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Abstract. A research algorithm is developed for noise eval- gated L1 data. The derived morphology of feature occur-
uation and feature detection of the CALIOP (Cloud-Aerosol rence frequency is in general agreement with that obtained
Lidar with Orthogonal Polarization) Level 1 (L1) backscatter from the Level 2 (L2) 05 kmCLAY+05 km_ALAY products
data with an emphasis on cloud/aerosol features in the uppeat 5 km horizontal resolution. Finally, a normalized proba-
troposphere and lower stratosphere (UT/LS). CALIOP mea-bility density function (PDF) method is employed to eval-
surement noise of the version v2.01 and v2.02 L1 backscattemate the day-night backscatter data in which noise levels are
data aggregated to (5km) horizontal resolution is analyzedargely different. CALIOP observations reveal a higher prob-
with two approaches in this study. One is to compare theability of daytime cloud/aerosol occurrence than nighttime
observed and modeled molecular scatter profiles by scalingn the tropical UT/LS region for 532-nm total backscatters
the modeled profile (with a fitted scaling factoyto the ob-  >0.01knt1sr 1.
served clear-sky backscatter profiles. This scadinglue is
sensitive to errors in the calibrated backscatter and the atmo-
spheric model used. Most of the nighttime 532-amalues 1 |ntroduction
are close to unity, as expected, but an abrupt drop occurred
in October 2008 in the daytime 532-nam which is likely  Cirrus and aerosol properties in the upper troposphere and
indicative of a problem in the v2.02 daytime calibrated data.lower stratosphere (UT/LS) region play an important role
The 1064-nm night is generally close to 2 while its day in climate-feedback processes (e.g., Jensen et al., 1996;
a is ~3. The other approach to evaluate the lidar measurepessler et al., 2008). However, many aspects of cirrus
ment noise is to use the calibrated lidar backscatter data gemain unclear, including formation and lifecycle of these
altitudes above 19km. With this method, the 532-nm andclouds in the tropopause layer (e.g., Jensen and Acker-
1064-nm measurement noises are analyzed and charactefan, 2006; Fueglistaler et al., 2009) and UT microphysics
ized individually for each profile in terms of the meam)(  (Comstock et al., 2007). Potential impacts of changing
and standard deviatiow}, showing largee values in gen-  UT aerosols are likely to further complicate interactions be-
eral over landmasses or bright surfaces during day and imween cloud and water vapor in this region (Lohmann and
radiation-hard regions during night. A significant increas- Roeckner, 1995; Sherwood, 2002; Mishchenko et al., 2007).
ing trend is evident in the nighttime 1064-nwm which is  Thus, global observations of cloud/aerosol properties from
likely responsible for the increasing difference between thethe CALIOP (Cloud-Aerosol Lidar with Orthogonal Polar-
feature occurrence frequencies (532-nm vs. 1064-nm) deization) on CALIPSO (Cloud-Aerosol Lidar and Infrared
rived from this study. For feature detection with the re- pathfinder Satellite Observation) are highly valuable for con-
search algorithm, we apply@-based method to the aggre- straining this problem.

Rich information on cloud/aerosol properties and dis-
tributions has been obtained from CALIOP observations
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dual-polarization (perpendicular and parallel at 532nm) li-2 Data and methods
dar has footprints collocated with CloudSat 94 GHz Cloud
Profiling Radar (CPR) (Stephens et al., 2002) and a suitd-or the CALIOP L1 data, we use the provisional re-
of passive imagers/sounders. Since May 2008, Aura satellease (v2.01 and v2.02) of the attenuated backscatter coeffi-
lite moved up slightly in the A-Train such that the CALIOP cients inknt1sr1, g'(z), of total (TOT) and perpendicular-
and CloudSat measurements are aligned within the sampolarization (PER) signals at 532 and 1064 nm. The L1 files
curtain plane £10km in cross-track distance) where Aura also contain auxiliary data such as molecular and ozone den-
MLS (Microwave Limb Sounder) makes limb measure- sity profiles provided by NASA's GMAO (Global Modeling
ments, which extended collocated cloud measurements tand Assimilation Office), which are needed for estimating
microwaves at submillimeter wavelengths (e.g., 640 GHzthe molecular scatter background. The original L1 data have
and 2.5THz). Together with the infrared (IR) and visible 583 vertical levels with resolutions from 30 m near the sur-
imagers/sounders, the collection of nearly-coincident-andface to 300 m in the stratosphere, and horizontal resolution
collocated A-train observations opens an unprecedented of 300 m [Winker et al., 2009]. To reduce the data file size to
portunity for cloud/aerosol research. a manageable volume, we aggregate the data vertically (194
Like with other remote sensing techniques, cloud/aerosolevels) and horizontally (5km). The vertical resolutions of
detection with CALIOP depends on measurement noisefhe aggregated L1 data become 90 m-68t5-8.2km, 180 m
measurement volume, and threshold used. For unbiaseat 8.2-20.2km, 540m at 20.2-30.1km, and 900 m above
cloud/aerosol detection, one would like to have a sensoB0.1km; and the horizontal resolution, originally 300 m, be-
with stable noise so that a constant threshold could be apeomes 5km. The non-uniform vertical resolution will be fac-
plied globally for feature detection. It is nearly the case tored as the weighted measurement error in our analysis be-
for CloudSat reflectivity noise (Tanelli et al., 2008), but not cause of different integration time (e.g., Liu et al., 2006).
for the CALIOP noise. The latter can vary largely from  Forthe CALIPSO L2 layer products (i.e., 05 k@Lay and
profile to profile, which makes the cloud/aerosol detection05 km.ALay), we use only the features detected at the 5-km
more challenging. A method with variable thresholds for horizontal resolution. The CALIPSO L2 algorithm employs
feature detection must be used with care, because it could detection scheme with variable horizontal lengths on the
affect the inferred distribution, trend, and day-night differ- attenuated total 532-nm backscatter (Vaughan et al., 2009).
ence of the features detected. Thus, maps/distributions a8y taking advantage of feature signal strength and spatial
well as long-term variations of the measurement noise carcorrelation, the L2 algorithm is able to detect weak fea-
provide a valuable diagnosis in interpreting the patterns andures, such as thin cirrus, polar stratospheric clouds (PSCs),
changes of detected features. Some discussions on false dand aerosol layers, using an adaptive multi-profile averaging
tection and misclassification of feature detection with thescheme to search for coherent features in consecutive pro-
CALIOP data can be found in Liu et al. (2006) and Vaughanfiles within 5, 20, and 80 km in distance. It starts a fea-
et al. (2009). CALIOP instrument calibration and perfor- ture search with the 80-km window along track, and then
mance can be found in Hunt et al. (2009). proceeds the searching with the 20-km and 5-km window.
In this study we will carry out further analyses on noise Each detected cloud/aerosol feature is associated with a flag
characteristics of the calibrated CALIOP backscatter (Levelthat contains information on the searching window size(s)
1, or L1) data in the provisional release (versions 2.01 andvhereby the feature was obtained. In the L2 algorithm the
2.02), and evaluate impacts of these noise properties on fealetected cloud/aerosol layers must meet a requirement for
ture detection (e.g., clouds and aerosols). Through a betteminimum thickness.
understanding and characterization of the CALIOP measure- In Fig. 1 are two examples of the attenuated backscatter
ment noise, we hope to apply our research algorithm for jointprofiles from the CALIOP L1 data. The clear-sky backscat-
analyses of CALIOP and other A-train observations (e.g..ters should be close to the molecular scattering background
Aura MLS) in UT/LS cloud/aerosol studies. To achieve this (solid line) if measurement noise is small. However, most
goal, we first reduce the L1 CALIOP data to a manageableof the data points scattered around this background is due
size by aggregating them to a coarser spatial resolution, antb noise, and those outstanding positive outliers (e.g., in the
estimate the measurement noise in terms of meggrafid  nighttime profiles) are cloud/aerosol features. In the night-
standard deviatiors(). We then study features in the aggre- time 532-nm TOT profile, the sharply reduced backscatters
gated data using the research algorithm with various threshat altitudes<~5 km are due to strong attenuation of a cloud
old schemes to gain more insights about measurement noidayer at~5km. The backscatter measurements are gener-
effects. The derived atmospheric features are often referredlly noisier at lower altitudes primarily because of the finer
as to Level 2 (L2) products. Some of the initial results for vertical bins (i.e., less integration time per bin), and the day-
noise evaluation and feature detection with the v2.01 andime measurements are generally noisier than nighttime data
v2.02 CALIOP L1 and L2 data at 5 km horizontal resolution due to additional background scattering from sunlight. The
are presented here. molecular scattering background can be seen clearly in the
bottom of 532-nm TOT data, but barely in the 1064-nm
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o222 532 PER s 2 T o2 1064 TOT backscatters. Imperfectly calibrated backscatter data may be
g TonoREs R *AOR B detectable when compared to the modeled molecular back-
S emmes | b o ground. For the 532-nm channel, the current calibration re-
R 22k 3% lies on primarily on nighttime data and assumes no aerosol
Tl Tk T at altitudes between 30-34km. As revealed in Vernier et
RN A S L al. (2009), the presence of stratospheric aerosols may ac-
0500 05 10 1S 20 25 0500 05 1O 1S 2025 0500 05 1015 20 29 count for 5-12% of error on the calibration coefficient. To
sop D00 532701 s DOy 1064 TOT investigate potential error in the calibrated backscatters, for
" CAoR 8Ks * CAoP 8Ks each profile we fit the clear-sky portion of the data to the
s reenns |l sereenis modeled molecular profiley-Bu(z)7;2, T3, with a scaling
ig{gefﬂoerd %zo—z . %zo—;{z factora. For the perfect clear-sky atmosphere (i.e., free from
fitting o Tl ® o aerosol and cloud) and perfectly calibrated data, the fitting
) TN f Vi should yieldx=1.
0500 03 10 15 20 25 0500 05 10 15 20 25 In the o calculation, the key is to obtain the clear-sky
o N, 532 PER_ ropeen Nt 532 70T sopeenght 1084 TOT data points for each profile by screening out cloud/aerosol
+ CALIOP BKS + CALIOP BKS + CALIOP BKS data points as well as those measurements affected by their
0 lot= ~00 | = | Sk attenuation. However, this is not trivial because of large
pop | e 40 o PRI fluctuations in the lidar backscatters. We employ the it-
S ' fohdE erative approach used in CloudSat data for the clear-sky
s v f\;* R screening (Tanelli et al., 2008; Wu et al., 2009), except
Z05 700 03 10 15 20 25 505700 03 10 15 20 29 S5 0o «ZSAU&F?BQS 20 25 in the CALIOP case the clear-sky molecular background
Night, 532 TOT Night, 1064 TOT is a profile. The procedure for obtaining the “clear-sky”
*  caiop s *  oaiop s profile with the screening-and-fitting iteration is as follows.
-5 sereening | _ ¥} . sereening We first exclude those profiles if any atmospheric value of
Screened T aof S b e the 532-nm TOT backscatter exceeds 0.004ker 1, for
IR o which an atmospheric measurement is one at an altitude at
“ﬂ; least 400 m above the surface. This initial screening helps
TR s Senes e e e as to eliminate the profiles with strong cloud scattering. For
e e the remaining profiles, we further screen them to minimize
Fig. 1. Attenuated CALIOP backscatter profiles (in cloud/aerosol contamination. We start with the modeled

10-3km~Lsr1) for a tropical daytime (top two panels) and Molecular profilefw(z)7,2, 7.2 and subtract it from the ob-
nighttime (bottom two panels) case on 1 January 2008. Theserved backscatter profig(z). The difference, i.e.AB(z)
thick grey curve is the background molecular backscatter profile= g’(z) - ﬂo(z)Tn%olTO%, which may contain cloud/aerosol fea-
estimated from the atmosphere density data provided in the Level fures (positive values) and strongly-attenuated backscatter
file. For fitting the scaling factax, the data are screened with@2  (negative values) as seen in Fig. 1, is further screened by a
rejection method to remove outliers due to cloud/aerosol (see text)sq-called 2 rule. According to this rule, those points that
and the retained data are shown in the panel below the originahre>26 away from the estimated molecular background on
profiles. There are no 1064-nm backscatter data at heights abovBoth sides will be rejected as spikes. From the remaining
30km. AB(z) as illustrated in Fig. 1, the mean and standard devi-
ation (u« ando), as well as the scaling factor, are calcu-

lated. Note that scaling factarandu are related through

profiles. Measurement noise is smaller in the 532-nm PER_ _ ABR)> = (@ -1)<Bo(2) T2 |T23> where() is the ver-
- ’ */=mol~ o !

d_ata wit_h Iitt_Ie molecular scattering, but the cIoud/aerosoItica| average weighted by the estimated measurement error
signals in this channel are also weaker. The daytime 1064y qfile. The above screening-fitting procedures are repeated
nm and 532-nm TOT noise is similar, but in nighttime the o several times in order to improve the estimate values for
1064-nm data are noisier than 532-nm. w, o, anda. Convergence (i.e., negligible change) is usually
For each backscatter profile, the clear-sky molecular scatachieved within 3-4 iterations, and non-convergent cases are
ter profile, Bw(z), is estimated using the atmospheric vari- discarded. For each iteration, we replacg(z) with 8'(z) -
ables (e.g., air and ozone number density profiles) provide(zbz-,tﬂ'o(z)Tn%O,Toz3 and use it for calculating the new ando
in the CALIOP L1 file. To mimic the lidar measurement, it before the next screening-fitting. The final o anda are
is further attenuated by the two-way molecular and ozoneoutput as the measurement error for this profile. If the num-
'[ransmissionTrﬁOI and T023, namely, ﬂw(Z)T,%O|T023, as de-  ber of remaining data points in the last iteration is less than
scribed in the CALIPSO algorithm theoretical basis docu-100, the profile is discarded as well. We have applied the
ment [Hostetler et al., 2006]. This modeled molecular scat-same screening-fitting procedure for CALIOP 532-nm and

ter profile can be used to verify the calibrated clear-sky lidar1064-nm TOT data.
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o D8 932 o, Lotz (80 to 90) o3 1084 @ Lot= (60 fo 90) are noisier with a larger<10%) seasonal variation, which is
| I R R | ] expected for the noisier backscatter measurements. A large
— | . .

. ‘-O*Duyw’“‘mww 1 A szoyﬂ@mmM%M 1 (~10%) drop in the daytime occurred around 6 October
et | VZOUVEOZ A bigndl ' V201 202 2008, which is not associated with the version change from
e 2007 2008 2009 2008 2007 2008 2008 v2.01 to v2.02. The fact that the drop occurred only in the
e et LR B daytime data suggests that it was not caused by error in the
! ! R ! ! S atmosphere model. Thus, the drop likely reveals a calibra-

|

s 1.0 | 3 . - . -

O,E,B?qyﬁ W%W " lﬁmwﬁm ] szoyW 1 tion change in the daytime data. Beside the larger seasonal
l b of Mot | | V2.01{ V402 variation, the daytime 532-nmvalues before October 2008
2006 2007 2008 2009 2006 2007 2008 2009 . . . . . .
S 552 o Lot= ( 00 30) ks 1004 4, Lot ( 010 50) are generally around unlty_, in line with the n_|ghtt|me values,
- 1 1 o ° 1 1 T except at the 30N-60° N bin where the daytime values are
2r | | o 7 As | | ol ] 0

.ol | | ol ﬁlﬁW lower by 5-10%.

ofhiantl | L/ PR 2} Doy "ot vt | We also evaluate the new version (v3.01) CALIOP data us-
: ign V2.01: v2.02 . . .
e e P ing the same algorithm [not shown], and no sharp drop in the
B BKS 532 a, Lot= (=30 to 0) . BKS 1064 a, Lot= (-30 to_ 0) daytime 532-nn is found during this period of time, con-
o ! ! I A ! ! o firming that this calibration error is in the v2 data. The mor-
. W.UfDOyMWWW 10 ‘ ‘ 1 phology of i ando estimated from the v3.01 data is similar

N i 2rUa 0 * - . .
osfNight | | V201, V3,02 Mgt 1 " 201 vio2 to what is shown here for the v2 data. The derived night-
0.6 1 1 L 1 a - 1 L " . . . . . . .

time 532-nme is close to unity in the tropics with slightly
DS 532 @, Lot= (760 to —30) 60K 106% @, Lot= (760 to —30) larger seasonal variations. The daytime 532enare gener-

| | | | | | . . .

12f | ! o ! ! o ally lower than the nighttime values by 0.05-0.1 in the trop-

E ;‘::B?tht ‘ | v2.01i v2.02 : d 2pPoy : ] ICS. I . . .

o5 ‘ 1 SfNgnt | v201ivdoz Unlike in the 532-nm case, it is more challenging to fit
woe . werme o we oo e e the 1064-nm molecular scatter background, not only because
BKS 532 a, Lat= (90 ta —60) BKS 1064 a, Lat= (—90 to —60) . ..

| :‘ . ‘ Y the measurement is noisier but also because the molecular

o < background profile is~16x weaker. As seen in Fig.2, the
oo U vporviez 1 7 de_rl\_/eda values vary generally _betwee_n 2 and 3, and_the
! ! - noisier day values are systematically higher than the night.

2006 2007 2008 2009 2006 2007 2008 2009

At low and middle latitudes both day and night series re-
Fig. 2. Time series of daily meam, the ratio of estimated vs. mod- V€al a comparable seasonal variation. There appears a slight
eled clear-sky molecular backscatter, averaged into six latitude bingncreasing trend in the nighttime at these latitudes. To
for day (black) and night (red) data at 532-nm (left) and 1064-nm evaluate how the fitted depends on the—based screening-
(right) channels. The reference @F 1 anda =2 are provided re-  fitting approach, we tried the fitting with different multi-
spectively for the 532-nm and 1064-nm channels to guide comparples of thes—value for the “clear-sky” screening, and found
ison. Since individuak values vary substantially due to measure- hat the derived: values would decrease slightly associated
ment noise, large spikesw(>5 for 532-nm,ja|>10 for 1064-nm)  yith 5 slight increase in seasonal variability. The increase in
are excluded in the daily mean calculations. The year boundary i 64 variability can be explained by more cloud/aerosol
indicated by dashed lines, whereas the dotted line marks the version S . . L ..
change from v2.01 to v2.02. co_ntammatlor_1 in Ioosemn_g the screening criteria. This is de-

tailed further in the following.

It is not trivial to extract “clear-sky” atmospheric molec-

To monitor the calibrated CALIOP backscatters using theular background from the noisy data. In addition to the
modeled molecular background, we compute daily mean measurement noise, cloud/aerosol features (above the atmo-
of the 532-nm and 1064-nm data, and present the day andpheric molecular background) and attenuated values (below
night series separately in Fig. 2. The estimatedhlues are  the background) in the data, as shown in Fig. 1, can be chal-
sensitive to errors in instrument calibration as well as in thelenging to screen. We tested various noise thresholds (from
model atmospheric variables (e.g., pressure, ozone densit{fy to 5Qr) for screening the outliers, and found that the 2
and stratospheric aerosols). Because these errors may dapproach produces the best results in terms of minimizing
pend on latitude, we divide the daily meannto six latitude  daily and seasonal fluctuations. Since the cloud/aerosol con-
bins. As shown in Fig. 2, the nighttime 532-nimvalues at  tamination would manifest itself with a significant seasonal
low and middle latitudes are close to unity with only small variation, minimizing the seasonal variability for the derived
(<5%) variability. However,a exhibits a larger seasonal « values is necessary for the relialleestimation. The &
variation at high latitudes, especially in the Southern Hemi-approach would leave too few data points for the fitting. On
sphere (SH), of which the larger 532-nmvalues in the SH  the other hand, with a larger (looser) threshold, the contam-
summer are due to PSC contamination in the fitteom- inations from cloud/aerosol features and attenuated values
pared to the nighttime values, the daytime 532-@awvalues  would tend to bias the fitted values.
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The scalingx approach has demonstrated some promising  10°g535 77 BER 53k doiters
Day (black) and Night (grey)

capabilities in monitoring and diagnosing trends and abrupt
changes in the calibrated CALIOP backscatter data. It can be
further refined to produce more robust results with less de-
pendence on the screening for “clear-sky”. For example, the
screening-fitting can be restricted to middle-to-high altitudes
or certain latitudinal/geographical areas where cloud/aerosol
contributions are smaller and have low occurrence. Also, wo”F ‘ ‘ ‘ ‘ ‘
it might be limited to the oceanic regions where the mea-  '9"E5=35 17 70T Backecatiors

surement noise is low. Nevertheless, more dedicated inves-— Doy (black) and Night (grey)

107?
107
107

107¢

Estimated o (km

tigations are needed to improve the method by better under-"
standing the latitudinal and seasonal variations seen in the=
estimatedy values.

Because the estimatedvalues are noisy and can be af-
fected by both measurement and model errors, which are F
non-trivial to distinguish at this point, in the analysis here- 0"

1072F

107

Estimated o

1078

after we ignore the seasonal variations in the fitiednd 1064 nm TOT Backscotters ~
usea =1.0 to remove the background molecular backscat- 7 [Pay (black) and Night (grey) ﬁi
ter to compare the feature detection from this work with the / E

L2 layer products. In the subsequent analysesutlamdo
of the measurement noise are estimated frbfi{z) only at

Estimated o (km™'sr

Joalid 3

Z>19km. i ‘ il i f
10’57 . . . . . . . . . ]

i —61.8 —80.6 —70.6 —49.2 -270 -46 17.9 40.3 62.2 Day Lot

3 Morphology of CALIOP backscatter noise 721 796 593 379 156 69 293 —51.5  Night Lot
09 —451 —142.6 -158.6 —165.6 —170.7 —=175.5 178.6 168.2 Day Lon

The CALIOP backscatter measurement noise has high- 69 550 146 51 -0 =54 106 179 Night  Lon

degree transiency, varying largely from profile to profile.
This is evident in ther estimated from the data at-19 km
(Fig. 3). The larger variation can affect the cloud/aerosol
detection throughout a packscatter profile. Thealue of orbit has a 98 inclination angle and the flight direction is indicated
.the measurement erlror is usually smaller thanis shown by the arrows on the map. The day (night) portion of the orbit is
in Fig. 3, the nighttime 532-nm PER values are much gepicted by black (grey) line. The nighttime 532-nm noises reveal

lower than other cases, which could yield a higher signal-pighero values at latitudes 0f30° S due to the South Atlantic
to-noise ratio (SNR) for weak cloud/aerosol signals if theseanomaly (SAA).

features produce a significant depolarization ratio. The flat
noise floors in the nighttime noise reflect the detector noise,
whereas large fluctuations in the daytime noise are indicaand night. January 2008 is chosen to illustrate the derived
tive of the additive photon noise from bright objects. The noise properties, but other months reveal similar character-
low nighttime o makes additional noise sources stand out,istics. Unlike the nighttime, the daytime CALIOP backscat-
which would not be able to be seen otherwise. For exam+er noise is dominated by the background scattering sunlight,
ples, the dark count increases in the radiation-hard regionsyhich is additive and Gaussian-like. It is highly variable
such as the South Atlantic Anomaly (SAA) and auroral ovals,depending on surface/atmospheric albedo. The daytime
are evident in this orbit [Hunt et al., 2009]. Unlike the 532- (Fig. 4) is nearly zero globally for all the CALIOP chan-
nm measurements, the 1064-nm backscatters do not exhibitels, except in the SAA region where it is slightly negative
obvious dependence on the SAA because the 532 nm detein the 532-nm PER and TOT data. However, thealues
tors are photomultiplier tubes (PMTs) and more susceptiblevary highly with surface and cloud albedo. The albedo ef-
to radiation effects than the 1064 nm avalanche photodiodefects appear to modulate the 532-nmby a factor of 2—
(APDs). As discussed in Hunt et al. (2009), PMTs have mod-5 (higher in cloudy/snowy/icy regions) or over landmasses
est quantum efficiencies with relatively low dark noise that (e.g., desert). Compared to the 532-nm measurements, the
should obey the Poisson statistics, whereas APDs have high064-nmo map shows more distinct contrast between land
quantum efficiencies but with high Gaussian-like dark noise.and ocean mostly in the SH. The nighttimeand o val-

To characterize the CALIOP backscatter noise distribu-ues (Fig. 5), although generally lower than the daytime, re-
tion, which can affect the distribution of feature detectabil- veals features related to the detector response to radiation-
ity, we map the monthly-mean ando separately for day hard (e.g., SAA, high-latitude geomagnetic activities). These

Fig. 3. Orbital variations of the estimatesd of the 532-nm PER
(top), 532-nm TOT (middle), and 1064-nm TOT (bottom) backscat-
ter from an orbit (embedded map) on 1 January 2008. The A-Train

www.atmos-chem-phys.net/11/2641/2011/ Atmos. Chem. Phys., 11, 26842011



2646 D. L. Wu et al.: Implication for cloud/aerosol detection

Doy 532_PER Meon x 107 Doy 532_PER Std. Dev. x 107® Night 532_PER Meon x 107

Doy 532_TOT Meon x 107 Doy 532_TOT Std. Dev. x 107

e A A S [ 413

9 A R e
A 5

i oA A VR AR G 1] Y
R S ‘l';'}: il “'/.-~—- —— B

Doy 1064_TOT Std. Dev. x 107

Fig. 4. Monthly (January 2008) meap and o maps of day-  Fig. 5. As in Fig. 4 but for the nighttime backscatter noise, and the
time 532-nm PER (top), 532-nm TOT (middle), and 1064-nm TOT ascending portion of the orbits is excluded.
(bottom) backscatter noise (in kmhsr—1) on a 2 x2° longitude-
latitude grid. Most part of the daytime orbits is ascending (i.e., lat- . . . .
itude increasing with time). The descending portion of the orbits P& Gaussian or non-Gaussian depending on noise sources.
is excluded to minimize the mixed statistics between the two localHowever, clouds/aerosols also attenuate the molecular back-
times. ground scattering below them, which could skew the negative
PDF domain. This effect is evident in the nighttime 532-nm
data at lower altitudes.
geomagnetic features are more pronounced in the 532-nm The rising portion of PDF at small values in Figs. 6-8 is
than in the 1064-nm measurements. The 532-nm PERndicative of the measurement noise. For the noise with zero
and TOT are respectively50x and~5x less noisy than  mean, the positive and negative PDF domains should yield a
the measurements in the geomagnetic-active regions. Thgonsistent distribution in the noise portion of PDF. Hence, we
radiation-induced dark counts in PMT become only impor- fo|d the negative PDF domain to the positive side for compar-
tant during nighttime when the solar background noise is abison. In the case where measurements are dominated by the
sent. measurement noise (usually at altitude$9 km), the posi-
Althougho from altitudes>19 km provides the first-order tive and negative PDF domains overlap, as seen in Figs. 6-8
estimate of the lidar measurement noise, it is also useful tat 21.7 km. In the presence of clouds/aerosols, the positive
examine noise properties as a function of height, becaus®DF domain will deviate from the negative one, showing an
additional measurement error might appear at different al-extended distribution at large values. The estimatestiows
titudes. If theo estimated from altitudes 19 km can rep-  a slight increase with decreasing altitude, which is expected
resent the noise well for each profile, one may apply a uni-for the increasing vertical resolution (or decreasing measure-
form o-based threshold to the entire profile for feature de-mentintegration time) at lower altitudes. No significant addi-
tection. More complete statistical properties of the CALIOP tional noise source is added to thesstimated from altitudes
noises are presented in Figs. 6-8 in terms of the normalized-19 km, and therefore the—based threshold for feature de-
probability density function (PDF). The PDF is normalized tection can be applied to the entire profile. Some of the mea-
in the way such that its integration (i.e., the area under eaclsurement noise may not be Gaussian, as seen in the night-
curve) is unity. For the noisy data where signal and noisetime 532-nm data (Fig. 6). Non-Gaussian or multi-Gaussian
have a comparable probability (or weak signals), the nor-cases require special care for cloud/aerosol detection, be-
malized PDF provides a powerful means to evaluate the subeause feature detection from thebased method could en-
tle differences between two data sets (e.g., day-night differcounter a higher false-positive rate than what it produces with
ences) without imposing a clear-cut detecting threshold (Wuthe Gaussian case.
et al.,, 2009). The PDFs in Figs. 6-8 are derived from the For feature detection in this study, a conservative thresh-
attenuated backscatters with the molecular background sulsld (>50 is applied to the daytime data on a profile-by-
tracted. The number of samples in each backscatter valuprofile basis (Table 1), which would yield a very small (1
bin is first divided by the total number for normalization out of 1.7 million) false detection rate if the measurement
and then by the bin sizes to yield probability density. Sincenoise is Gaussian. For the nighttime data, however, dif-
cloud/aerosol scatterings often produce positive backscatferent thresholds are used. As seen in Fig. 6, the night-
ters at most of these altitudes, the negative PDF domain retime 532-nm PER data have complicated noise characteris-
flects characteristics of the measurement noise, which catics when the measurements are associated with very low
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Fig. 6. Normalized PDFs of the attenuated 532-nm PER backscatteFig. 8. As in Fig. 6 but for the 1064-nm TOT backscatter.
for a tropical (10 S—10 N) bin in January 2008. The PDF is nor-

malized such that its integration over all backscatter bins is equal "% aussian noise is still present but significantly reduced in the
unity. Theo values estimated from the negative PDF domain for

davi o -~ statistics of the equator-20l bin. Because of this multi-
aytime (upper panels) and nighttime (lower panels) are given in . . . -
each panel. For the 532-nm PER measurement, the nighttime noisg 2USSian noise character, a higheBQo) threshold is used
is composed of two Gaussian functions with thevalues shown  0F the cloud/aerosol detection with the nighttime 532-nm
in each panel. Vertical dotted lines indicate the @lue for day, ~PER data. For the 532-nm TOT data (Fig. 7), the negative
and I, 50, and 1@ for night. The grey curve is the negative and positive PDF domains agree well with each other in the
PDF domain folded onto the positive side to evaluate the CALIOPnoise portion. Unlike the 532-nm PER case, the nighttime
noise. The dashed line is the analytical Gaussian function for the es532-nm TOT PDFs are mostly single-Gaussian. Although
timatedo. All PDFs are plotted in a log-log scale with backscatter stratospheric aerosols are difficult to detect, their contribu-
inkm~"sr and PDF in km sr. The SAA contribution is excluded tions can be inferred from differences between the PDFs of
in the statistics at this latitude bin. positive- and negative-value backscatters at night. For exam-
ple, at 21.7 km the positive PDF domain extends above the
negative one, suggesting potential contributions from strato-
‘ ‘ : spheric aerosols. At lower altitudes the negative-value PDF
\ TN TN f\ can rise above the positive-value one because there exist a
: . : ‘ . \ significant number of attenuated backscatter cases. In these
A Logulo) ‘ * L tosod o tooele) | o o) situations, the backscatters beneath cloud/aerosol layers are
o VA J4 J47 severely attenuated such that these values can fall below the
N SN NS NN R SN | estimated molecular scattering background, resulting in neg-
o ot et ot it e 2o ative AB(z) values. This attenuation effect is more evident
L L . L . L in the PDFs from the night data than from the day.
N = A significant change in the PDF slope is evident in the
N LN nighttime data at 16.4 km (Figs. 6—7), which occurs at the
values of~10-25 km~1sr-1. This PDF property is beyond
L ifoye detection by the daytime measurements. The attenuation is
Rl unlikely the cause of this slope transition since it is observed

o

e at all altitudes between 14 and 18 km. The PDF slope be-
Fig. 7. As in Fig. 6 but for the 532-nm TOT backscatter. The sharp tween the values of 16> and 1(?2'5 km 15.r_1 Is similar
cutoff in the negative PDF domain of the nighttime data (at 2.96 andto those observed a5t a IO\lNer ?l_t'tUdes' while th? One "’,lt val-
7.27 km) results from cloud/aerosol attenuation. ues greater than 18> km~* sr~!is much steeper, indicating
lack of sources for these clouds.

The 1064-nm data bear many similarities to the 532-nm

. . . . TOT results in terms of PDF characteristics, except for a
photon counts. Non-Gaussian or multi-Gaussian noise be-

. slightly highero (Fig. 8). Unlike the 532-nm data, the night-
come |mportaqt for l':)acksc'atter valueg.o o. Part of t'he time 1064-nm data do not have a spike in the negative PDF
second Gaussian with a highegalue is due to contribu-

. . . . domain at lower altitudes because the molecular scattering
tions from the SAA because this tropical bin {I8-10 N) ;
retains a small portion of the SAA. We find that the second background is-16x weaker at 1064 nm.
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Table 1. Cloud/Aerosol detection thresholds (in kthsr—1) used in this study.

532-nm PER 532-nm TOT 1064-nm TOT

Daytime  Min(%, 1x107%)  Min(5¢, 1x10™%)  Min(50, 1x10~3)
Nightime  Max(8@, 3x10~%) Max(165,3x10~%) Max(8& , 3x10~%)

532 PER BKS 532 PER BKS - Mol Bkgr 532 PER BKS for Features
20 20

L2 Cld/Aer Features

L b

Height (km)

W L1
(i ! I My g1 4

s 0
-40 -30 -20 -10 0 -40 -30 -20 -10 0 -40 -30 -20 -10 0 -40 -30 -20 =10 0
Latitude Latitude Latitude Latitude

532 BKS 532 BKS — Mol Bkgr 532 BKS for Features

x107™% km™ sr!

6.0
5.5
5.0
4.5
4.0

-40 =30 -20 =10 0 3.5
Latitude 3 0
1064 BKS for Features .

2.5
2.0
1.5

Height (km)

Lo Y,
1 S 1y

o L. 0 ¥ o
-40 =30 -20 -10 0 -40 -30 -20 -10 0 -40 -30 -20 -10 0
Latitude Latitude Latitude

T ““ﬁ

Fig. 9. From left to right: Examples of the nighttime total attenuated 532 and 1064 backscatters from 1 January 2008 (the same orbit as in
Fig. 3); the backscatters with the molecular background removed; the features identified witthtlesholds in Table 1; and the feature
detected in the L2 products. The curve at the top of each left panel is the same measuremenasaisewn in Fig. 3 to illustrate relative
changes in noise.

4 Implications for feature detection with height. Because the value used for feature detection

is estimated on a profile-by-profile basis, the region with a
For feature detection, we tested a range of éhéhresh- highero, such as the SAA and landmasses, will inevitably
old with the c—based method, and the thresholds listed inhave poorer detecting ability, leading to potential sampling
Table 1 produce the results similar to the L2 05krhay artifacts in the observed cloud/aerosol pattern.
and 05kmALay products. These thresholds(®r greater) The o-based feature detection has less impact on the pat-
allow us to aggressively exclude the clear-sky backgroundern or time series of feature backscatter than on feature oc-
noise with a low false-positive rate for both Gaussian andcurrence frequency. Since small values do not contribute
non-Gaussian noise cases. The false-positive rate camuch to the average backscatter, the pattern or time series
be estimated from the stratospheric measurements wher@ssociated with feature backscatter is not very sensitive to
cloud/aerosol features have a very low occurrence frequencyhe threshold used. However, feature occurrence frequency is
To prevent the threshold from reaching too high or too sensitive to the threshold used. Figure 9 compares some ex-
low, we amended the-based detection rule with a maxi- amples of the features detected by the research algorithm and
mum/minimum bound (Table 1). In addition, we also require the L2 algorithm. The algorithm using the Table 1 thresholds
that a feature must appear in two or more consecutive vermay reject some of the tenure aerosol and cirrus features in
tical bins. This additional requirement further reduces thethe scene. To study weak stratospheric aerosol features, one
false-positive error, which helps the cloud detection near thamay need to lower the values used in Table 1 for aggres-
tropopause where cloud occurrence frequency drops sharplsive detection. The thresholds may have to be modified if
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Fig. 10. Daytime zonal mean backscatter and cloud/aerosol occurrence frequency for JanuarfaRQ6B.the zonal mean 532-nm PER,

532-nm TOT, and 1064-nm TOT attenuated backscatter in%sim1; (d)«f): the corresponding occurrence frequencies by altitude (in%

per km) for cloud/aerosol features detected from these channels; and (g): the total occurrence frequency of clouds and aerosols from the
L2_CLay and L2ALay data. The colors for backscatter and frequency have units ofterm and% per km, respectively.

different spatial averaging is used. For example, studying the Figure 12 shows the seasonal variation of monthly mean
CALIOP data jointly with other A-Train sensors (e.g., MLS) feature backscatter and occurrence frequency at 15 km from
may require further aggregating the CALIOP data to have athe research algorithm presented in this study and from the
matched measurement volume. In that case, the feature dé=2 algorithm. The daytime 532-nm and 1064-nm TOT have
tection thresholds need to be re-evaluated. similar monthly mean backscatters. A 1064/532 color ratio
Shown in Figs. 10-11 are zonal mean statistics of the Janis calculated from the monthly averages, varying between 1.0
uary 2008 cloud/aerosol features detected with the Table 1 and 1.2 with a slight decreasing trend in both day and night
method. The mean feature backscatter is computed from thdata. In addition, the daytime color ratio exhibits a large sea-
background-corrected values, i.A8(z), and averaged into sonal cycle, which is absent in the nighttime data. Similarly,
a 2 latitude and 0.5km altitude bin, along with the mean a 532-nm depolarization ratié)is derived from the monthly
feature occurrence frequency. The zonal mean backscattenean 532-nm PER and TOT data, showin@.3 for day and
and occurrence frequency exhibit a similar, consistent dis-~0.45 for night with a very small seasonal variation. Sassen
tribution in general. Compared to the results from the L2 and Zhu (2009) reported a slightly larger@.41) daytimes
05 km.CLay and 05 kmALay products (Figs. 10g and 11g), at 15km in the tropics, and a smaller@.28) nighttimes,
the occurrence frequencies obtained in this study (Figs. 10&ising the attenuated backscatters not corrected by the molec-
and 11e) are slightly higher. ular background. They also reported an enhanced nighttime
However, the occurrence frequencies from the two meth-8 values in the SAA region. Since the nighttime feature
ods differ significantly in the UT/LS where feature occur- detection with the 532-nm PER channel, the nighttitrie
rence frequency and signal-to-noise ratio are low. These feasensitive to the measurement noise and the threshold used.
tures are important for studying cloud, aerosol, and water vaSimilarly, the day-night difference in feature occurrence fre-
por changes related to troposphere-stratosphere exchangeégiency also depends strongly on the threshold used. As seen
In particular, their spatial/temporal variations and day-nightin Fig. 12, despite the similar mean backscatter values, the
differences provide valuable insights to the problem, but im-occurrence frequencies differ by approximately a factor of 2.
pacts of the measurement noise must be fully understood and An increasing trend is evident in the 1064-nm noise during
characterized at first. Figures 12—14 summarize the monthly2006—2008 (Fig. 13), which may explain the decreasing color
feature and noise statistics in the tropical UT/LS. ratio seen at 15km and the increasing occurrence frequency
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Fig. 11. As in Fig. 10 but for the nighttime data. In the nighttime 532-nm PER statistics, despite the aggressive screening threshald (80
fraction (~0.5%) of stratospheric features (not PSCs) are still present at middle latitudes, which warrants further investigation.

differences between the 532- and 1064-nm channels as seen
in Fig. 12. Although the daytime noise® 1pe4TOT >
0532 TOT>0532 pER) have a similar seasonal variation, the .. Btz 1o % Bopttz w2l

nighttime o values differ by more than an order of magni- _ "2 " - ] sop e TOT

. . . . . . . 1ol Depol Ratis —pc — - B To64 TOT
tude. The increasing trend in nighttiragge4 ToT IS Consis- TZ”OT ”
tent with the expectation of the dark count increase in the % /5o |

channel (Hunt et al., 2009). Important for a trend analysis, ;—WW
the increasing 1064 ToT iMplies a reduced ability in feature 2t AN 0
detection with this channel. The slightly increasing differ- =
ence between the 532- and 1064-nm occurrence frequencies Night, Ht=__15.0 k Night, Hi=_15.0 kr
at 15km, as well as the decreasing color ratio in Fig. 12, is 2} ceor et ] so 5351064 TOT

likely resulted from this degraded sensitivity in the 1064-nm :*0%‘ TROT“ A

channel. P

0.6 532 TOT.

At altitudes near and above the tropopause, where feature; o.; = ]
occurrence frequency drops sharply with height, various de- o el Valh V% 0
tection methods begin to show Iarge differences. As seenin *zho 2007 2008 2009 2008 2007 2008 2009
Fig. 14, this study produces a larger daytime frequency at 18—

19 km than the L2. At 19 km the research algorithm produced™9- 12. Time series of day (top) and night (bottom) monthly
a residual frequency of 0.04%/km for day and 0.06%/km for M€an bac_:ksca_tter (left) and featu_re occurrence frequency (right) at
night in the 532-nm TOT data, compared to 0.0005%/km and15 km altitude in the 105-1C° N latitude bin. For the 532-nm and
0.001%/km from the L2 data. To a large extent, the Value31064-nm TOT backscatters, the molecular background have been

" . ._removed. The 532-nm depolarization ratéo={ 8, /8;;) and the
at 19km reflect the false-positive detection rate. As an IN-1064/532 color ratio are calculated from the monthly means. Time

dependent estimate for the false detection rate, the negatiVgries of the occurrence frequencies from 532-nm and 1064-nm
PDF domain is used to compute the probability in the dis-channels, as well as the frequency difference, are shown in the right
tribution tail beyond the Table 1 threshold values. This esti-panels where the L2 05km (CLay+ALay) results are included for
mation yields a rate 0f0.1%/km for day and 0.05%/km for comparison.

night, which is comparable to the values obtained at 19 km,

but much higher than what result from a pure Gaussian noise.
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4ETTTT gy (olack) Nignt (Greyy 3 the.TTL (tropical tropopause layer) top .hasa_strong seasonal
g E variation, as expected for deep convective climatology. In the

3F R Lo . A case where the desired signals are close to the noise floor, the
g ’~o .~ ] convolution of signal and noise statistics would make com-

parisons of different data sets more challenging.

S R The day-night differences at 18 km in Fig. 14 are mostly
£ 532 70T /J\/——\__:’_.\: caused by the different detection thresholds used for the day-
E o time and nighttime data. For the weak signals like these,
g 1 Wu et al. [2009] suggested to compare statistics of the two
o 0o g datasets with the normalized PDF approach. This method
] requires that two data sets have the same measurement vol-
R ume and the same ensemble. One of the advantages with this
2006 2007 2008 2009 method is avoidance of artificially-imposed feature detection
thresholds. As long as these data sets represent the same
Fig. 13. Time series of monthly meas of the 532-nm PER, 532- statistical ensemble with a sufficient number of samples, the
nm TOT and 1064-nm TOT backscatter for the® 83-10 N lati- PDF comparisons will yield useful characterization on mea-

tude bin. An increasing trend is evident in the nighttime 1064-nm surement noise, bias, sensitivity limitation, and cloud/aerosol
o, consistent with the dark count increase reported by Hunt et alstatistics of the ensemble.

---------
--
-

BKS o (x10™* km™'sr™)

[2009]. In Fig. 15 we compare the normalized PDFs of CALIOP
day and night backscatter measurements. Because the

o Day, 532 TOT . Day, 532 10T CALIOP noise differs substantially between day and night,

IR s | we compare the day-night difference of probability density
O:mo’ 5 G mer 1 at each backscatter value above the daytime (or larger) noise

level. Asin Fig. 7, the noise PDF in Fig. 15 is the rising prob-
ability density at small values with a Gaussian-like distribu-
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0.000 E18.0km —
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o

U R tion. At the backscatter values greater than the daytime noise
2006 2007 2008 2009 2006 2007 2008 2009 (e_g_’ 10‘2_10_1-5 km_lsr_l), as shown in F|g 15’ the day
Night, 532 TOT Night, 532 TOT PDF stands clearly above the night one at altitug& km,

0.020 Bont (km)

suggesting that these daytime features have a higher occur-
rence frequency. At very large backscatter values, the PDF is
too low and the difference becomes noisier, whereas at very
small values the daytime noise prohibits the comparison.
U £ — 7 e Thus, the day-night difference of feature occurrence fre-
2008 2007 2008 2008 2008 2007 2008 2009 quency inferred from Fig. 15 is opposite to the threshold-
based results as shown in Fig. 14. In an early study with
Fig. 14. Seasonal variations of the fgatures detected from the 532the |CESat data [Dessler et al., 2006], the nighttime cirrus
nm TOT backscatter near the tropical {¥-10'N) tropopause g4 ction was found to be higher than the daytime, which was
where the occurrence frequency drops sharply with height. Monthlyo., 1104 mostly from the different detection thresholds used.
mean backscatters (left panels) are plotted for altitudes 18, 18. . .
and 19km with an increment offset of 0.002 kfsr—1, whereas ecently, by the same token, Liu and Zipser (2009) ana-
monthly mean occurrence frequencies (right panels) are offset b y_zed th? CALIOP L2 C'OUO! data and reporteq the S!m'lar
an increment of 0.4%/km for the different altitudes. The day- Nigher nighttime cloud fraction. As aforementioned, if the
time (nighttime) mean occurrence frequencies at 19km are 0.04>50 threshold were used for CALIOP day and night mea-
(0.06)%/km from this study, compared to 0.005 (0.001) %/km from surements, the nighttime feature fraction would be higher
the L2 data. than the daytime, which is not consistent with the PDF anal-
ysis in Fig. 15. The day-night difference is likely depen-
dent on water vapor and temperature, and therefore on cloud
Since the nighttime measurement has lower noise, its seasoiee water content (IWC). As revealed in Fig. 15, if one uses
ality at 18 km is believed to be more reliable. In this study we the backscatter as a proxy of IWC, the day-night difference
find that the seasonal variations of the night backscatter andaries with the backscatter value, which can be related to the
the occurrence frequency are very similar at these altitudestype of ice clouds and/or to the process controlling cloud for-
Analyzing the CALIOP data from June 2006 to February mation. In addition, the PDF analysis may provide a promis-
2007, Fu et al. (2007) found no clouds above 19 km and obing alternative to characterize other cloud/aerosol statistics,
served a~0.05% occurrence frequency at 18.5km and 0.5%such as depolarization and color ratios, where the measure-
at 18km. This study shows that the 0.1% perkm level isment noise is highly non-stationary and different between
close to the noise floor or the stratospheric background, andlvo data sets.
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Fig. 15. Day-night differences at the tropics (18-10 N) as revealed in the normalized PDFs of the attenuated 532-nm TOT backscatter
for January 2008. Day and night PDFs are denoted by the dark and grey curve, respectively, whereas the thin line beneath PDF curves is th

percentage PDF difference. The rising PDF at small values is a manifestation of the noise distribution. The day-night PDF differences are

not shown when the backscatter<i§o of the daytime noise. The day PDFs are generally higher than those at night except at 7.99 km.

5 Conclusions and future work

Noise characteristics of the calibrated CALIOP 532-nm and
1064-nm attenuated backscatters were investigated with two
approaches. One is to fit the CALIOP clear-sky backscat-
ter data by scaling them to the molecular scatter model, and
study variations of the scaling factox)( derived from the
v2.01 and v2.02 data. The other is to estimate the measure-
ment noise using the calibrated backscatter data at altitudes
of 19-40 km and assuming =1. Maps and time series of
the measurement noise properties are analyzed in terms of
the mean ) and standard deviationr{. The derivedo

provides a reliable representation of the lidar measurement 2.

noise at lower altitudes, and we it to develop dased re-
search algorithm for cloud/aerosol feature detection with the
thresholds given in Table 1. This method is applied to the ag-
gregated CALIOP L1 data at the fixed 5-km horizontal res-
olution. Variations of the measurement noises and their im-
pacts on cloud/aerosol detection are discussed. In addition,
the normalized PDF approach is employed to evaluate day-
night differences in the lidar data of which the noise proper-
ties are quite different. The major findings and conclusions
from this study are summarized as follows.

1. The lidar backscatter noises exhibit large profile-to-
profile variability ino, more pronounced in the daytime
data. Such transiency was found in all the CALIOP

Atmos. Chem. Phys., 11, 2642654 2011

channels. Maps of the January 2008 noise properties
show that the daytime noises are significantly higher
over landmasses and bright surfaces (e.g., snow, ice and
desert), reflecting large variability in additional sunlight
scattering during day. This large noise variability ap-
pears to be more pronounced in the 1064-nm TOT mea-
surements than in the 532-nm data. On the other hand,
the nighttime noises, although generally lower than day-
time, are enhanced in the radiation-hard regions (e.g.,
SAA and auroral ovals), but only in the 532-nm not
1064-nm data.

The scalinge approach demonstrated some promising
capabilities for evaluating and diagnosing error in the
calibrated 532-nm and 1064-nm data. The nighttime
532-nma values are mostly close (within 5%) to unity,
whereas the daytime 532-nm values are within 10%.
The daytime 532-nnx values show an abrupt drop in
October 2008, which is likely associated with some
changes in the 532-nm backscatter calibration. The
1064-nma values are mostly between 2 and 3 with the
daytime numbers being systematically higher.

. Most of the CALIOP backscatter noises have a

Gaussian-like distribution, except for the nighttime 532-
nm PER measurements. The latter have the lowest
o but with a double Gaussian-like distribution. The
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distribution of the measurement noise is a combinationThis study provides an initial evaluation on the CALIOP
of detector/calibration error and enhanced photon noisemeasurement noise and sensitivity in the UT/LS region, of
from the sunlight. which the results will used to guide future studies involving
4. At ~16km the nighttime PDFs from the 532-nm and different spatial averaging and detection thresholds.
1064-nm TOT backscatter_szsshow a drastic fha?ge InAcknowledgementsThis work was performed at the Jet Propulsion
Slope near the value o¥10 or NO'QO3 knm“sr—=, Laboratory, California Institute of Technology, under contract with
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statistics into the domains, which might be useful for Langley Research Center Atmospheric Sciences Data Center are
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(tropical tropopause layer) region. Further investiga-
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5. As a research algorithm, @-based detection method References
using the thresholds in Table 1 was developed to detect
cloud/aerosol features from the aggregated CALIOPAnselmo, T.: Cloud — Aerosol LIDAR Infrared Pathfinder Satellite
data. The method was able to produce morphology sim- Observations: Data Management System, Data Products Cata-
ilar to that from the CALIPSO L2 products but showed log. Document No: PC-SCI-503, NASA, Langley Research Cen-

slightly higher percentages than the Level 2 results. ter, Hampton, VA, USA, 2006.
Comstock, J. M., d’Entremont, R., DeSlover D., Mace, G. G., Ma-
6. The observed feature seasonal variations in the TTL re- trosov, S. Y., McFarlane, S. A., Minnis, P., Mitchell, D., Sassen,

gion are generally consistent among all the CALIOP K., Shupe, M. D., Turner, D. D., and Wang, Z.: An intercompari-
channels. However, there is an increasing difference son of microphysical retrieval algorithms for upper-tropospheric
between the 532-nm and 1064-nm occurrence frequen- ice clouds, Bull. Am. Meteorol. Soc., 88, 191-204, 2007.

cies, which may be associated with the increasing noisd’€ssler, A. E., Palm, S. P, Hart, W. D., and Spinhime, J.
in the 1064-nm channel. D.: Tropopause-level thin cirrus coverage revealed by ICE-

Sat/Geoscience Laser Altimeter System, J. Geophys. Res., 111,
7. An analysis with the normalized PDFs on the day- D08203,doi:10.1029/2005JD006588006. .
night difference in January 2008 suggest a higher oc-Dessler, A. E., Zhang, Z., and Yang, P.: Water-vapor climate feed-
currence frequency at 1:30 p.m. than at 1:30a.m. in Pack inferred from climate fluctuations, 2003-2008, Geophys.
the TTL region. This is opposite to the result inferred €S- Lett., 35, L.20704J0i:10.1029/2008GLO35332008. ,
from theo—based detection method if different thresh- 2€nsen: E. J. and Ackerman, A. S.: Homogeneous aerosol freezing
olds are used. but would be consistent with the result in the tops of high-altitude tropical cumulonimbus clouds. Geo-

. . . . phys. Res. Lett., 33, L088080i:10.1029/2005GL024928006.
if a fixed and larger-than-daytime-noise threshold were jonsen E. 3. Toon. O. B.. Selkirk. H. B. Spinhirne, J. D., and

1
used (e.g., 0.003 kmtsr1). Schoeberl, M. R.: On the formation and persistence of subvisible

By reducing the data volume of the original CALIOP Level 1 ;{;ussl(ﬂgig;;eggge tropical tropopause, J. Geophys. Res., 101,
data, we are able to process a large quantity of the lidar datgiang’ J.H., éu, H'., Schoeberl, M., Massie, S. T. Co-
and study long-term variability of cloud/aerosol features as |5rco, p,, Platnick, S., and Livesey, N.: Clean and polluted
We” as the measurement noise. W|th a better Understanding clouds: re|ati0nships among po”ution’ ice cloud and precip_
of the measurement noise in the aggregated data, we are ablejtation in South America, Geophys. Res. Lett. 35, 14804,
to further investigate the CALIOP data in conjunction with  doi:10.1029/2008GL034632008.
other A-train observations (e.g., CloudSat and Aura MLS) toFromm, M. D.: Plumes cover the northern hemisphere: lidar views
study cloud/aerosol variations in the UT/LS region. The re- of summer 2008 volcanic and pyroconvective injections, AGU
search algorithm developed here can be readily applied to fu- Fall Meeting, Section AS2A, 2008. ,
ture multi-sensor studies with different spatial averaging and™¥: Q- Hu. Y., and Yang, Q.: Identifying the top of the tropical
detection thresholds if needed. As suggested in Jiang et al. '0Popause layer from vertical mass flux analysis and CALIPSO
[2008], cloud ice particle sizes may vary with polluted and lidar cloud observations, Geophys. Res. Lett.,, 34, L14813,
e . . doi:10.1029/2007GL030092007.
F:Iean envwonmen.ts as pollution aerosols can make their Wa¥ R, Hu, Y., Wright, J. S., Jiang, J. H., Dickinson, R. E., Chen,
into the UT/LS (Li et al., 2005; Fu et al., 2006; Park etal., . Filipiak, M., Read, W. G., Waters, J. W., and Wu, D. L.:
2009; Wu et al., 2010). Because cloud/aerosol occurrence re- snort circuit of water vapor and polluted air to the global strato-
duces sharply near the tropopause, accurate and careful sta-sphere by convective transport over the Tibetan Plateau, Proc.
tistical analyses are required to extract these weak signals. Natl. Acad. Sci., 103, 5664-5669, 2006.

www.atmos-chem-phys.net/11/2641/2011/ Atmos. Chem. Phys., 11, 26842011


http://dx.doi.org/10.1029/2005JD006586
http://dx.doi.org/10.1029/2008GL035333
http://dx.doi.org/10.1029/2005GL024928
http://dx.doi.org/10.1029/2008GL034631
http://dx.doi.org/10.1029/2007GL030099

2654

D. L. Wu et al.: Implication for cloud/aerosol detection

Fueglistaler, S., Dessler, A. E., Dunkerton, T. J., Folkins, I., Fu, Q.,Stephens, G. L., Vane, D. G., Tanelli, S., Mace, G. G., Sassen, K.,

and Mote, P. W.: The Tropical Tropopause Layer, Rev. Geophys.
47, RG1004¢d0i:10.1029/2008RG000262009.

Hunt, W. H., Winker D. M., Vaughan, M. A., Powell, K. A., Lucker,
P. L., and Weimer, C.: CALIPSO lidar description and perfor-

Wang, Z. E., lllingworth, A. J., O’Connor, E. J., Rossow, W. B.,
Durden, S. L., Miller, S. D., Austin, R. T., Benedetti, A., and
Mitrescu, C.: The CloudSat mission and the EOS constellation:
A new dimension of space-based observations of clouds and pre-

mance assessment, J. Atmos. Oceanic Technol., 26(7) 1214— cipitation. B. Am. Meteorol. Soc., 83, 1771-1790, 2002.

1228, 20009.

Li, Q. B., Jiang, J. H., Wu, D. L., Read, W. G., Livesey, N. J.,
Waters, J. W., Zhang, Y. S., Wang, B., Filipiak, M. J., Davis,
C. P., Turquety, S., Wu, S. L., Park, R. J., Yantosca, R. M., and
Jacob, D. J.: Convective outflow of South Asian pollution: A

Tanelli, S., Durden, S. L., Im, E., Pak, K. S., Reinke, D. G., Par-

tain, P., Haynes, J. M., and Marchand, R. T.: CloudSat's Cloud
Profiling Radar after two years in orbit: performance, external
calibration, and processing, IEEE Trans. Geos. Remote Sens.,
48, 3560-3573, 2008.

global CTM simulation compared with EOS MLS observations, Thomason, L. W. and Pitts, M. C.: CALIPSO observations of vol-

Geophys. Res. Lett. 32, L14826pi:10.1029/2005GL022762
2005.

canic aerosol in the stratosphere, Proc. of SPIE, 7153, 715300-7,
2008.

Liu, C. and Zipser, E. J.: Implications of the day versus night dif- Vaughan, M., Powell, K. A., Kuehn, R. E., Yong, S. A., Winker,

ferences of water vapor, carbon monoxide, and thin cloud ob-

D. M., Hostetler, C. A., Hunt, W. H., Liu, Z. Y., McGill, M. J.,

servations near the tropical tropopause, J. Geophys. Res., 114, and Getzewich, B. J.: Fully Automated Detection of Cloud and

D09303,d0i:10.1029/2008JD011522009.

Liu, Z. Y., Vaughan, M. A., Winker, D. M., Hostetler, C. A., Poole,
L. R., Hlavka, D., Hart, W., and McGill, M.: Use of probabil-
ity distribution functions for discriminating between cloud and

aerosol in lidar backscatter data, J. Geophys. Res., 109, D15202,

doi:10.1029/2004JD004732004.
Liu, Z. Y., Hunt, W., Vaughan, M., Hostetler, C., McGill, M., Pow-
ell, K., Winker, D., and Hu, Y. X.: Estimating random errors due

Aerosol Layers in the CALIPSO Lidar Measurements. J. Atmos.
Ocean. Technol., 26, 2034—-2050, 2009.

Winker, D. M., Pelon, J., and McCormick, M. P.. The CALIPSO

mission: Spaceborne lidar for observation of aerosols and clouds,
Proc. SPIE Int. Soc. Opt. Eng., 4893, 1-11, 2003.

Winker, D. M., Hunt, W. H., and McGill, M. J.: Initial perfor-

mance assessment of CALIOP, Geophys. Res. Lett., 34, L19803,
doi:10.1029/2007GL030132007.

to shot noise in backscatter lidar observations. APPLIED OP-Winker, D. M., Vaughan, M. A., Omar, A., Hu, Y. X., Powell, K.

TICS, 45(18), 4437-4447, 2006.
Liu, Z. Y., Vaughan, M., and Winker, D.: The CALIPSO lidar cloud
and aerosol discrimination: Version 2 algorithm and initial as-

A., Liu, Z. Y., Hunt, W. H., and Young, S. A.: Overview of the
CALIPSO Mission and CALIOP Data Processing Algorithms, J.
Atmos. Ocean. Technol., 26, 2310-2323, 2009.

sessment of performance, J. Atmos. Oceanic Technol., 26 (7)Vernier, J. P., Pommereau, J. P., Garnier, A., Pelon, J., Larsen,

1198-1213, 2009.

Lohmann U. and Roeckner, E.: Influence of cirrus cloud radiative
forcing on climate and climate sensitivity in a general circulation
model. J. Geophys. Res., 100, 16305-16323, 1995.

N., Nielsen, J., Christensen, T., Cairo, F., Thomason, L. W.,
Leblanc, T., and McDermid, I. S.: Tropical stratospheric aerosol
layer from CALIPSO lidar observations, J. Geophys. Res., 114,
DOO0OH10,d0i:10.1029/2009JD011948009.

Mishchenko, M. I., Geogdzhayev, I. V., Rossow, W. B., Cairns, B., Young, S. A. and Vaughan, M. A.: The retrieval of profiles of par-

Carlson, B. E., Lacis, A. A, Liu, L., and Travis, L. D.: Long-
Term Satellite Record Reveals Likely Recent Aerosol Trend, Sci-
ence, 315, 1543J0i:10.1126/science.1136703007.

ticulate extinction from Cloud Aerosol Lidar Infrared Pathfinder
Satellite Observations (CALIPSO) data: Algorithm description.
J. Atmos. Oceanic Technol., 26, 1105—- 1119, 2009.

Park, M., Randel, W. J., Emmons, L. K., and Livesey, N. Wu, D. L., Jiang, J. H.,, Read, W. G., Austin, R. T., Davis,

J.. Transport pathways of carbon monoxide in the Asian
summer monsoon diagnosed from Model of Ozone and Re-
lated Tracers (MOZART), J. Geophys. Res. 114, D08303,
doi:10.1029/2008JD010622009.

Powell, K. A., Hostetler, C. A., Liu, Z. Y., Vaughan, M. A., Kuehn,
R. E., Hunt, W. H., Lee, K. P., Trepte, C. R., Rogers, R. R,,
Young, S. A., and Winker, D. M.: CALIPSO lidar calibration al-
gorithms: Part | — Nighttime 532 nm parallel channel and 532 nm
perpendicular channel, J. Atmos. Ocean. Technol., 26(10), 2015—
2033, 2009.

Sassen, K. and Zhu, J.: A global survey of CALIPSO linear depo-
larization ratios in ice clouds: Initial findings, J. Geophys. Res.,
114, DOOHO07d0i:10.1029/2009JD0122792009.

Sherwood, S. C.: A microphysical connection among biomass burn-
ing, cumulus clouds, and stratospheric moisture. Science, 295,
1272-1275, 2002.

Atmos. Chem. Phys., 11, 2642654 2011

C. P, Lambert, A., Stephens, G. L., Vane, D. G., and Wa-
ters, J. W.: Validation of the Aura MLS Cloud Ice Wa-
ter Content (IWC) Measurements, J. Geophys. Res. 113,
doi:10.1029/2007JD008932008.

Wu, D. L., Austin, R. T., Deng, M., Durden, S. L., Heymsfield, A.

J., Jiang, J. H., Lambert, A., Li, J. L., Livesey, N. J., McFarquhar,
G. M., Pittman, J. V., Stephens, G. L., Tanelli, S., Vane, D. G.,
and Waliser, D.E.: Comparisons of Global Cloud Ice from MLS,
CloudSat, and Correlative Data Set, J. Geophys. Res., Cloud-
Sat special section, 114, DO0A2d9i:10.1029/2008JD009946
2009.

www.atmos-chem-phys.net/11/2641/2011/


http://dx.doi.org/10.1029/2008RG000267
http://dx.doi.org/10.1029/2005GL022762
http://dx.doi.org/10.1029/2008JD011524
http://dx.doi.org/10.1029/2004JD004732
http://dx.doi.org/10.1126/science.1136709
http://dx.doi.org/10.1029/2008JD010621
http://dx.doi.org/10.1029/2009JD012279
http://dx.doi.org/10.1029/2007GL030135
http://dx.doi.org/10.1029/2009JD011946
http://dx.doi.org/10.1029/2007JD008931
http://dx.doi.org/10.1029/2008JD009946

