.

In the present analysis, statistics were gatherethe
distribution of depths of penetration into the wvas
cloud subtypes identified by CALIPSO and listed i
Table 1. Penetration depth was defined as therdiffe
between the altitudes of cloud top and cloud bé&se.
order that the statistics would not be biased lgwhin,
transparent clouds, clouds that were determinebeto RESULTS
opaque were analyzed separately from transparent . .

clouds. Regardless of the description in Tablddyds ~ Selected results are presented in the followindetab
were deemed to be opaque if the cloud base wasat tng_ht-tlme penetration depths as a function oftlake
minimum altitude for atmospheric signals when the'®gion and season are presented for opaque Type 1
latter was above the surface. It was found thateso Clouds in Table 2 and for opaque Type 5 clouds in
clouds that were nominally opaque according to &abl Table 3. The nighttime frequency distributions for
1, in fact had features below them so were deembét Selected opaque Typel clouds are plotted in Fidure
transparent. Conversely, some clouds that werdith corresponding CFDs plotted in Figure 2. The
nominally transparent had no identified underlying9réater penetration in the tropical winter clouds i
feature (including clear air or surface). Thera isaveat apparent both in the figures and in the second @bw
here, though, as it is possible for some underlying@Ple 2.

features to be hidden by noise thereby escapin§iext we compare the penetration depths as a functio
detection, particularly during the day when the @pp of time of day and cloud opacity. Nighttime opaque,
feature has high backscatter and high optical dapth  gaytime opaque, nighttime transparent and daytime
thus scatters sunlight strongly. transparent statistics are presented in Tables&

Table 1. Cloud sub-types identified by CALIPSO

SubType| Description

low overcast (transparent)

low overcast (opaque)

transition stratocumulus

low, broken cumulus

altocumulus (transparent)

altostratus (opaque)

~N| o O b~ W N | O

cirrus (transparent)

deep convective (opaque)




significant increase in penetration depth is natethe CALIPSO Type 1 Clouds Night Time
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Figure 1. A comparison of Summer and Winter fiesony
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Tr Su 11852 60| 2640 918 840 840 opaque clouds in three latitude bands. Code israbdble 2.
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Table 3. As for Table 2, but for CALIPSO Cloud Type 0 1000 2000 3000
(Opague Altostratus) Penetration Depth (m)
Code Total Min | Max | Mean| Peak Median

Figure 2. As for Figure 1 but showing cumulativedquency

Tr Au | 82931 | 60| 6600 1128 900 960 distributions.

Tr_Wi 107328 | 60 | 5280 1159 90 1020

Table 4. Nighttime penetration depths for CALIPSIoud

Tr_Sp 118141 | 60| 528 types averaged over season and latitude. Opaquesctmly.
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Tr_Su | 126692 | 60| 504p Type | Total Min] Max | Mean| Peak Medign
ST_Au | 61056 | 60| 4800 125 900 1080 |75 1922142[ 60 | 3075 888| 790 820
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g
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Table 5. Daytime penetration depths for CALIPSO cloud 5. DISCUSSION
types averaged over season and latitude. Opaquésotmly. e analyses presented here show that CALIOP can

Type | Total Min| Max | Mean Peak Median profile to significant depths into clouds. As exeet;
5 1555039 80 | 2530 @33 5 E7E greatest penetration is found in cirrus and thellesta
N in cumulus, although mean values approaching 800 m
1 971032 | 60 | 2260/ 688 578 635 are found for these clouds_ at nighttime. For bgthque
and transparent clouds, increases of around 50% are
2 2766627| 60 | 2885 672 520 595 found in nighttime over daytime values of maximum,
3 745301 | 60 | 2735] 554| 340 460 mean, peak and median penetration depths. Also, fo
both daytime and nighttime conditions, mean and
4 698283 | 105 4475 864 510 665 median penetration depths for clouds determinebeto
5 1293916 60 | 42551 920 548 760 opaque are found to _be_almost dout_JIe the yalues for
transparent clouds which include physically thiouds.
6 1354988 140 7995 2311 1415 2205 . .
Finally, we note that the mean penetration depthbe
7 2338964/ 70 | 6860 2138 1570 2075  opaque boundary layer water clouds (Type 0 — 3) are

800 — 900 m by night and 600 — 700 m by day. Playsic

cloud depths from aircraft measurements in the mid
1990s of 470 — 1400 m [3] and 140 — 400 m [4] in
Table 6. Nighttime penetration depths for CALIPSIoud ~ Winter and 85 — 1600 m [5] in summer indicate that

types averaged over season and latitude. Trangpzoeiwls. CALIOP can often measure the complete profile of
these clouds. This capability will add significartiue

Type | Total Min| Max | Mean Peak Median 4 5 planned frontal cloud study in the Southereddc
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