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Abstract. The Cloud-Aerosol Lidar with Orthogonal Polar- discussed and found to be less than 4:56%2% for this val-
ization (CALIOP) instrument on the Cloud-Aerosol Lidar idation effort with HSRL. Results from this study are also
and Infrared Pathfinder Satellite Observations (CALIPSO)compared with prior assessments of the CALIOP 532 nm at-
spacecraft has provided global, high-resolution vertical pro-tenuated backscatter calibration.

files of aerosols and clouds since it became operational on 13
June 2006. On 14 June 2006, the NASA Langley Research

Center (LaRC) High Spectral Resolution Lidar (HSRL) was )

deployed aboard the NASA Langley B-200 aircraft for the 1 Introduction

brovid valiation measurements for the CALIOP daa proa-Te CloucAerosol Lidar and Infrared Pathfinder Satelte
ucts. To better assess the range of conditions under WhiCQbSEI’V&t.IOHS (CALIPSO) satellite was Iaun.che_d in April
CALIOP data products are produced, these validation flights2006 (kae_r ?t a!., 2010)'. The main objec_tlve of the
were conducted under both daytime and nighttime Iighting('\’AL”:)SO mission s to prowde a globe}l, muItl—yea}r data
conditions, in multiple seasons, and over a large range of Iat—set_ of cloud and aerosol s_pa_ltlal and optical propertles fror_n
itudes and aerosol and cloud conditions. This paper presen hich to assess uncertaln_tles of aerosol _dlrect and indi-
a quantitative assessment of the CALIOP 532 nm calibratior{ec.t effects on climate forcing and cIoud-chmqte fegdb_ack
(through the 532 nm total attenuated backscatter) using in(W'nk(?r et al,, 2007, 2009). To address th's lobjectlve,
ternally calibrated airborne HSRL underflight data and isthethe primary payload on 'the CAL.IPSO sat.elllte IS a two-.
most extensive study of CALIOP 532 nm calibration. Re- wavelength and polarlzat_lon-se_nsmve elastic backsc_:attgr li-
sults show that HSRL and CALIOP 532 nm total attenuateddar’ the Cloud-Aerosol Lidar with Orthogonal Polarization

backscatter agree on average within 2#%.1% (CALIOP g%ﬁg%?:{ggimem' S_i;c(;:‘ becomir:jg op%ratki)onal m. .Junef
lower) at night and within 2.9% 3.9% (CALIOP lower) : as provided unprecedented observations o

demonstrating the accuracy of the CAI_lopaerosols and clouds in the atmosphere. This paper presents
a quantitative assessment of the 532 nm calibration by com-
with HSRL show consistency of the CALIOP calibration be- paring CALIOP total attenuated backscatter profiles with co-
incident measurements acquired by the NASA Langley Re-

fore and after the laser switch in 2009 as well as improve- : _ . :
ments in the daytime version 3.01 calibration scheme com-SearCh Center (LaRC) airborne High Spectral Resolution Li-

pared with the version 2 calibration scheme. Potential biaseéiar _(HSRL)' )
and uncertainties in the methodology relevant to validating SInce the launch of CALIPSO, several studies have been

satellite lidar measurements with an airborne lidar system argonducted validating the CALIOP data products (Mona et
al., 2009; Mamouri et al., 2009; Kim et al., 2008). Some

promising results were also published by McGill et al. (2007)

Correspondence tdR. R. Rogers qualitatively comparing measurements from CALIOP to the
BY (raymond.r.rogers@nasa.gov) Cloud Profiling Lidar (CPL) deployed on the ER-2 aircraft.

during the day,
532 nm calibration algorithms. Additionally, comparisons
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McGill et al. (2007) examined the vertical distribution of 1.4 h+0.8 h. In this time, the HSRL covers an average of
clouds measured coincidently by the two instruments and as385 km along track per flight at an average ground speed of
sessed the minimum detectable backscatter from CALIOP110 m/s. Figure 1 shows the locations of the CALIOP valida-
However, it concerned only a few profile comparisons show-tion flight tracks flown by the airborne HSRL. These flights
ing quantitative agreement but does not provide a compreeover a wide seasonal and latitude range as well as a wide
hensive quantitative assessment of CALIOP calibration acvariety of aerosol and cloud conditions.
curacy. Furthermore, the CPL attenuated backscatter must As mentioned earlier, CALIOP validation flights were of-
be calibrated in the same manner as CALIOP while the in-ten flown by HSRL during field missions. Some of these
ternal calibration of the HSRL aerosol backscatter providesmissions were focused solely on CALIOP validation, how-
a truly independent calibration assessment. ever most of these missions had multiple objectives. Ta-

The airborne HSRL, developed by NASA LaRC (Hair et ble 1 summarizes the specific mission information and fur-
al., 2008), has been deployed on ten field experiments tother demonstrates the large seasonal and spatial sample the
date, logging over 800 h on 240 flights of the LaRC King HSRL validation flights encompass. The first mission was
Air B-200 aircraft. Many of these ten field missions have the CALIPSO-CloudSat Validation EXperiment (CC-VEX),
included CALIOP validation flights. The HSRL technique where the HSRL was based out of NASA LaRC in Hamp-
(Shipley, 1983; Piironen and Eloranta, 1994; Hair et al.,ton, VA, and flew primarily along the US Eastern Seaboard.
2001) allows the airborne HSRL used in this study to in- HSRL then participated in several other field studies that in-
dependently measure the aerosol backscatter and extincluded CALIOP validation flights: the Texas Air Quality
tion profiles at 532 nm. The airborne HSRL also measuresStudy (TexAQS) — Gulf of Mexico Atmospheric Composi-
backscatter at 1064 nm using the standard backscatter teckion and Climate Study (GoMACCS) based out of Houston,
nigue and is polarization sensitive at both 532 and 1064 nmTX (Parrish et al., 2009); the Cumulus Humilis Aerosol Pro-
The data products from the airborne HSRL are producedcessing Study (CHAPS) based out of Ponca City, OK (Berg
at high accuracy, with no assumptions in the calibrationet al., 2009); the CALIPSO and Twilight Zone (CATZ) field
and few assumptions in the aerosol retrieval algorithms, andampaign based out of NASA LaRC; a mission dedicated to
thereby offer an accurate and completely independent meanSALIOP validation flights based in the Caribbean islands;
by which to validate CALIOP data products. Because of theand the Arctic Research of the Composition of the Tropo-
importance of the 532 nm total attenuated backscatter calisphere from Aircraft and Satellites (ARCTAS) spring and
bration, this paper focuses solely on this fundamental prodsummer deployments based out of Barrow, AK and Yel-
uct. This paper also establishes a paradigm for validatioowknife, NWT, Canada, respectively (Jacob et al., 2010).
of satellite lidars and other spaceborne instruments that proHSRL also conducted a special series of nighttime flights
vide nadir-only measurements: a systematic series of aircrafbased out of Hampton, VA, to verify the long-term stability
flights along the satellite track employing instruments with of the CALIOP calibration. These flights covered the period
appropriate sampling geometries and measuring techniqueshen the CALIOP laser was intentionally transitioned from
to get an accurate and statistically significant database to valits primary laser to its backup laser due to a loss of pressure
idate the satellite products. HSRL validation of the CALIOP in the primary laser (Hunt et al., 2009) and are discussed fur-
level 1 1064 nm attenuated backscatter and level 2 productther in Sect. 5.3. Most recently, HSRL participated in the
are the subjects of future publications. Routine ARM Aerial Facility (AAF) Clouds with Low Lig-

The outline of this paper is as follows. An overview of the uid Water Depths (CLOWD) Optical Radiative Observations
HSRL validation flights are discussed in Sect. 2. Section 3(RACORO) campaign based out of Ponca City, OK. In addi-
describes the CALIOP and HSRL measurements and calibration, flights not associated with a specific mission were oc-
tions of 532 nm attenuated backscatter, as well as the condigasionally conducted during transit flights to or from NASA
tioning of the HSRL attenuated backscatter to the CALIOPLaRC and other destinations (denoted by “Other” in Table 1
reference altitude. The potential biases and uncertainties iand Fig. 1).
this comparison methodology are examined in Sect. 4. Sec-
tion 5 presents the results of the comparison, which are dis-
cussed in the context of the CALIOP calibration in conclu- 3 Comparison methodology
sion Section (Sect. 6).

3.1 CALIOP attenuated backscatter

2 HSRL validation flights The CALIOP data products are divided into categories as per
the standard NASA Earth Observing System (EOS) nomen-
The HSRL has completed 86 successful validation underclature: level 1 and level 2 (King et al., 2004). The level 1
flights of the CALIPSO satellite through 2009, acquiring 116 products are geolocated and calibrated profiles of total atten-
flight hours of data along CALIPSO orbit tracks. The aver- uated backscatter coefficients at 532 and 1064 nm and the
age time that HSRL spent along each CALIPSO track wasperpendicular polarized component of the total attenuated
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Table 1. Summary of HSRL flights and hours along the CALIPSO track for the field missions containing CALIOP validation components.

Mission Date Range Number of Number of hours
CALIOP flights on CALIOP track
CC-VEX 14 Jun 20067 Aug 2006 11 16.2
TexAQS-GOMACCS 28 Aug 2006—28 Sep 2006 10 13.8
CHAPS 3 Jun 2007-26 Jun 2007 8 10.9
CATZ 19 Jul 2007-11 Aug 2007 4 7.6
Caribbean 24 Jan 2008-3 Feb 2008 7 13.2
ARCTAS (spring) 1 Apr 2008-19 Apr 2008 12 17.5
ARCTAS (summer) 14 Jun 2008-10 Jul 2008 11 10.3
Nighttime Calibration 22 Jan 2009-17 Apr 2009 11 15.9
RACORO 17 Jun 2009-26 Jun 2009 3 4.0
Other 2007-2009 9 6.3
Total 86 flights 115.7 h

backscatter coefficient at 532 nm. Total attenuated backscat- 150" W 120" W 90" W 60" W
ter as a function of range, denoted BY(r), is the sum - ; '

) N\ ARCTAS 5% =
of the parallel and perpendicular components of attenuated| W\ - AN NG
, A . A ANy TN
backscatter profiles as defined in Eq. (1), denoted with the Q§_‘jﬁ\\ R “;;%5 B o
subscriptg| and_L, respectively. This paper deals solely with -~ . ' B J ;*m”i‘ygf

the 532 nm attenuated backscatter so no wavelength subscriptg‘?«/f N { Ee 60N
is used o’ (r). The attenuated backscatter profile is defined |-~
as the product of the backscatter coefficight;), and the
two-way attenuation of the atmosphefé&(r). This quantity

is also written in terms of the measured parallel sigRal,),
range,r, and non-range dependent parameters (the system

calibration constant);':
B'(r)= B, (1) + B ()
B (r) =By (NT%(r) =

30N

Py(r) ¥ (r) .
C ' 0
P (Y (r)

ﬁl(r) =B.(NT?(r) = @) Fig. 1. HSRL flight tracks of CALIPSO underpasses flown from

CL June 2006 through 2010 with approximate mission location noted.

The transmitter-to-receiver overlap function is describedB!Ue flight tracks indicates night time flights.
by W(r); however, all regions examined in this paper were
chosen such that this function is not range dependent and
it is therefore absorbed into the system constants for subsecal depth). Also, since the 1064 nm signal is calibrated rel-
quent equations. Note that the treatment is identical for thedtive to the calibrated 532 nm total attenuated backscatter
both the parallel and perpendicular polarization componentéHostetler et al., 2006; Vaughan et al., 2010), the calibra-
of attenuated backscatter. tion of all data products is fundamentally dependent upon the
The accuracies of the CALIOP level 1 products and manycalibration of the 532 nm parallel signal. The procedure for
of the level 2 products depend critically on the accuracy ofcalibrating the 532 nm parallel component of the attenuated
the calibration of the 532 nm para||e| component of the at- backscatter is described in detail in Powell et al. (2009) un-
tenuated backscatter prof"es_ First, the level 1 perpendicless otherwise noted, this StUdy uses the version 3.01 dataset
ular polarization signal is calibrated relative to the parallel (V3.01), released in early 2010.
polarized component of attenuated backscatter. The level During nighttime measurements, the CALIOP 532 nm par-
1 total attenuated backscatter, calculated from Eq. (1), isallel signalis calibrated by determining the ratio between the
then used to retrieve the level 2 lidar products, which in-measured signal (i.e., in digitizer counts) at a set altitude to
clude vertical profiles of aerosol/cloud backscatter and exthe total backscatter estimated for that altitude from an at-
tinction, aerosol/cloud layer base and top heights, and inmospheric model (Powell et al., 2009; Hostetler et al., 2006;
tegrated aerosol/cloud layer parameters (e.g., aerosol optRussell et al., 1979). The key to accurate calibration is to

www.atmos-chem-phys.net/11/1295/2011/ Atmos. Chem. Phys., 11,1295-2011



1298 R. R. Rogers et al.: Assessment of the CALIPSO Lidar 532 nm attenuated backscatter calibration

choose an altitude for which the atmospheric backscatter cato the nighttime calibration. The scale factors are derived
be accurately estimated and the lidar signal has sufficient sigusing attenuated scattering ratios calculated over cloud-free
nal to noise ratio (SNR) and linearity. Solving Eq. (1) for regions between 8 km and 12 km in altitude. The goal of this
the parallel calibration constant at a given altitude regign, calibration is to produce daytime clean air attenuated scatter-
gives ing ratios that are essentially identical to the nighttime clean
air attenuated scattering ratios at the same altitude and lati-
tude. In the version 2 data releases (V2.0x), the scale factors
are applied using a five-point piecewise-linear interpolating
function (Powell et al., 2008). The version 3 data release im-
In Eq. (2), the parallel polarization component of the proves upon this calibration scheme by applying a 34-point
backscatters (), is now expressed as the sum of the molec-latitudinally-dependent linear interpolating function (Powell
ular, 8. (r), and aerosolf| 4(r), backscatter profiles. The et al., 2010). In part because of the challenges experienced
CALIOP 532nm parallel signal is calibrated by averaging with the daytime calibration and the need for external, inde-
the signal over the 30-34 km range, where aerosol loadingpendent validation of the interpolation function, more HSRL
is assumed to be low and there is still sufficient molecu-validation flights were conducted during daytime and those
lar backscatter to produce a robust signal (Hostetler et al.flights were conducted over as wide a latitudinal and seasonal
2006; Powell et al., 2009). The current CALIOP calibra- range as was practical within the constraints of the B-200 op-
tion algorithm assumes only molecular backscatter in the calerational parameters and budget.
ibration region, which is computed using molecular num-  The calibration of the parallel channel is transferred to the
ber density profiles derived from the NASA Global Mod- perpendicular channels using data obtained during a polar-
eling and Assimilation Office (GMAO) model (Rienecker, ization calibration operation (Hunt et al., 2009). In this pro-
2008) and a known Cabannes backscatter cross-section (Shesss, a pseudo-polarizer is inserted into the optical path, pro-
2001; Hostetler et al., 2006). Estimates of the 532 nm paralviding equal signal to both channels and thereby allowing the
lel channel calibration factor are determined for contiguouselectro-optical gain between the parallel and perpendicular
55 km segments of the night side of the CALIOP orbit and channelsKpgr, to be determined. The 532 nm perpendicu-
are smoothed via a 27-segment (1485 km) running average ttar calibration constant is then written as
reduce noise. The running average calibration value is used
to calibrate the nighttime profiles for the level 1 attenuatedCL = KpGRC||- ®)
backscatter products.

For daytime measurements, the high solar backgroun

2Py (r¢)
(Bllm (re) + By, a(re)) T2(rc)

)

his paper focuses on the validation of the 532 nm CALIOP
alibration by comparison of the total attenuated backscatter

A , which can be rewritten from Egs. (1) and (3
in the 30-34 km region prevents calibration of the parallel%ﬁCA'-'op(r)) i it as. (1) S

channel via the molecular normalization technique described | r2Py(r)  r2PL(r)

above. Instead, the daytime signals are calibrated with refcaLiop(") = —¢ KparC (4)
spect to the calibration established during the previous night- ! PRI

time orbit. If the magnitudes of the nighttime and daytime Note that the random uncertainty Kpgris small (<1.0%)
signals are uniformly proportional with respect to latitude and systematic uncertainties are thought to be much smaller
for a given target (e.g., cloud-free regions between 8 km andhan the random uncertainty (Powell et al., 2009).

12 km in altitude), then the nighttime calibration coefficient  Previous studies have identified potential biases in the
can be readily adapted for daytime conditions via a constantCALIOP attenuated backscatter (Powell et al., 2009; Vernier
empirically derived scale factor. This approach was usecdet al., 2009). Sources of uncertainty in the CALIOP cali-
in the initial release of the CALIOP data, where the day- bration include uncertainties in the model-derived estimate
time calibration was estimated by a linear interpolation of of backscatter in the calibration region, nonlinearity in signal
the calibration coefficients at the endpoints of the two night-response of the CALIOP detection system, polarization cross
time data segments that bracket each daytime data segmeralk between the 532 nm parallel and perpendicular channels,
However, it was subsequently shown that this approach led tand errors from radiation-induced noise spikes. Based on
large errors in the daytime calibration due to thermally drivenanalysis of pre-launch test data and post launch science data,
changes in the alignment between the transmitter and the reerrors due to detector nonlinearity and polarization cross
ceiver as the satellite goes through day-night illumination cy-talk are considered to be insignificant (Powell et al., 2009).
cles (Powell et al., 2010). These alignment shifts cause th&kadiation-induced spikes in the 532 nm signals (e.g., due to
signal levels from identical targets to vary non-linearly over high energy protons impinging on the detector) can affect
the daytime portion of the orbits and thus preclude the use otalibration by causing errors in background subtraction (i.e.,
a constant scale factor to transfer calibration from nighttimesubtraction of the digitizer offset and constant background
to daytime measurements. To overcome these instrumersignal from background light) and errors in the signal level
anomalies, a time-dependent set of scale factors is applietheasured in the calibration range. These spikes are detected

Atmos. Chem. Phys., 11, 1298311, 2011 www.atmos-chem-phys.net/11/1295/2011/



R. R. Rogers et al.: Assessment of the CALIPSO Lidar 532 nm attenuated backscatter calibration 1299

and eliminated via an adaptive filtering technique (Powell (ﬂ) = parallel-to-perpendicular electro-optic
et al., 2009) prior to the calibration process, and therefore\ CL /est

should not make a significant contribution to the calibration gain from internal calibration

error. Cm

Uncertainties in the CALIPSO calibration are discussed by C_> . molecular-to-parallel electro-optic gain
es

Powell et al. (2009) and the CALIOP calibration is expected !
to have a bias no larger than 5%. This bias attributed to un-
certainties in the molecular backscatter in the calibration re-Second, this scattering ratio profil&()) is multiplied by
gion (3%), uncertainties in the aerosol backscatter in the calan estimate of the molecular backscatter profile computed
ibration region (4%), or unaccounted aerosol, molecular, androm the GMAO-derived molecular density profile and a
ozone transmittance between the instrument and the calibrazabannes-only backscatter cross section (Hair et al., 2008),
tion region (0.5%). The largest uncertainty is due to assumpyielding the total (aerosol plus molecular) backscatter profile
tion of negligible aerosol scattering in the calibration region. (in km—1sr1):

Indeed, Vernier et al. (2009) estimate that CALIOP level 1

total attenuated backscatter is systematically calibrated low (") = Bm(r) +Ba(r) = R(r) Bm Model(r)- (7)

~B0 i
_by 6% d_ue o ungccounted aerosol scattering up to _35 kl’T}\Iote that the HSRL measurement of scattering ratio is re-
in the tropics. Vernier et al. (2009) suggests calibration in theIated to the unattenuated backscatter profile:), and not

relatively aerosol-free region between 36 km and 39 km iden- : . .
o L h k fil Il h
tified in both SAGE and CALIOP data, however this is not the attenuated backscatter profile typically measured with an

. ted in CALIOP dat a. Thi | elastic lidar. The 532nm backscatter profile is then used
impiemented In LALILF data processing. 1his aerosol CoNy, wajinrate the sum of the HSRL parallel and perpendicu-
tribution in the calibration region will be addressed in future

. 2 . lar 532 nm channels to produce the 532 nm total attenuated
versions of the CALIOP calibration algorithm. backscatter profile:

from internal calibration (6)

3.2 HSRL attenuated backscatter 72 C
; PH r)y+
C ("a, rf)

BlisrL(rr) = ——— C—”) P, (r)], (8)
The airborne HSRL incorporates 532nm polarization- L/ est

sensitive elastic backscatter lidar channels similar to thosgyhere

on CALIOP as well as the spectrally-filtered molecular
backscatter channel at 532 nm, from which extinction is de-
rived via the HSRL technique. The relative electrical gains
and optical attenuations between the channels (the “electro- . . ©
optic gain ratios”) are determined via internal instrument cal- 2= a|r_craft aIt|tud_e o

ibrations (Hair et al., 2008). The HSRL 532 nm total atten- 't = altitude to which attenuation is referenced

uated backscatter profiles are determined from the internally-qr the HSRL profiles;; is chosen to be the highest altitude
calibrated profile measurements in a four-step process. Firstegion in the profile for which the transmitter-to-receiver op-
the sum of gain-scaled parallel and perpendicular channelica| overlap factor can be considered to be unity. This is
signals is divided by the gain-scaled molecular channel sigyypjcally 1.5km to 2km below the aircraft (6.5km to 7 km
nal, yielding theunattenuatedscattering ratioR(r), (the at- ajtitude). The value of the resulting profile rtis the total
tenuation terms in the numerator and denominator cancel ifhackscatter at that range. For altitudes betovB/ gr (1)

the ratio): is the product of the backscatter and the two-way transmit-

[ Pien+(cl), Pron)]
R(rt) Bm,Model(rt)

C'(ra,rs) = C T?(ra,rv)

p A\ p tance fromvt to r.
RG) = 1)+ (Z)est 1(r) _ Bm(r)+Ba(r) (5) The reference altitude range for CALIOP attenuated
B (%) Pu(ry  Bm) backscatter is 30-34 km, a calibration altitude considerably
Cii /st higher than the altitudes measured by the HSRL. The fi-
Where Eq. (5) uses the following definitions: nal step in conditioning the HSRL data for assessment of
1 CALIOP calibration is to transfer the reference altitude of
P|(r) = —Cj [ﬂm,u(r)-l-ﬁA,n(r)] T2(r) the attenuate_d HSRL backscat'Fer_ to the CALIOP_ cal_lbrat|on
r ) reference altitude of 30 km. This is done by multiplying the
=HSRL parallel channel signal attenuated backscatter profile by an estimate of the attenua-

1 : -
PL(r)= r_zci (B L")+ Ba.L(F)] T2(r) tion between ther and 30 km to obtain:

2
= HSRLperpendicularchannelsignal BhsrL(rr30km) = Blysr (1) T “(r, r30km)
1 ) 30km
Pm(”)—ﬁCH[,Bm,ll(”)'Fﬂm,L(”)]T (r) — BlspL(rrnexp| —2 / a(dr' | (10)
=HSRL molecular channel signal

rf
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The transmittance term includes extinction due to molecularDue to the highly variable nature of clouds and thick aerosols
scattering and ozone absorption losses estimated from thein the planetary boundary layer (PBL), the altitude range
number densities in the GMAO model between the HSRLused in the calculation was restricted to cloud-free regions of
532 nm total attenuated backscatter calibration attitude andhe free troposphere, from the aircraft to the top of the PBL,
that of CALIOP. Background aerosol extinction between thewhere aerosol loading is generally much lower and much less
two altitudes is unknown and is therefore not included. How- variable both spatially and temporally. Altitude regions other
ever, the presence clouds or thick aerosols above HSRL cathan the “clear air” free troposphere are addressed on select
lead to large errors in the estimated two-way transmittancecases in Sect. 5.4 below.
which are further discussed in Sect. 4.2. In this example, the altitude range selected was in the 4—

In the presence of thin ice clouds Eq. (10) must be modi-7 km region and yields a mean difference of 2.1% with a
fied to include a multiple scattering factor inside of the ex- standard deviation of 5%. For this case, a less conserva-
ponential (Winker, 2003). This factor is not included in tive choice on altitude range was not found to create sig-
the equation because it does not apply to extinction due taificant differences. For instance, using altitude range of 1
molecular scattering or ozone absorption. Also, any aeroso¥ km yields similar results (average difference = 2 2%%).
layers above HSRL in this study should be vertically thick However, the conservative approach of staying well above
(layer thickness>0.5km) and not require a significant mul- the PBL is followed for the calibration assessment results
tiple scattering correction (Winker, 2003). presented in this paper.

To minimize transmittance errors due to clouds and
aerosols, the CALIOP level 2 Vertical Feature Mask (VFM)
(Vaughan et al., 2004) is used to detect the presence of clou

and aerosols above the aircraft and eliminate high altitUdeSystematic and random uncertainties due to the HSRL val-
aerosol or cloud-contaminated profiles from calibration COM-;jation methodology must be discussed to truly assess the
parisons. Furthermore, a.V|suaI mspecuon of the _Ievel_l' at'CALIOP calibration. This ensures the reported differences of
tenuated backscatter profiles verified proper VFM Identlflca'CALIOP 532 nm total attenuated backscatter relative to that
tion of high altitude clouds or thick aerosols in the region . i.cp| are only due to the CALIOP calibration scheme
abovg HSRL for all cases presented in this paper. and not due to the calculation of HSRL attenuated backscat-
An important aspect of HSRL attenuated backscatter calyg o he scaling of the HSRL data to the CALIOP calibra-
ibration is that it is based on internal instrument calibration. ;| region discussed in Sect. 3.2. Differences due to tem-

The internal calibration enables accurate estimation of tOtaboral mismatch of the HSRL and CALIOP measurements
(i.e., aerosol plus molecular) backscatter, thereby eliminats

\ N 3 , oY should average to zero given the large number of cases; how-

ing calibration errors associated with uncertainties in aerosol, .« this is also verified.

loading at the calibration altitude. This differs from CALIOP

calibration and the calibration of backscatter lidars in gen-4.1  Uncertainty due to the HSRL calibration of

eral which either (a) assume, sometimes incorrectly, that the attenuated backscatter

aerosol loading in the calibration region is negligible or (b)

requires independent information on aerosol loading at theSystematic differences between HSRL and CALIOP 532 nm

calibration altitude. total attenuated backscatter profiles could be due to a bias
in the HSRL calibration of attenuated backscatter (aerosol

3.3 Sample HSRL underflight from 24 September 2006  or molecular backscatter in the 7 km calibration region and
the transmittance to the calibration region), or the scaling of

An example HSRL and CALIOP 532nm total attenuated HSRL attenuated backscatter to the CALIOP calibration al-

backscatter comparison from 24 September 2006 is shown ifitude (30-34 km).

Figure 2. The time series “curtain plots” of the CALIOP (a)  Similar to CALIOP, HSRL derives an estimate of molec-

and HSRL (b) 532 nm attenuated backscatter cover a distancglar backscatter using the GMAO meteorological model to

of ~270km along the CALIPSO track indicated in the flight infer molecular number density and an estimate of the Ca-

track map (c). The enhanced backscattering in the CALIOPhannes cross section (Hair et al., 2008). The Cabannes

measurements above 13 km on the southern end of the tragkackscatter cross section is a straightforward theoretical cal-

(less than 34N) is due to cirrus clouds. As mentioned above, culation (She, 2001) and the value used by HSRL is consis-

the profiles in which these clouds occur were removed fromtent with that of CALIOP (within 0.09%). Any uncertainty in

both the CALIOP and HSRL mean 532 nm total attenuatedihe molecular backscatter will be dominated by the accuracy

backscatter profiles (d). These mean profiles are the basis fajf the GMAO model which is used by both CALIOP and

the difference calculations, calculated by: HSRL in the data retrievals. Hair et al. (2008) estimated the

. . error due to temperature and pressure in the HSRL molecular
differencer) = 100. Prisr( r30km) — Beariop(") (11)  backscatter to be less thari%.

/3|/-|5R|_(r, 30 km)

d% Uncertainty due to the comparison methodology
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Fig. 2. The 532 nm attenuated backscatter curtains referenced to 30 km(@dDALIOP (5 pt temporal running average) afiy) HSRL

on 24 September 2006 from 08:00 to 09:15 UTC. The white vertical line indicates the closest point of approach (CPA), 08:20 UTC, and the
magenta horizontal line indicates the B-200 flight altitude. The flight track (@eghows the HSRL flight path (blue) and CALIOP (red).

Mean HSRL (blue) and CALIOP (red) 532 nm total attenuated backscatter profiles are sh@yun in

Unlike standard backscatter lidars, the HSRL technique4.2 Uncertainty due to the estimate of the two-way
implemented does not rely on a calibration from the atmo- transmittance used to scale airborne HSRL
sphere. The internal calibration of the airborne HSRL has attenuated backscatter to the CALIOP reference
been thoroughly examined and uncertainty in the aerosol altitude (30—34 km)
backscatter profiles is estimated to be less thar8% (Hair
et al., 2008). The two-way molecular scattering and ozone absorption

Atmospheric attenuation between the HSRL (aircraft) al-leads to attenuation between the HSRL attenuated backscat-
titude and the HSRL attenuated backscatter calibration reter calibration altitude-{7 km) and the CALIOP calibration
gion is due to aerosol and molecular extinction as well asaltitude (30 km). The transmittance in this study is typically
ozone absorption (Eq. 9). The HSRL calculation of attenu-around 87% (Eq. 1052, ccuianozond- POteNtial biases which
ated backscatter only accounts for the molecular scatteringzould influence the transmittance term can be due to ozone
This is accomplished using the GMAO model and an esti-absorption, molecular scattering, and clouds or aerosol atten-
mate of the Rayleigh scattering coefficient, which amountsuation. Because the aerosol and cloud profiles are unknown,
to approximately an attenuation of 1.6% for nominal HSRL they are not accounted for in the transmittance term; only the
altitudes. Note that the molecular attenuation was not aciransmittance from molecular scattering and ozone absorp-
counted for in Powell et al. (2009), so the resulting biasestion is included. Uncertainty in the molecular scattering (due
presented there are larger than those reported here. THe accuracy of the GMAO temperature profile) is thought to
ozone absorption is not accounted for in the HSRL calcula-be less thar-2% (Russell et al., 1982), based on the altitude
tion of attenuated backscatter because the ozone absorptidange considered (0-30km). The ozone attenuation term is
is estimated to be approximately 0.05% for nominal HSRL small (7,9 S0 any bias induced by this correction should
altitudes. While HSRL measures the aerosol scattering rabe negligible.
tio in this region, the aerosol extinction (and hence aerosol The CALIOP VFM is used to remove any profiles with
transmittance) is not calculated due to system overlap. Theloud, aerosol, or stratospheric layers above the HSRL mea-
aerosol transmittance is therefore neglected in Eg. (9); howsurements; however undetected features will introduce biases
ever observing large scattering ratios in this region can bdnto the comparisons. To bound the maximum potential bias
used to quality assure the HSRL attenuated backscatter. Ttroduced by undetected high altitude aerosols and clouds,
estimate the maximum bias due to the neglected aerosol athe CALIOP level 2 (layer product, version 3.01, 5 km res-
tenuation, the aerosol extinction is integrated assuming @Ilution product) cloud optical thicknesses (COT) were com-
scattering ratio of 1.05 (Eq. 5) and a lidar ratio of 50 sr. This puted above the HSRL altitude for all 86 flight tracks (Fig. 3).
amounts to a conservative estimate of less th@5% un-  The minimum CALIOP COT above HSRL provides an es-
certainty due to unaccounted aerosol transmittance. timate of the minimum detectable COT and the maximum

bias introduced by undetected clouds. Although the HSRL

www.atmos-chem-phys.net/11/1295/2011/ Atmos. Chem. Phys., 11,12952011
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the CALIOP L2 VFM used for cloud screening may intro-
duce a bias no larger than 1.5%. Unlike the molecular uncer-
_ : : _ : tainty discussed above, cloud contamination between HSRL
LA g SRR ERPPP SRTTPP R S and CALIOP will systematically affect the comparison, in-

: : : : troducing a bias.

Neglecting undetected aerosols may also bias the trans-
mittance term. However, the optical depth in the upper tro-
posphere and stratosphere is generally low (AOQ005)
in the absence of any large injections of aerosol into the
stratosphere &ber, 2005). In a relevant example, Rogers
: : : et al. (2009) found the 532 nm AOD above 6.3 km to be 0.01
S S ALl B TN Il aalleS S during the Megacity Initiative: Local and Global Research

: : Observations (MILAGRO) campaign during 2006 in Mex-
: : : : ico. In order to estimate the possible bias introduced by un-
0 0.1 0.2 0.3 0.4 accounted aerosol transmittance, a constant scattering ratio

25

N
(@)

[y
(63}

=
(@)

Frequency

COT over HSRL of 1.05 and a lidar ratio of 50 sr is assumed in the 30 km to
8 km region and yields a maximum undetected AOD of 0.011
Fig. 3. Histogram of cloud optical thicknesses for clouds above (Tazemsolz 0.978). On occasion, volcanic activity can inject

7.5km and consequently above the maximum height observed byplumes into the upper troposphere and lower stratospheric
HSRL from all flights (day and night). The vertical black line cor- region with large scattering ratios and 532 nm optical depths
responds to a COT of 0.0125. exceeding 0.025 (Mattis et al., 2010). In general volcanic
plumes are not always identified in the CALOP VFM, al-
though the temporal average in this study should allow the
validation flights generally targeted cirrus free forecasts, athicker volcanic layers to be identified by manual inspec-
significant amount of COT over a portion of the HSRL track tion of the profiles. From Mattis et al. (2010), we estimate
is observed on approximately 25% of the flights. The min-the maximum upper troposphere plus stratospheric optical
imum COT found in this dataset was 0.0016, but we esti-depth to be around 0.015, with a careful examination of the
mate an upper bound of the minimum COT of 0.0125 from data recommended closer than one month to volcanic activ-
Fig. 3 (slightly less than the most frequent COT). The COTity. This corresponds to a maximum bias of 3.0% due to
reported by CALIOP is the single scattering COT (i.e. cor- unaccounted aerosol attenuation.
rected for multiple scattering) (Winker, 2003). As mentioned
in Sect. 3.2, the CALIOP level 1 product comparison pre-4.3 Temporal mismatch between the airborne HSRL
sented here would be biased by the transmittance due to ~ and CALIOP observations

both single and multiple scattering, so the minimum COT
is multiplied by a multiple scattering factor of 0.6, which 1ne HSRL and CALIOP mean 532 nm attenuated backscat-

applies for ice clouds only (Winker, 2003). This results in ter profiles in the previous sections were averaged in time
a minimum detectable COT of 0.0075. or a maximum bias@Ver the entire (cloud-free) spatially coincident HSRL flight
due to undetected clouds of 1.5%. Due to the large num{rack to ensure the best SNR in the CALIOP profile. How-
ber of daytime flights relative to nighttime considered in €Ve', the actual HSRL and CALIOP coincidence occurred in-
Fig. 3, the bias is more representative of daytime detectiorptantaneously, atasingle location and time during each flight.
values. This analysis is consistent with an expected day&enerally, the free troposphere “clean air” is spatially and
time bias value estimated from CPL measurements. McGilllémporally stable for the time and space scale considered in
et al. (2007) determined that the CALIOP minimum de- this study (Anderson et al., 2003). The stability is tested by
tectable backscatter (MDB) at 5km resolution is approxi- evaluating the clean air difference as a function of time from
mately 1.7x 10-3km~1sr1 (daytime). Scaling this value the closest point of approach (CPA) (i.e., where the aircraft

to 80 km (multiply by sqrt(80/5)) to compare with the above and satell!te are coincident in time). This is accomplished
analysis, we estimate the 80 km MDB to be approximatelyby averaging the HSRL 532 nm total attenuated backscatter

4.25% 10-3km~1sr1. Now, assuming a mean lidar ratio of into 20 min bins centered about the CPA. The spatially cor-

25 st (Winker et al., 2009) (multiply by 25 sr) and layer thick- "esponding CALIOP data were similarly averaged and the
ness of 1 km (multiply by 1 km), the minimum detectable op- mean dlfferen_ces calcula_ted as functlon_s from the CPA_. Be-
tical thickness is estimated to be 0.0106. Accounting for thec@use each flight has a different mean difference and this hy-
two way transmittance (multiply by 2) and ice cloud multiple POthesis investigates relative changes, the mean difference
scattering factor (multiply by 0.6), the bias due to undetected©’ the_ent|re flight is subtracted from each 20 min bin for
clouds is approximately 1.3% ¢, ,= 0.987), agreeing with each flight.

the above analysis. In summary, thin clouds not detected by
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sible difference of 4.5% (CALIOP lower) with the uncertain-
100 ties amounting to a maximum &f3.2% (in a root sum square
Lo B 90 (RSS) sense). Because these potential error sources are not
known, they are not corrected for in this paper. The intent of
Table 2 is to rigorously establish the maximum uncertainty
from all sources that must be considered for CALIOP valida-
tion with an airborne lidar.

HSRL/CALIOP Time Evaluation

&

e B 80

Difference [%)]
o
No. Points

5 Results

5.1 Version 3.01 CALIOP 532 nm total attenuated
backscatter comparison with HSRL

. . . . . . . As discussed in Sect. 3.3, relative difference profiles are cal-
0 2 Breromepamig. 0 culated in the clean air region from the mean HSRL and
CALIOP 532nm total attenuated backscatter profiles for
Fig. 4. The relative difference as a function of time from the cPA. €ach flight. The large number of coincident measurements
Relative differences were binned into 20 min bins with the mean@llows a statistical comparison to be performed. The result-

and standard deviation of each bin reported (black) and the numbeing differences in the clean air regions identified for all 86
of points in each bin (grey bars). flights are summarized in Fig. 5. Due to differences in the
CALIOP calibration approach for the day and night segments

of the orbit, the calibration differences in Fig. 5 are plotted

Figure 4 summarizes the relative differences for all flights, separately based on lighting conditions.

with the mean and standard deviation of the relative differ-  The nighttime difference distribution is a direct assessment
ences plotted for each 20 min bin as well as the number obf the CALIOP 532 nm total attenuated backscatter calibra-
points in each bin (grey bars). No significant discrepanciesion procedure and shows a mean difference of +2.7% with
(within 1%) are observed as the time from the CPA is in- a standard deviation of 6.3%. The daytime difference is
creased. This indicates that the mean difference for eachlightly larger, with a mean difference of +2.9%, and stan-
flight is a good approximation for the mean difference at thedard deviation of 20%. The larger spread of the daytime dis-
CPA and the temporal averaging of the entire profiles doesribution is due to noise in the solar background. Indeed,

not influence the analysis. we found that the amount of daytime spread relative to the
o o nighttime agrees well with the calculated random error due
4.4 Summary of systematic biases and uncertainties the background signal of CALIPSO for these flights, calcu-

. . .. . lated following Liu et al. (2006).

Al "”OYV” potentlal systematic and random uncertainties in In order to assess the latitudinal and seasonal dependence
the validation methodology are presented to ensure any r€s¢ ihe yersion 3.01 dataset, the mean difference profiles were
ported dlfference_s of the CALIOP 532nm total attenuatedaveraged vertically and horizontally over cloud-free regions
backscatter relative to HSRL are solely due to the CALIOP ¢ 6 free troposphere to obtain a single difference point for
calibration scheme. Systematic differences could be intro,p SR underflight and assigned the mean latitude for
duced by uncertainty in the HSRL calibration ,Of l"‘ttem"""mdthat underflight. The difference from each flight is shown in
backscatter (aerosol or molecular backscatter in the 7 km CaIFig. 6 as a function of latitude and colored by month, similar
ibration region and the transmittance to the calibration -0 results shown in Fig. 11 of Powell et al. (2009). In this

gion), or the scaling of HSRL attenuated backscatter to they 5\ sis. each vertical sample was treated as an independent
CALIOP calibration altitude (30km). The temporal mis- 1044 rement so the error bars represent the standard error of
match between HSRL and CALIOP was not found t0 intro- the mean (j.e. the standard deviation divided by the square
duce any uncertalnty. , ) , root of the number of points).

All of the uncertainties are summarized in Table 2. The  ag eypected from Fig. 5, the mean difference of each flight
dominant error source is due to the scaling of the HSRLq generally positive in both day and night lighting condi-
532nm total attenuated backscatter from the HSRL cali+jons The means of these data points are also positive (2.7%
bration altitude (7.5km) to that of CALIOP (30km). As nighttime and 2.9% daytime, CALIOP lower), with the stan-

mentioned above, the biases with a known sign (e.9. cloudyarg geviations (2.1% nighttime and 3.9% daytime), repre-
or aerosol contamination between HSRL and CALIOP will goning the measured variability of the average calibration

cause a positive bias) are distinguished from the uncertaing;tarence.
ties, which will not bias the comparison consistently in a sin-
gle direction. At most the biases can lead to a maximum pos-
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Table 2. Summary of systematic and random uncertainty sources that may influence the validation of the CALIOP 532 nm total attenuated

backscatter with the airborne HSRL measurements.

Uncertainty in the HSRL calculation of attenuated backscatter

HSRL Molecular Backscatter +1%
HSRL Aerosol Backscatter +2.3%
Transmittance to calibration region +0.5%

Uncertainty in scaling the HSRL attenuated backscatter to 30 km

Molecular Scattering +2%
Ozone Absorption ~ 0%
Aerosol Scattering 0-3%
Cloud Extinction 0-1.5%
Maximum Uncertainty 4.5%3.2%

5.2 Version 2.0x CALIOP 532 nm total attenuated

Version 3.01 , X
200 . . . backscatter comparison with HSRL
Day 5 5 Night
N =5424 : N= 2320 The version 3.01 CALIOP level 1 product was released in
mean = 2.9% : mean = 2.7% early 2010, with significant modifications made to improve
o O ¥ e b the overall operational code; the modification to the ver-

sion 3.01 daytime calibration algorithm was discussed in
: B : Sect. 3.1. An example of the improvement from the version
100 R 1 S 2.0x to the version 3.01 CALIOP 532nm total attenuated
: : I backscatter daytime measurements was observed by HSRL
; ; : on 16 October 2008 (Fig. 7). The version 2.0x clean air dif-
50 : B I Sl ference was 20.2% and the version 3.01 difference was 1.9%
: : for this example, which is by far the largest difference ob-
served in the version 2.0x data product.

The version 2.0x clean air differences for all HSRL flights
are summarized in Fig. 6¢c and d. The mean nighttime dif-
ference for version 2.0x is nearly identical (2.2%) to that of
) o version 3.01, which is expected because the CALIOP night-
Fig. 5. Distribution of the average 532nm attenuated backscattet; e calipration procedures were essentially unchanged in
gf;{f:(;eﬂ'igg?e clear air regions identified for all night (blue) and version 3.01. The version 2.0x daytime difference (1.3%)

' was slightly smaller than the difference observed in version
3.01; however this is due to more negative differences in
o , i the version 2.0x comparison. Indeed, the standard devia-

_The nighttime flights show a slight seasonal dependence,, of the version 2.0x comparison is 5.1% in the daytime,
with higher differences Seen in the summertlme _(.June_ aNGyhich is larger than in corresponding standard deviation in
August) months ar_1d lower differences in the sprlnglwmterthe version 3.01 comparison (3.9%). Overall, many of the
months. These differences are most likely due 10 stratoy,q jon 2 0x daytime flights with differences larger (smaller)
spheric aerosol in the CALIOP calibration region in the SUM-4h2n 10% £10%) in Fig. 6 show significant improvement in

mertime months for these latitudes (Hostetler et al., 2006) ot o Al 0P version 3.01 calibration, such as the 16 October
aerosol loading in the free troposphere (Vernier et al., 2010)2008 case highlighted in Fig. 7.

and are discussed further in Sect. 3. The daytime differences

do not have an obvious latitudinal or seasonal dependence .3 CALIOP 532 nm attenuated backscatter calibration
expected due to improvements in the CALIOP version 3.01 through the 2009 laser switch

daytime calibration via the interpolation function. Many of

the outliers are from flights where only a short segment of theThe CALIOP primary laser was intentionally shut down in
flight track was considered (e.g. screened due to cirrus abovEebruary 2009 due to a slow loss of pressure in the pri-
the aircraft). The smaller horizontal averaging of CALIOP mary laser canister and CALIOP switched to the backup
data for these cases results in larger error bars. laser (Hunt et al., 2009). A dedicated series of nighttime

Frequency

0 A - V .
-40 -20 0 20 40
% Difference (HSRL-CALIOP)
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Fig. 6. Version 3.01 532 nm total attenuated backscatter differencga)aight and(b) daytime lighting conditions as functions of latitude

and month (color). Each data point represents the average clean air difference over an entire HSRL flight. Version 2.0x differences (discussec

in Sect. 5.2 below) are also shown for nigbf and day(d).
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Fig. 7. Time seriesd andb) same as Fig. 2 except for daytime flight on 16 October 2008 over North Carolina and Virginia. Average 532 nm
total attenuated backscatter profiles (cloud screened) for CALIOP version 2.0x and version 3.01 are also shown comparecttandSRL (

d).

HSRL validation flights was performed to ensure calibra- nearly identical for the primary laser (0.91%) and the backup

tion consistency across the laser transition, with six flightslaser (1.2%) and indicate that the CALIOP 532 nm total at-

prior to the laser switch and five follow up flights to assesstenuated backscatter calibration was maintained through the
the backup laser. Figure 8 shows the flight tracks and dif-laser switch.

ferences from these dedicated flights. The differences are

www.atmos-chem-phys.net/11/1295/2011/
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2009 Night Flights ing both the CALIOP VFM and HSRL cloud detection rou-

: : : : tine (detected as sharp gradients in the raw signals using a
} § three point Haar wavelet covariance transform, Gamage and
5 5 5 Hagelberg, 1993), as well as a manual inspection to ensure
2++ “““ + ,,,,,,,, * ,,,,,,,, that only cloud-free profiles were used in the comparison. A

: : : : } total of twenty two cases (eight nighttime and fourteen day-
+ * time) was found to meet all of these selection criteria. The
: : R : HSRL and CALIOP mean 532 nm total attenuated backscat-
¢ ! * ter profiles for all twenty two cases are presented in Fig. 9.
JL

The mean difference profile from all twenty two flights
) is shown in Fig. 10, separated by day and night. For plot-
January — February 2009 March — April 2009 ting purposes, the differences were binned into 500 m bins,
Primary laser © Backup laser: with the error bars representing the standard error of the
: : : : : mean for each bin. Further averaging the day and night pro-
‘40 2 4 6 8 1'0 12 files together, a near-constant difference of 3.1% is observed

Flight Number throughout the profile, which is consistent with the “clear

air” difference of these twenty two flights (2.4%). To esti-

Fig. 8. Flight track map showing the locations of the HSRL under- Mate the change over altitude, a linear regression was per-
flights of CALIPSO between January and April 20¢9 and the formed treating the altitude as the independent variable al-
corresponding 532 nm attenuated backscatter differefbyellight ~ lowing the percent difference to be expressed as:

flights show the consistent calibration of CALIOP primary (black) .
and backup (blue) laser. difference[%] = 0.011.- altitude[km] + 3.1%. (12)

% Difference (HSRL-CALIOP)
o
-

The slope of 0.011% per kilometer suggests that over a 10 km
range the difference will vary by less than 0.1% due to verti-
cal variability and the vertical range selected for each flight
does not influence the results in cloud-free regions.

To assess whether the CALIOP 532nm total attenuate Figure 11 shows the mean CAUOP 532nm total at
) . nuated backscatter plotted against that of HSRL for all
backscatter has any altitude dependence with respect to that. .
. . . altitudes of all twenty two cases. Clearly, they are
of HSRL, difference profiles were computed as a l‘unctlonWeII correlated {2 = 0.88) and have a slope near unit
of altitude over the full vertical range of the HSRL profiles. ) P y

While Anderson et al. (2003) indicate that there should be Iit-(S|0pe: 1.03) across a large range of gttenuated backscat-
N . o ter values. This demonstrates the consistent accuracy of the
tle expected variation in aerosol concentration within a few

o CALIOP attenuated backscatter over the large dynamic range
hours on average, the largest variations are expected to oc-

cur inside the PBL (rather than in the free troposphere) du of aerosol loading present in these twenty two cases. Note

. . . %hat the lowest attenuated backscatter reported by HSRL
to local sources of aerosol, higher relative humidity, chang-(N0 6x 10-3km-Lsr-1) is limited by molecular scatter-

ng meteorolog|cal conditions, anq ot'h.er similar factors. In ing at the highest altitude that HSRL calculates attenuated
order to examine the temporal variability further, the HSRL
. . . ackscatter.

attenuated backscatter profiles were examined on flights thal
flew a CALIPSO track and then back tracked the same path
on the return to base. The overlapping tracks were matcheg piscussion and conclusions
up in a gridded latitude/longitude space, allowing a direct
measurement of how much the attenuated backscatter profilghe results and methodology of the most extensive system-
changed as a function of time (at multiple matching locationsatic study of the CALIPSO 532 nm total attenuated backscat-
along the track). This analysis suggested that the HSRL atter product to date are presented using an internally cali-
tenuated backscatters were well correlat€d(0.9) in the  brated airborne HSRL, providing an independent verifica-
PBL with up to at least 45 min separation. tion of the CALIOP calibration. The version 3.01 CALIOP

Therefore, a subset of the 86 flight comparison dataseb32 nm total attenuated backscatter was found on average to
was considered with tighter constraints on temporal sepabe only slightly lower (2.7% 2.1%) that the HSRL 532 nm
ration of HSRL and CALIOP. In this subset, only HSRL attenuated backscatter in clean air during nighttime mea-
data within 45 min of the CALIOP closest point of approach surements, directly validating the CALIOP calibration al-
were considered, which is slightly larger than the 30 min cri- gorithm. A slight seasonal dependence is observed in the
terion used by Mona et al. (2009). Furthermore, becauseighttime differences, which is attributed to the stratospheric
clouds are highly variable in the atmosphere both HSRL andaerosol influence on the CALIOP calibration in the summer-
CALIOP data were screened for clouds at all altitudes us-time months for the latitudes of nighttime HSRL operation.

5.4 Altitude dependence of the CALIOP 532 nm total
attenuated backscatter?

Atmos. Chem. Phys., 11, 1298311, 2011 www.atmos-chem-phys.net/11/1295/2011/
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Fig. 9. Mean CALIOP (red) and HSRL (blue) 532 nm attenuated backscatter for all 22 cases meeting the criterion in the text for an assessment
of the complete CALIOP vertical profile.

Additionally, this study also found no change in the nighttime lite lidar validation with an airborne lidar. Systematic and
calibration of 532 nm total attenuated backscatter through theandom uncertainties considered in this methodology include
laser change out in early 2009. This study also quantitativelythe following: HSRL calibration of attenuated backscatter
assesses the daytime version 3.01 CALIOP 532 nm total atdue to errors in the aerosol and molecular backscatter in the
tenuated backscatter coefficients, which are found on averealibration region and transmittance to the HSRL calibration
age to be only slightly lower (2.9% 3.9%) than the HSRL region; biases due to scaling the HSRL attenuated backscat-
532 nm attenuated backscatter measurements. Furthermorter to the CALIOP calibration region; biases due tempo-
the daytime calibration values exhibited no obvious latitudi- ral and spatial offsets of the HSRL and CALIOP measure-
nal or seasonal dependence (withitt0%), indicating accu- ments. The error derived from the analysis presented here
rate performance of the version 3.01 daytime interpolationis smaller than 4.5%: 3.2% (CALIOP lower). This implies
function. that the CALIOP 532 nm total attenuated backscatter profiles

The comparison methodology presented here is thorare well calibrated within the ability of HSRL to measure.
oughly examined and intended to establish a model for satel-
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8 . . . . cause the Raman lidar technique, like the HSRL technique,
: difference [%)] = provides a more direct measurement of the extinction pro-
[ 0.011 * Altitude [km] file. However, comparisons of nadir (CALIOP) and zenith
| +31% (ground-based) lidar profiles can have higher uncertainties
""""""""""""""""""" -] due to differences in viewing geometry. For example, Ans-
; : mann (2006) found that Klett retrievals from zenith-viewing
; : . lidar could differ in extinction and backscatter profiles by as
"""""""" much as 20% from a nadir-viewing lidar observing the same

: : : : scene due to the viewing geometry in complex scenes (e.g.
: : : : multilayered), with better agreement in simple schemes (e.qg.
........... single lofted aerosol plume).

: : ' : Two ground based Raman lidar studies have provided
guantitative assessment of the CALIOP 532 nm attenuated
0 - : : : backscatter calibration and show promising results. In clear
-2 0 2 4 6 8 sky conditions, Mona et al. (2009), found CALIOP to bias

Percent Difference [%)] slightly low in the free troposphere and very low in the PBL
(below 2.5km). Pappalardo et al. (2010) show similar re-
Fig. 10. The mean difference between HSRL and CALIOP for all sults from comparisons between several EARLINET lidars

22 cases presented in Fig. 9, separated by day (red) and night (blugfnd CALIOP with similar results. Additionally, Powell et
The black line represents the linear regression of all 22 cases (treal- (2009) present the first nighttime HSRL validation flights
ing altitude as the dependent variable). through 2008, which are a subset of data presented here.

However, the results from Powell et al. (2009) did not ac-
count for molecular transmittance in the HSRL calibration

[e2]

N

Altitude [km]

N

x10° N (see Sect. 4.1) which resulted in an overestimation in HSRL
3[r*=0.88,N'=5108 " S * 120 by approximately 1.6%. Table 3 summarizes the published
o bias = 3e—005 km ' st (3.1%)" 2= lidar studies which quantitatively assess CALIOP level 1 at-
' 2.5[1itis 20,0002 kin "t &r 7t (15,606 o 100 tenuated backscatter to date.
7 5 - 5 -1 - The differences found in this study agree in the free tropo-
£ R - sphere with the results from previous studies. However, this
“% o S ..__.;I .............. ] 60 study found good agreement between HSRL and CALIOP
nr ; 532 nm total attenuated backscatter inside the PBL (below
ST 7 S 20 ~3km) while previous studies suggest that CALIOP may
) be biased low in this region. In Sect. 5.4 the vertical pro-
z 05k . 20 file analysis clearly demonstrates that the CALIOP attenu-
o= : : : ated backscatter profiles are linear through the vertical range
0 - 2 2 o investigated and the assessment in the free troposphere ap-
0 1 2 3 plies to the entire vertical profile. Note that these previous
HSRL B [km *sr™Y] x 1072 guantitative studies were conducted using ground based li-

232 dars. Due to differences in the nadir (CALIOP) versus zenith

Fig. 11. Scatterplot of HSRL and CALIOP 532 nm total attenuated (ground-based) viewing geometries and spatial mismatch,

backscatter values from the 22 cases presented in Fig. 9. The whitsUCh comparisons may lead to ambiguous results. Discrep-
dotted line indicates the one to one line and the solid white line is a@Ncies between nadir- and zenith-viewing approaches may be
bilinear fit. The colorbar indicates the number of points in each bin.due to spatial offset of the ground station and the CALIPSO

track or temporal averaging of the CALIOP data around the
overpass, coupled with influences of local sources and com-
In addition to aircraft studies previously discussed (McGill plex terrain between the satellite track and the ground station
et al., 2007), ground based lidars have also offered an agiMona et al., 2009). The largest discrepancies due to these
sessment of CALIOP attenuated backscatter profiles. Kinconsiderations are expected appear in the PBL. Indeed, con-
et al. (2008) qualitatively show good agreement between arsider the average minimum distance presented by Mona et
elastic backscatter lidar and CALIOP attenuated backscatteal. (2009) was 66.5 km. Assuming a uniform 20 km/h wind
In another study, Mamouri et al., 2009 used a ground basedalso assuming directly between the CALIPSO track and the
Raman lidar for nighttime validation and an elastic backscat-lidar), the minimum equivalent temporal separation between
ter lidar for daytime validation of the CALIOP 532 nm to- the measurements is over 3 h, when the aerosol correlation
tal attenuated backscatter. Note that a Raman lidar has astarts to decrease (Anderson et al., 2003). Another potential
advantage for validation over an elastic backscatter lidar beerror source is the estimation of a nadir viewing attenuated
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Table 3. Summary of lidar studies to date quantitatively validating the CALIOP level 1 532 total attenuated backscatter product. Note that
all differences are reported in terms of “Lidar — CALIOP” and that all previous studies used the CALIOP version 2 data release.

Study Number of 532nm Altitude range
cirrus free cases attenuated
backscatter
difference [%]
Pappalardo et al. (2010) 46, night 4.6%%60% 1-10km
Mona et al. (2009) 11, night 2420% <25km
2+12% 3-8km
Mamouri et al. (2009) 12, day 10+12% 3-10km
15, night 34+34% 1-3km
4+6% 3-10km
15+16% 1-3km
Powell et al. (2009) 9, night 5% ~ 3 km-7 knf
This study (version 2.0x) 56, day 1.3+5.1% ~3km=7 knf
20, night 22+1.7%
This study (version 3.01) 66, day 2.94+3.9% ~ 3km-7 knf
20, night 2.7+2.1%

2 Altitude ranges varied, but no dependence noted.
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