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ABSTRACT surface processes on cumulus convection. Becaese th

Estimates of high-cloud optical depths retrieveanfr ER-2 was flying the CPL and Cloud Radar System,
analyses of lidar data acquired during the Cloud anunderflights of the CALIPSO and CloudSat satellites
Land Surface Interaction Campaign (CLASIC) by the@lso occurred as part of CLASIC and allowed for
space-borne Cloud-Aerosol Lidar Infrared Pathfindefotential validation of those satellite instruments

Satellite Observations (CALIPSO) lidar and by theas CcLASIC was focused primarily on daytime
Cloud Physics Lidar (CPL) flown on the high-altieid processes, this study allows us to examine theniate
ER-2 aircraft are compared. Differences in thea@ti effects on CALIPSO's performance of the lower signa
depths and in the integrated attenuated backscattgf noise ratio (SNR) and more difficult signal
derived by the two instruments are interpreted bycalipration associated with daytime measuremeifts.
considering the large difference in signal-to-no®#0s  addition, unlike the clouds studied during other
and possible errors in CALIPSO’s calibration duringygjidation experiments, which tended to be fairly
these daytime observations, along with differenices extensive, optically dense, and occasionally opaque
the contributions of multiple scattering to the two ¢joud banks, the clouds studied during CLASIC were
instruments and the inferred presence of oriente@ten more tenuous, less homogeneous and appear to

crystals in the relatively complex cloud fields. have contained a variety of particle shapes and
orientations. Here we examine the influence of¢he
1. INTRODUCTION factors, and of the different sensitivities of CRSO

Global-scale measurements of the temporal andnd the CPL to multiple scattering, on both thenalg
geospatial variability of the distribution of clasithade measured by the two instruments and the optical
by CALIPSO [1] are making major contributions torou quantities retrieved by them.

understanding of global climate by providing a \eddie

data set against which to test, improve and vadidat2. INSTRUMENTS

Global Climate Models (e.g. [2]). However,

information of potentially even greater value isnige 21 CALIPSO
retrieved on the optical properties and ice-watease =~ CALIPSO flies as part of the Agqua constellation of
of these clouds, but before these data productshean Satellites (A-Train) in a circular, sun-synchronopslar

used with confidence they must be validated. orbit at an altitude of 705 km with a daytime equiat

) o __crossing time around 13:30 hours local time. Itiear
The method of choice for validation of CALIPSO'S three co-aligned, nadir-viewing instruments: CALIOP

analyses of high clouds is comparison with analyges (cjoud-Aerosol Lidar with Orthogonal Polarizatiors),
lidar observations made from high-altitude aircraftyyg-wavelength (1064 nm and 532 nm), dual-
underflying CALIPSO's orbit. CPL [3] is a three-wew  nojarization (at 532 nm), elastic-backscatter licam
length elastic backscatter lidar that is typicatipunted  |maging Infrared Radiometer, and a Wide Field
on NASA's high-altitude ER-2 aircraft, and is thus camera. When combined with an along-track speed of
especially well suited for acquiring the measureisien _7 5 km. seé, the laser's firing rate of ~20 skc

required to validate space-borne lidars (e.9., [BD.  produces one profile every 333 m at each wavelength
Here we compare observations from CALIPSO and th¢, order to improve the SNR and the consequent
CPL made during CLASIC [6], which was conducted 5ccuracy of the data products, 15 consecutive,galon

by the US Department of Energy's AtmospheriCiack profiles are averaged before particulateneitn
Radiation Measurement (ARM) program with the gng optical depths are retrieved at the finestzootal
primary purpose of studying the influence of land egolution of 5 km.



2.2 TheCloud Physics Lidar backscatter targets. Full details of all algorithhasse

The CPL [3] is a state-of-the-art, elastic-backszat been publishgd recently in a Special CollectionJof
lidar system operating at 1064, 532, and 355 nmos th Atmos. Oceanic Technol.. Those most relevant to the
providing detailed, multispectral information about Current work concern calibration [7], feature détee
cloud and aerosol optical properties. Linear[8], cloud-phase discrimination [9], and extinction
depolarization measured at 1064 nm can be used f&trieval [10]. Of particular relevance is the dission
determine the thermodynamic phase of clouds. Thef the increased difficulty and possible reduction
CPL provides cloud and aerosol backscatter aneapti @ccuracy involved in daytime signal calibration1a].
properties products at 1 second (~200 m alongrackiere we focus on the Level 2 Integrated Attenuated
horizontal resolution and 30.0 m vertical resolntio Backscatter (IAB) and the Cloud Optical Depth (COD)
The CPL has a field of view (FOV) of 100 microrata data p_roducts, which are reported at 5-km horidonta
(full angle), similar to CALIOP’s. However, its muc esolution.

closer proximity to the clouds it studies, ~5 kmas CPpL is also a multi-channel backscatter lidés, i
compared with CALIPSO's ~700 km, produces agata analysis algorithms (e.g., [12][13] ) are wety
footpr]nt on a cloud target that is about two osdef  (ifferent from those employed by CALIPSO.
magnitude smaller than CALIPSO's. Therefore, thepyrthermore, CPL provides data products that are
contribution of multiple scattering to the CPL sadlis  gimilar to CALIPSO’s, but at a higher spatial
small relative to the signal noise, and this ctwliibn  resolution, and with better SNR and significanthgd
is very small when compared with that for CALIPSO. jnflyence from multiple scattering. These factskena
the CPL data an ideal benchmark to use in assetgng
3. MEASUREMENTS quality and correctness of the CALIPSO data.

The remote sensing portion of the CLASIC missios wa CPL cloud backscatter and extinction profiles alodid

based out of Ellington Field, Johnson Space Center .
Houston, Texas from June 8-30, 2007. Although 11Iayer OD data are produced at a standard horizontal

flights were conducted in total, with a vast majori resolution of 200 m. In order to compare data_ from
heading to the Oklahoma region, CALIPSO CALIPSO and the CPL, for each CALIPSO profile, a

underflights were only conducted on the days ofe.]unCPL profile was identified that had the smallest
12, 21 and 28. The validation procedure directesl th physical separation from the CALIPSO profile within

NASA ER-2 aircraft to fly CALIPSO's predicted the + 10 minute window. Then all CPL data withi® 2

ground track for 30 to 40 minutes centered on thé<rn either side of the closest profile were averafged

. . . ﬁomparison with the CALIPSO 5-km data.
predicted overpass time. The cross-track mismatc
between the satellite and the aircraft ground sackAlso, CALIPSO’s lower SNR requires more spatial
during the three CALIPSO coincident flights was averaging before layer detection is attempted with
excellent, averaging 54 meters and ranging fromiol0 result that clouds that were detected as a siagks by
94 meters. However, because of the large differémc CALIPSO were often detected as multiple layershsy t
relative speed, the 4-degrees-latitude coinciden€PL. Therefore, all the COD and IAB data for all
segment was covered by CALIPSO in ~70 seconds (ahdividual layers within a specified altitude bangre
~7.5 km/s) compared with 40 minutes by the ER-2 (asummed to permit a more valid comparison.
~200 m/s). This time difference led to a cloudtdri
the coincident segment that increased with5, RESULTS

time/distance from the exact coincident point. Fos  pgig acquired by CALIPSO and the CPL on 21 June
study, we compromised between having enough datggg7 are plotted in Figure 1. The latitude at terapo
points and minimizing the cloud drift by restridin  ;gincidence was 32.769° with time differences betwe
analysis to within 10 minutes of the exact coinoti®  the instruments at the ends of the plots being mi.

For 21 June, then, the wind vector relative 10The attenuated backscatter curtain files, plotteda)
CALIPSO’s ground track would have caused cloud togng () at the native resolution of each instrumen
drift distances of up to 2.4 km along track and %  show some interesting differences. The lower SNR of
across track for locations at the extreme endshef t {ye CALIPSO data is obvious and has the effect of

~240-km analyzed data segment. almost hiding the thin upper layer (A), easily séen
the CPL data, to the degree that it is not repadrdtie
4. ANALYSISMETHODS CALIPSO data products.

The analysis of CALIPSO lidar data is a multi-stage . .
. . There are also differences in the measured cloud
process that is performed on horizontal scales

increasing from 0.3 km to 80 km in order to improveStrUCture’ e.g. region (B), that may be causedidyc:

the SNR and enable the detection of more tenuougrift during the interval between the measurements



the two instruments. However, a much more significa [2] Chepfer, H.,et al., 2008: Use of CALIPSO lidar
difference is the greater apparent detected “ate@’ observations to evaluate the cloudiness simulajed b
height by along-track distance) in the CALIPSO dataclimate modelGeophys. Res. Lett., 35, L15704.

especially in the stronger lower cloud to the nasth [3] McGill, M. J., et al., 2002: The Cloud Physics

latitude ~32.2°. Not only is the signal visible dee Lidar: Instrument description and initial measureme
into the cloud, especially in regions (C), but theresultsAppI.Opt.,4l, 0p. 3725-3734,

CALIPSO backscatter is stronger. We attribute the
deeper penetration by CALIPSO's signal to the highe[4] Hlavka, D. L., et al., 2005: Aerosol and cloud
level of multiple scattering, which reduces theeeffve  optical depth from GLAS: Results and verificatiar f
cloud attenuation. an October 2003 California fire smoke caSepphys.

The stronger CALIPSO signal and the step increase iRa;' Lett., 32, L22507, doi:10.1029/2005GL023413.

the 7 km — 14 km integral is also seen in the IAB9 [5] McGill, M. J., et al., 2007: Airborne validation of
in (c). Before the increase, the ratio of CALIPS@s spatial properties measured by the CALIPSO lidar,
CPL's 532-nm IABs is 1.6 with a standard error & 0 Geophys.Res.112,020201, doi:10.1029/2007JD008768.
(11 points). To the north of 32.2°, in the dendeud, . ]

the ratio more than doubles to 3.8+0.3 (37 points)[e] Miller et al., 2007: SGP Cloud and Land Surface

oo . ) . Interaction Campaign (CLASIC): Science and
Although it is possible that CALIPSO’s daytime . X
calibration is less than perfect [11], calibratidmanges Implementation Plan, DOE/SC-ARM-0703, available at

occur much more gradually than seen here (and thléttp:llwww.arm.gov/puincations/programdocs/doe-sc-

calibration factors for both instruments were etian arm-0703.pdf

constant during this period), so we suggest that th[7] Powell, K. A., et al., 2009: CALIPSO Lidar
changes in the signals are due to changes in thelcl Calibration Algorithms: Part | - Nighttime 532 nm
microphysics. Indeed, CALIPSO’s Cloud PhaseParallel Channel and 532 nm Perpendicular Chadnel,
Algorithms show a much higher preponderance ofatmos. Oceanic Technol., 16, pp. 2015-2033,
horizontally-oriented ice (HOI) crystals in the den

cloud, which, when combined with CALIPSO’s June [8] Vayghan, M., et al., 2009: Fully Automated
2007 nadir viewing angle of 0.3°, could have petexit Detection O,f Cloud and Aerosol Layers In the
CALIPSO to detect enhanced backscatter from specul ALIPSO Lidar Measurements]. Atmos. Oceanic
reflections from the HOI crystals. (Note that, wigh echnol., 16, 2034-2050.
nadir angle closer to 2°, the CPL signals are ligsty ~ [9] Hu, Y., et al., 2009: CALIPSO/CALIOP Cloud

to show HOI effects.) By contrast, the 532-nm IAB Phase Discrimination Algorithm). Atmos. Oceanic
ratio for a layer between 9 km and 15 km on June 28Technol ., 26, pp. 2293-2309.

not containing HOI, was 0.98+0.10 (43 points).

[10]Young, S. A. and M. A. Vaughan, 2009: The
Finally, the 532-nm cloud optical depths over thkenY  retrieval of profiles of particulate extinction froCloud
- 14 km layer are compared in (d). The mean OD is\erosol Lidar Infrared  Pathfinder  Satellite
3.2#0.1 (48 points) for CALIPSO and 2.3+0.1 for the Observations (CALIPSO) data: Algorithm description,

CPL. By contrast, the corresponding ODs for therB-k  J, Atmos. Oceanic Technol., 26, pp. 1105-1119.

15 km layer on June 28 were almost identical a} e _—
0.35£0.03 (43 points) and 0.36+0.02. 11]Powell, K. A, et al., 2008: "Revised Calibration

o . Strategy For The CALIOP 532-nm Channel: Part Il -
We conclude that attempts at validating retrievatégle  Daytime", 24th International Laser Radar Conference
using satellite-borne lidars, like CALIPSO, with 23-27 June 2008, Boulder, Colorado, Boulder,
airborne lidars, like the CPL, need to considee&@f Colorado. Boulder, Colorado: The Conference Steerin
resulting from a combination of differences in Committee of the 24th ILRC. pp. 1177-1180.

instrument measurement geometry (including viewing{lzwI Gill. M. J.. D. L. Hlavka.et al.. 2003: Airb
t cGill, M. J., D. L. Hlavka.et al., : Airborne

angles), cloud microphysics and the different!: i o
lidar measurements of aerosol optical propertiggngu

contributions of multiple scattering to the signals
However, such comparisons can also provide>AFARI-2000, J. Geophys. Res, 108 8493,
doi;:10.1029/2002JD002370

information on the cloud microphysics.
[13]Palm, S. P., W. D. Hart, D. L. Hlavket, al., 2002:
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Figure 1. Results of analyses of data acquired by CALIPS® the CPL during a validation flight on 21 June 2Q{uring
CLASIC. The ground tracks coincided exactly attlate 32.77° (red dashed line). (a) CALIPSO 532-ntteruated
Backscatter (units: (km.st), (b) CPL 532-nm Attenuated Backscatter (unitsn.¢r)?), (c) 532-nm Integrated Attenuated
Backscatter over column (7 km - 14 km) measuredByIPSO and the CPL (units: ¥, (d) 532-nm Cloud Optical Depth
measured by CALIPSO and the CPL between 7 km ardril4CALIPSO data are version 3 beta.)



