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Abstract. We assess the consistency between instantal Introduction

neously collocated level-2 aerosol optical depth (AOD) re-

trievals from MODIS-Aqua (C5) and CALIOP (Version Aerosolsintroduce a major uncertainty in predictions of pos-
2 & 3), comparing the standard MODIS AOD (MYDQ2) sible future changes to the Earth system in general, and its
data to the AOD calculated from CALIOP aerosol extinction climate in particular, owing to the incomplete knowledge of
profiles for both the previous release (V2) and the latest reaerosol physicochemical properties and their spatial distri-
lease (V3) of CALIOP data. Based on data collected in Janbution. The IPCC-2007 estimates of the direct aerosol ra-
uary 2007, we investigate the most useful criteria for screendiative forcing (DARF) of climate are largely based on cli-
ing the MODIS and CALIOP retrievals to achieve the best mate model simulations. Observationally-based estimates
agreement between the two data sets. Applying these criteri@re sparse, and their mean result for DARF is about a fac-
to eight months of data (Jan, Apr, Jul, Oct 2007 and 2009) tor of two larger than the mean of the model-based estimates
we find an order of magnitude increase for the CALIOP V3 (IPCC, 2007). A recent study by Myhre (2009) suggests that
data density (by comparison to VV2), that is generally accom-he differences between model- and observation-based esti-
panied by equal or better agreement with MODIS AOD. Dif- mates is largely due to a change in aerosol optical proper-
ferences in global, monthly mean, over-ocean AOD (532 nmyties attributable to anthropogenic activity (i.e., a stronger in-
between CALIOP and MODIS range between 0.03 and 0.04rease in soot aerosols by comparison to purely scattering
for CALIOP V3, with CALIOP generally biased low, when @aerosols since pre-industrial times) not accounted for in the
all available data from both sensors are considered. Rootobservation-based estimates. Myhre (2009) concludes that
mean-squares (RMS) differences in instantaneously collo<remaining uncertainty (in DARF) is probably related to the
cated AOD retrievals by the two instruments are reducedvertical profiles of the aerosols and their location in relation
from values ranging between 0.14 and 0.19 using the unto clouds”.

screened V3 data to values ranging from 0.09 to 0.1 for the Designated aerosol satellite sensors such as MODIS,
screened data. A restriction to scenes with cloud fractiondVISR, CALIOP and OMI (Remer et al., 2005; Kaufman et
less than 1% (as defined in the MODIS aerosol retrievals)@l-, 2002; Zhang et al., 2005; Torres et al., 2007; Winker et
generally results in improved correlatioR{> 0.5), except  al., 2010) provide important contributions to our understand-
for the month of July when correlations remain relatively ing of the effects of aerosols on climate. MODIS and MISR
lower. Regional assessments show hot spots in disagreemeptovide reliable retrievals of spectral AOD with reasonably

between the two sensors in Asian outflow during April and well known uncertainties under most conditions (e.g., Kahn
off the coast of South Africa in July. et al., 2010; Redemann et al., 2006, Levy et al., 2010; Klei-

dman et al., 2011), with particular strengths over oceans

Published by Copernicus Publications on behalf of the European Geosciences Union.



3026 J. Redemann et al.: Comparison of MODIS-Aqua (C5) and CALIOP (V2 &V3)

where surface reflectances are less uncertain than over lanik considerably less than over-land and well documented in
OMI has begun to investigate aerosol absorption, althougtthe literature (e.g., Redemann et al., 2005, 2006, 2009a,c;
extensive validation of the absorption optical depth productRussell et al., 2007, Remer et al., 2005, 2008). Therefore,
is still to be undertaken (Torres et al., 2007; Satheesh et althe over-ocean comparisons are more useful in identifying
2009). CALIOP provides vertical profiles of aerosol proper- potential shortcomings in the retrievals from either sensor.
ties over a narrow swath~©0 m) along the satellite ground Hence, we consider the MODIS over-ocean retrievals a stan-
track (Winker et al., 2007). It should be noted that we usedard that the CALIOP retrievals can be measured by and
the term aerosol “retrieval” in this paper to denote a datashould agree with within uncertainties. We note that the
product that was inverted from an observation which is notCALIOP-MODIS AOD comparisons presented here are an
a direct measurement of the aerosol property, but instead rémperfect tool to assess CALIOP data quality, because the
quires assumptions about specific aerosol properties such &80DIS retrievals themselves are subject to uncertainties that
the aerosol phase function or particle size distribution. vary with cloud, surface and aerosol conditions, and because
To provide the full complement of aerosol properties re-the daytime CALIOP measurements required are adversely
quired to improve the accuracy of aerosol radiative effect cal-affected by the high-intensity solar background signal. How-
culations, these observations have to be combined effectivelgver, as previously noted by many investigators (e.g., Schus-
with each other and with suborbital aerosol measurementger et al., 2007), comparing CALIOP to AERONET retrievals
For example, studies of aerosol direct radiative effects (DRE)s limited to a few hundred opportunities per year if reason-
depend critically on the vertical profile of radiative proper- able collocation criteria are applied. Hence, the MODIS-
ties, yet CALIOP, which provides aerosol extinction profile CALIOP comparisons presented here, while imperfect, pro-
retrievals, does so at only two wavelengths, and the maturitwide an opportunity for a statistically relevant assessment of
of these products is still low. Estimates of the semi-direct ef-the CALIOP-derived AOD against a data product with peer-
fect of aerosols depend on reliable measurements of aerosobviewed accuracy and limitations. Over-land comparisons
absorption near the clouds whose developments they are a&re provided in our study only to assess whether or not there
fecting, yet OMI has a large foot-print and its observationsis consistency with the over-ocean retrievals as far as the ge-
become less reliable in cloudy environments (Satheesh et alggraphical distribution of AOD differences between the two
2009; Livingston et al., 2009). Finally, estimates of aerosolsensors is concerned. Kittaka et al. (2010) provide a similar
indirect effects require detailed knowledge of aerosol activa-analysis to the one presented in this paper. However, their
tion processes in areas difficult to access with satellite senstudy is restricted to CALIOP V2 retrievals, they do not dis-
sors, e.g., below opaque clouds. Hence, it is paramount fotinguish between MODIS ocean and land retrievals, and their
the scientific community to develop techniques to combineanalysis is considerably more qualitative than the analysis
the A-Train aerosol observations with each other and withdescribed here. Oo and Holz (2011) analyzed the same data
auxiliary suborbital observations to improve the estimates ofin 2007 as we did here, and found a slightly greater bias dif-
the specific aerosol properties relevant for the various proference between MODIS and CALIOP AOD. However, their
cesses governing aerosol-climate interactions. comparisons were screened very differently from our data
Although a few studies combining MODIS, OMI and set, and the fundamental result of a bias difference@bD64
CALIOP observations exist (e.g., Jeong and Hsu, 2008)between MODIS and CALIOP AOD is similar to ours.
little is known about the degree of consistency between
these data sets. The study presented here investigates the
consistency between instantaneously collocated MODIS an@ Data sets
CALIOP aerosol retrievals for globally distributed data in
eight months (Jan, Apr, Jul, Oct 2007 and 2009). Inves-2.1 MODIS-Aqua AOD
tigating intra-annual differences allows us to study the im-
pact of different regions and aerosol types on global mearMODIS-Aqua (Moderate Resolution Imaging Spectrora-
AOD estimates, while studying the inter-annual differencesdiometer) is one of six Earth-observing instruments aboard
gives insight into potential sensor calibration or performancethe Aqua satellite. The MODIS aerosol product (MYDD2
changes. The most easily comparable observation between the MODIS data product catalogue) is derived from radi-
the two sensors, that is also relevant for aerosol radiative efance measurements in channels 1-7 and 20 of the 36 MODIS
fects, is AOD, which MODIS provides at seven wavelengthsbands. Over the ocean the measured radiances are inverted
over-ocean (one of which is extrapolated) and three waveinto the aerosol optical depths at 470, 550, 659, 865, 1240,
lengths over-land (of which two hold no independent infor- 1640 and 2130 nm and volume distribution (in the range of
mation), and which can be calculated from CALIOP pro- 0.08-5um radius). In the inversion, it is assumed that the
files of aerosol extinction at 532nm and 1064 nm. We fo- aerosol size distribution is bi-modal log-normal (Remer et
cus our discussions in Sect. 3 on the quantitative comparisoal., 2005). Aerosol retrievals are produced at a resolution
of collocated AOD retrievals over-ocean, because the unceref nominally 10x 10 kn? at nadir. The MODIS aerosol al-
tainty and variability of MODIS over-ocean AOD retrievals gorithm uses the standard deviation of 0.55 um reflectances
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in groups of 3 by 3 pixels within a box (Martins et al., SON 2009 Nighttime: v2.01 vs. v3.01
2002) to define its cloud mask. If any group of 9 con- 16 ‘ - ‘ : - - ‘ -
tiguous pixels has a standard deviation greater than 0.0025  1sf
the center pixel is labeled as 'cloudy’ and discarded. This  1f
test separates aerosol from most cloud types, but may fail 13t
at the centers of large, thick clouds and with cirrus, both 12t
of which can be spatially homogeneous. It may also erro- 1
neously identify inhomogeneous aerosol fields (e.g., dust) _ 1o
as clouds. In an effort to avoid both scenarios, additional
spectral dependence filters are applied. There is an exten

sive body of literature documenting the validation of MODIS N e b e
aerosol properties since the beginning of data collection by 6F Version 2,01 Nightirse Cloud Fraction
the MODIS-Terra instrument (e.g., Redemann et al., 2005, st '
2006, 2009a,c; Russell et al., 2007, Remer et al., 2005, 4
2008). Over oceans, MODIS AOD uncertainties have been 3t
shown to be about(0.03 + 0.05A0D); over land retrieval 2f
uncertainties are generaly(0.05 + 0.15A0D) (Remer et al., s
2005, Levy et al., 2010; Kleidman et al., 2011).
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2.2 CALIOP AOD derived from aerosol

extinction profiles Fig. 1. Relative fraction of clouds and aerosols identified in the

o ) ) ) CALIOP V2 data products (dashed lines) versus the CALIOP
Within the A-Train, the CALIPSO satellite carries an elas- v3 data products (solid lines) for daytime measurements during

tic backscatter lidar (CALIOP), a three-channel imaging in- September, October, and November 2009. Betetkm, the V3
frared radiometer (IIR) and a wide-field camera (WFC). The cloud fraction decreases sharply and continuously with respect to
key instrument for this work is CALIOP, a two-wavelength V2. Similarly, the V3 aerosol fraction shows the same dramatic
(532 and 1064 nm), polarization-sensitive (at 532 nm) lidarincrease with respect to the V2 aerosol fraction. The changes be-
that makes continuous profile measurements from the Earth’§veen 4kmand 2.5km are due entirely to the repair of the V2 cloud
surface up to an altitude of 40-km. In the planetary bound_cleanng bug. Responsibility for the changes below 2.5 km is shared

ary layer (PBL) and in the free troposphere up to an altitude_between the cloud clearing bug and the new aerosol base height

of 8.2km, 532 nm measurements are recorded at vertic:a'fiemmcaltlon scheme.

and horizontal resolutions of 30 m and 333 m, respectively.

While boundary layer clouds are readily detected in the full 1 should be noted that the CALIOP instrument was
resolution data, the single-shot signal-to-noise ratio (SNR) of, ¢ primarily designed to provide aerosol extinction and
the CALIOP profile data is too low to reliably retrieve aerosol nence AOD. but instead vertical profiles of aerosol atten-
spatial and optical properties (Hunt et al., 2009; Winker et\ated backscatter (and depolarization), from which aerosol
al., 2009). Version 2_of the CALIOP level-2 data produ.c:tS backscatter and extinction can be derived using an inversion
reportegl aerosol spat!al properties (in the layer product f”eslalgorithm. As such, the derivation of AOD from integra-
ata horizontal resolution of 5 km, and range-resolved aerosofion of extinction profiles is subject to several limitations
optical properties (in the profile product files) at a horizon- gng yncertainties. Kacenelenbogen et al. (2011) provide a
tal resolution of 40km. The new version 3 data productsgescription of the most important potential uncertainties in
now report aerosol optical properties at the same 5-km horca| |OP AOD on the basis of a detailed multi-sensor case
izontal resolution used for the spatial properties. However,study_ These are: (i) CALIOP’s low signal-to-noise ratio
the same optical properties retrieval strategy is used in bothg\R), which can lead to the misclassification and/or lack of
versions 2 and 3 of the CALIOP data products (Young andaerosol ayer identification, especially for daytime measure-
Vaughan, 2009). This technique does not provide a diréCiyents and/or in optically thick layers which rapidly attenuate
measurement of AOD, but instead derives estimates of AOQne packscatter signal; (i) possible cloud contamination of
by first assessing the geo-spatial location and optical characc AL |OP aerosol backscatter and extinction profiles; (i) po-
teristics of aerosol layers, and then selecting a *best-matchienially erroneous assumptions of the aerosol extinction-to-
extinction-to-backscatter ratio (also known as the lidar ratio)p5ckscatter ratios) used in CALIOP's extinction retrievals;

from a look-up Table based on a compilation of in-situ ob- 5 (jv) calibration coefficient biases in the CALIOP attenu-
servations and a cluster analysis of AERONET data (Omartyieq packscatter coefficient profiles.

etal., 2009). In going from CALIOP V2 to V3, major code and algo-

rithm modifications were implemented. They were intended
to result in more accurate V3 estimates of layer spatial and
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optical properties and can be summarized as follows. V3. 12x12km boxes V2. 40x40km boxes
' \ /

1. Daytime calibration procedures were improved, result- FaBE ' ]
ing in more reliable detection of cloud and aerosol lay-
ers and more accurate extinction retrievals (Powell et
al., 2010).

356

Latitude

2. Significant changes to the version 3 layer detection
module included the elimination of a bug in the cloud
clearing code and the incorporation of a new scheme
for determining base heights for low-lying aerosol lay-
ers (Vaughan et al.,, 2010). As shown in Fig. 1, the St
more accurate identification of dense clouds embedded
in boundary layer aerosols results in substantially higher
fraction of layers being correctly classified as aerosol
in the version 3 product. The direct consequence of
this improved cloud-aerosol discrimination is an im- 352
proved accuracy and overall increase in the CALIOP V3
column AOD estimates, as demonstrated by Fig. 3a in
Vaughan et al. (2010).

1355 °w 135°W
Longitude

Fig. 2. Geometry for comparing MODIS AOD retrievals (solid

3. The probability distribution functions (PDFs) used in boxes) to CALIOP V2 (40km-average) and V3 (5km-average)
the V3 cloud-aerosol discrimination algorithm now con- AOD retrievals. Black boxes around V3 retrieval locations represent
siders five different attributes of each layer, adding lati- the optimal sampling of the MODIS AOD retrievals (see Sect 2.3 for

tude and depolarization ratio to the attributes considereoex'oI"’m‘"1t|0rl of symbol colors).

in V2 (altitude, 532 nm backscatter intensity, and the

ratio of integrated attenuated backscatters at 1064 nm

and 532 nm). Incorporating the 5D-PDFs has been esAOD retrievals and CALIOP V2 and V3 derived AOD. For

pecially effective in improving the ability to correctly the comparison of CALIOP V2 AOD to MODIS AOD re-

classify very dense aerosol layers (Liu et al., 2010).  trievals, we averaged all available, valid MODIS retrievals in
, _ , _ a40x 40 kn? grid box centered at the CALIOP V2 retrieval.

4, CIoud.thermodynam!C phase is now determined usingag an example, this is illustrated by the two 4@0 kP
an entirely new algorithm (Hu et al., 2009). boxes plotted in Fig. 2. MODIS AOD retrievals are shown by

In addition, the V3 products also contain new diagnostics,fill€d parallelograms, roughly measuring @0 kn?, as the

quality assurance parameters and uncertainty estimates th&*L/PSO ground track is near the nadir p?:Et of the MODIS
were not available in prior releases (e.g., extinction QCScans. Along the CALIOP track, 4040knt boxes cen-

flags, cloud and aerosol feature fraction, atmospheric vol{€r€d around the CALIOP V2 AOD retrieval center points

ume description, column optical depths, ice water content®'€ shown in red. Light green dots denote the center points

particulate depolarization ratio profile and associated unCf the MODIS retrieval boxes. The MODIS retrievals that

certainties). These algorithm improvements influenced theéVere averaged for comparison to the two CALIOP V2 re-

CALIPSO project's decision to upgrade the maturity level tfi€vals are denoted by red dots near the light green center
of the optical depth data from a “beta” product in V2 to dots. Black squares in Fig. 2 denotex122 kn? boxes cen-
a “provisional” product in V3, the former not considered €réd around the CALIOP V3 AOD retrieval center points.

suitable for use in scientific publication. Nonetheless, then€ 12x 12 kn? boxes were chosen because they present an

V2 data were used extensively in several published studie@Ptimum sampling of the MODIS retrievals. Smaller boxes

(e.g., Peyridieu et al., 2010; Jones and Christopher, 2010f€-9- 10x 10 k_mz) often did not contain any center points
of MODIS retrieval boxes; larger boxes (e.g., 135 kn?)

partly motivating the quantitative comparisons presented in X ’ :
this paper. would have_ resulted in undue spatial averaging of several
MODIS retrieval boxes, as opposed to using just one closely
2.3 Data collocation collocated MODIS retrieval box. As an example, for Oc-
tober 1, 2007, using the 2212 kn? boxes resulted in an
As pointed out previously, the CALIOP V2 retrievals are 84 % probability of having exactly one MODIS retrieval in
based on CALIOP extinction profiles at a horizontal reso-the box (16 % had two retrievals); using £33 kn? boxes
lution of 40 km. CALIOP V3 extinction profiles (and by ex- resulted in a 74 % probability of having exactly one MODIS
tension our AOD retrievals) have a horizontal resolution of retrieval in the box (24 % had two retrievals, 2% had four

5km. Fig. 2 shows the basic strategy for collocating MODIS retrievals); using 14 14 kn? boxes resulted in a less than

Atmos. Chem. Phys., 12, 3028043 2012 www.atmos-chem-phys.net/12/3025/2012/
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25 — T T . 2.5 T . . . 25 : . : . 1
Hpbisec:y=1300x-0054 /¢ Isgbisec:y =1.065x-0002 /,* Isgbisec: y=0.917 x —0.015 e
;'?{“ o 1o : : 4 : : : y : : : 4
o’
DG 2 / 0.8
,
~ g o o~
R 5| R o
B 15 - 815 a 06
[e] Q @] o
< < < 2
o] & 5 04
] 4 =
< << <<
(W) (o) o
05 0.5 I% 02
0 ':Ei,.ﬁ{é’ '1"-:':"- ; PR LIPS 2. 0 ) = 0
0 0.5 1 1.5 2 25 0 0.5 1 15 2 25 0 0.5 1 15 2 25
MODIS AOD532 MODIS AOD532 MODIS ACD532
d) CALIOP V3, January 2007, Comparison 1 e) CALIOP V3, January 2007, Comparison 3 f) CALIOP V3, January 2007, Comparison 4
25 e , — 25 T r T T 25 . . . T 1
1,258 x -0.091 e Isgbisec: y = 1.080 x —0.054 /A Isqbisec: y = 0.875 x —0.037 LY
- : ¢ : : : ; : : ’
2 g 2t " 08
o~ o o
B @ e
05 215 a 06
@] Q (@] w
<< < < 2
& 1 S 1 o] 04
) ] |
<C <t <C
05 ] 0.5 I3 02
N L TN PR 0
0 . 0 05 1 15 2 25 .
MODIS AOD532 MODIS AOD532 MODIS AOD532

Fig. 3. (a) Comparison of all instantaneously collocated MODIS AOD retrievals for January of 2007 to AOD calculated from CALIOP V2
aerosol extinction profileg(b) same aga), but comparison screened with the methodology summarized as comparison # 3 in Table 1.
same as a), but comparison screened with the methodology summarized as comparison # 4 i(dglég dnd(f) are the same gg), (b)

and(c), respectively, but for CALIOP V3. Symbol color represents the MODIS derived fine mode fraction (FMF), i.e., the fraction of AOD
that is due to the fine particle mode in the bi-modal fine-coarse mode retrieval.

64 % probability of having exactly one MODIS retrieval in the comparison of MODIS and CALIOP AOD at 532 nm
the box (32 % had two retrievals, more than 4 % had four re-for January of 2007. As pointed out above, to calcu-
trievals). At the same time, the average daily AOD changedate the CALIOP AOD at 532 nm, we integrate the aerosol
by less than 0.001 (i.e., less than 1 %) between any one sanextinction profile contained in the scientific data segment
pling option and the next, while RMS differences increased(sds) “ExtinctionCoefficient532” with respect to altitude
with box size. Hence, we conclude that 222 kn? boxes  after replacing all fill values with a numerical value of
centered at CALIOP V3 AOD retrievals provide an optimum zero. To facilitate the comparison with MODIS, we use
sampling of MODIS retrievals for comparison of the two data a quadratic fit of log(AOD) versus log(wavelength) for
sets. the seven over-ocean MODIS spectral AOD (sds “Effec-
tive_Optical Depth AverageOcean”) and interpolate to a
wavelength of 532 nm. As described in section 2.3, we use

3 Results different spatial matching between MODIS and CALIOP V2
on one hand, and between MODIS and CALIOP V3 on the

3.1 One month comparison (January 2007) other, because the CALIOP extinction profile data is pre-
between MODIS AOD and CALIOP sented at the higher horizontal resolution of 5 km in V3 along
(V2&V3) AOD over ocean the CALIPSO ground track. This results in a comparison

of CALIOP V2 data to MODIS retrievals in a 4040 kn?

To illustrate the technical details of our comparison be-y, . \unile the CALIOP V3 data are compared to spatially
tween MODIS and CALIOP AOD, this section discusses '

www.atmos-chem-phys.net/12/3025/2012/ Atmos. Chem. Phys., 12, 3(BZEH 2012
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Table 1. Data attributes for different AOD comparisons.

Comparison #,

Version—

CALIOP V2 vs. MODIS

CALIOP V3 vs MODIS

1 CALIOP V2: all valid ext532 retrievals* CALIOP V3: all valid ext532 retrievalst
(*: from 40 km profile product) (#: from 5 km profile product)
MODIS: all valid AOD retrievals MODIS: all valid AOD retrievals
2 CALIOP V2: 0<ext532<1.25* CALIOP V3: 0<ext532%1.25%
(*: from 40 km profile product) (F: from 5 km profile product)
MODIS: MODISQA=1,2,3 MODIS: MODISQA=1,2,3
3 CALIOP V2: 0<ext532<1.25* & CALIOP V3: 0<ext532%1.25% &
cloudOD=0** & extQCflag=0,1,2** cloudOD=0% & extQCflag=0,1,2%
(*: from 40 km profile product Delete profileif any extQCflag+0,1,2
**: from 5 km layer product) (%: from 5 km profile product)
MODIS: MODISQA=1,2,3 MODIS: MODISQA=1,2,3
4 CALIOP V2: 0<ext532<1.25* & CALIOP V3: 0<ext53%1.25% &
cloudOD=0* & extQCflag=0,1,2** cloudOD=0% & extQCflag=0,1,2+
(*: from 40 km profile product Delete profileif any extQCflag#0,1,2
**: from 5 km layer product) (#: from 5 km profile product)
MODIS: MODISQA=1,2,3 & MODIS: MODISQA=1,2,3 &
FOC<0.01 FOC<0.01
5 CALIOP V3: all valid ext532 retrievalst, where
the atmospheric volume descriptor indicates
“aerosol” or “clear air”, exceptlelete profiles
if for any ext532:
ext532< —0.2km 1 &&
luncext533 > 0.4 knr L
or
ext532> 2.5km 1 &&
[rel_uncext532 > 500 %
cloudOD=0%
(#: from 5 km profile product)
MODIS: MODISQA=1,2,3
6 CALIOP Va3: all valid colAOD retrievalst,

exceptdelete profilesf for any ext532:
rel_err>100 %, where

rel_err = unccol AOD/col AOD

(F: from 5 km profile product)
cloudOD=0%

(#: from 5 km profile product)
MODIS: MODISQA=1,2,3

more closely collocated MODIS retrievals at thex122 krr? sources. Small FMF points to a dominance of large particles,
scale. In a heterogeneous aerosol environment, the coarsbut often times indicates a possible cloud contamination as
spatial sampling for CALIOP V2 is likely to introduce some well. The solid red lines show the linear fits to the data using
variability in the comparisons. Spatial variability of aerosol a model-2 regression method, i.e., the least-squares bisector
properties is discussed in more detail in the discussion seamethod. In general, model-2 regressions are more appropri-
tion of our paper. ate when both data sets have measurement errors and when

Figure 3 shows scatter plot comparisons between MoDissuch errors are deemed to be of similar order of mag'nityde
and CALIOP V2 in the first row (Fig. 3a—c) and between (e.g., Sokal and Rohlf, 1995). The fit parameters of this line

MODIS and CALIOP V3 (Fig. 3d—f) in the second row. The &€ determined by calculating the slope of the line that bisects

symbol color represents the MODIS derived fine mode frac-{N€ Minor angle between the regression of Y-on-X and X-on-
tion (FMF), i.e., the fraction of AOD that is due to the fine - 1N fit line parameters along with monthly mean AOD
particle mode in the bi-modal fine-coarse mode retrieval, Affom the two sensors, the mean and standard deviation of the

large FMF indicates that the aerosol is dominated by sinedifference between the two sensors, the number of available

mode particles with diameters less than one micrometerdata points, the square of the linear correlation coefficient

often indicative of particles produced from anthropogenic @"d the rms difference between the two data sets are given

Atmos. Chem. Phys., 12, 3028043 2012 www.atmos-chem-phys.net/12/3025/2012/
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Table 2. MODIS vs. CALIOP AOD532, January 2007, over-ocean.

3031

MOD CAL MeanDiff./ No. R? Slope/ RMS

mean mean StdDiff. offset Abs/rel
CALIOP Version 2
Comparison #1 0.180 0.180 0.0003/0.330 36859 0.043 130064 0.330/183.2%
Comparison #2 0.180 0.132 0.048/0.180 36758 0.147 092884 0.186/103.6%
Comparison #3 0.131 0.137-0.007/0.124 5750  0.342 1.0650.002  0.124/94.6 %
Comparison #4 0.147 0.120 0.027/0.082 1883 0.655 091015 0.087/58.9%
CALIOP Version 3
Comparison #1 0.170 0.123  0.047/0.189 247976 0.247 175601 0.194/114.0%
Comparison #2 0.170 0.111 0.059/0.127 247951 0.390 0-85085 0.140/82.3%
Comparison #3 0.147 0.105 0.042/0.093 177741 0.474 1..G80b4 0.102/69.6%
Comparison #4 0.147 0.092 0.055/0.085 37740 0.635 0.87687 0.101/68.9%
Comparison #5 0.147 0.112 0.036/0.130 177743 0.382 140806 0.135/91.9%
Comparison #6 0.152 0.109 0.043/0.124 176378 0.375 1.G9067 0.131/86.4%

in Table 2. Figure 3a and d show comparisons for all avail- 2. CALIOP extinction retrievals to fall within the “valid

able collocated MODIS and CALIOP AQOD retrievals in the
month of January, i.e., 36 859 for CALIOP V2 and 247 976
for CALIOP V3. These numbers essentially reflect the 8-fold
increase in data density in going from CALIOP V2 to V3, al-
though not all valid V2 40 km retrievals necessarily contain
eight valid V3 5 km retrievals and not all valid V3 5km re-
trieval are collocated with valid V2 40 km retrievals. In ad-
dition, changes in the retrieval algorithm, most notably with
respect to cloud clearing, would result in differences between
the two data sets. Comparing the correlations of CALIOP V2
and V3 with the MODIS data, we note a significantly better
correlation for V3 R? of 0.25 as opposed to 0.04 for V2)
and smaller rms differences (0.19 as opposed to 0.33 for V2).
Mean differences from MODIS AOD, however, are smaller
for V2 than for V3. We speculate that this result is caused by
competing factors. The steps taken in between CALIOP V2
and V3 certainly reduced the cloud contamination, lowering
the mean V3 AOD. At the same time other steps taken, for
example the extension of extinction profiles all the way to the
ground in low transmission cases, likely increased the mean
V3 AOD. The better agreement between CALIOP V2 AOD
and MODIS is hence serendipitous.

To investigate if an application of the various quality crite-
ria published in the MODIS and CALIOP data sets result in
better agreement between the two AOD data sets, we carried

range” (identified in the CALIPSO data products cata-
log as 0 to 1.25 km?!) (comparisons # 2—4 in Table 1);

. CALIOP extinction retrievals to have quality flags of O,
1 or 2 and to eliminate profiles for which any extinction
retrievals do not have said quality flags (comparisons
#3-5in Table 1);

. CALIOP extinction profiles to have collocated cloud
optical depth retrievals equal to zero (comparisons # 3—
6 in Table 1);

. MODIS cloud fractions (as determined by the aerosol
algorithm) to be below 1 % (comparison #4 in Table 1);

. CALIOP extinction retrievals to have uncertainties (i.e.,
as calculated according to Young et al., 2008) less
than 200 % when extinction is below negative 0.2¥m
or less than 500% when extinction is greater than
2.5knT 1 and to eliminate profiles for which any extinc-
tion retrievals do not have said extinction coefficients
and uncertainty limits (as described in comparison #5
in Table 1);

7. CALIOP relative AOD uncertainty calculated from the
extinction uncertainties to be below 100 % (comparison

#6in Table 1).

out several tests, which successively increased the compleXye show comparison #1 to illustrate the impact of neglecting
ity of the data screening process. Table 1 provides the detailg, o quality flags in MODIS and CALIOP retrievals. As stated
of the various comparisons. Starting with the comparisons of, the peer-reviewed literature before (Russell et al., 2007,
all data (comparison #1), we added the following restrictions,pemer et al., 2005, 2008), MODIS AOD retrievals with QA
requinng: confidence flag less than 3 over land and less than 1 over
ocean are not recommended for quantitative scientific use.
Including only MODIS data with QA confidence flags rec-
ommended for quantitative scientific use increases our con-
fidence in judging the utility of the various filtering methods
of the CALIOP extinction retrievals in comparisons #2—#6.

1. MODIS AOD data to have an aerosol quality flag (Qual-
ity _AssuranceOcean) of 1 (marginal), 2 (good), or 3
(very good) (comparisons #2-6 in Table 1);
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Uncertainties in the CALIOP particulate volume extinc- an sds entitled “Colum®ptical Depth.Cloud 532", which
tion coefficient are computed from combined systematic andve used for the second step described above. The CALIOP
random errors in the particulate extinction-to-backscatter ravV2 aerosol profile data, however, contained no analogous
tio and the particulate volume backscatter coefficient (seedata field. We therefore used the V2 cloud layer data (at
Eq. (16) of http://eosweb.larc.nasa.gov/PRODOCS/calipso/5 km resolution) and only allowed data that showed no cloud
pdf/CALIOP_Version3ExtinctionError_Analysis.pdj. Ig- layers as indicated by the sds “NumbeayersFound”. Be-
noring multiple scattering concerns in Version 3, the threecause the V2 profile data is reported at a horizontal resolu-
main sources of uncertainties are the signal-to-noise ratidion of 40 km, yet the cloud layer products are reported at
(depends on the backscatter intensity, the lighting conditionsa resolution of 5km, we only used V2 40km aerosol ex-
(i.e., day vs. night), and the amount of horizontal averagingtinction profile data for which all eight 5km sub-segments
applied to the initial attenuated backscatter profiles), the calshowed no cloud layers present. Effectively, this represents
ibration coefficient, and the accuracy of the lidar ratio speci-a very stringent cloud screening, as no V2 extinction data
fied for use in the solution within each detected aerosol layerwere used in our analysis if even a single 5 km sub-segment
Except for constrained solutions, where a lidar ratio estimatevas reported to contain a cloud. Consequently, the applica-
can be obtained directly from the attenuated backscatter dataion of the three quality criteria (MODISQA = 1-3, CALIOP-
lidar ratio uncertainties are almost always the dominant concloudOD =0, extQCflag=0,1,2) has a much more dramatic
tributor to optical depth uncertainties, and the relative errorimpact on the V2 comparisons than on the V3 comparisons to
in the layer optical depth will always be at least as large asMODIS. For V2, only about 15 % of the original data shown
the relative error in the lidar ratio for a given layer. in Fig. 3a are still present in Fig. 3b. For V3, more than

Figure 3b and e show the same comparisons as Fig. 3a ant? % of the data survive the application of these quality cri-
d, after the application of the data quality criteria summa-teria. There is significant improvement after application of
rized as comparison #3 in Table 1. First, we restrict the com-the quality criteria for both CALIOP V2 and V3, especially
parison to MODIS data with an aerosol quality flag (Qual- with respect to rms differences.
ity _AssuranceOcean) of 1 (marginal), 2 (good), or 3 (very  As an additional restriction to even more cloud-free con-
good), all designated as appropriate for quantitative use (Rusditions, Fig. 3c and f show the comparisons between MODIS
sell et al., 2007; Remer et al., 2008;@n et al., 2011). Sec- and CALIOP for cloud fractions of less than 1% as defined
ond, we only use extinction retrievals that were in the doc-by the MODIS aerosol product (ClougractionOcean). The
umented valid range of 0 to 1.25krh Third, we only use  statistical parameters for these comparisons are given as
extinction profiles for which all extinction retrievals have a comparison # 4 in Table 2. Both V2 and V3 show larger cor-
quality flag of 0, 1 or 2. The CALIOP extinction quality relation coefficients (bott®? greater than 0.5). It should be
flags describe the final state of the Hybrid Extinction Re- noted, however, that there is 20 times more data in CALIOP
trieval Algorithm (HERA; see Young and Vaughan, 2009). V3 (N = 37740) than in CALIOP V2 § = 1883) that re-
The most reliable retrievals are those for which a direct meamains after application of the four quality criteria and restric-
sure of layer attenuation can be obtained by comparing théion to cloud fractions less than 1%. In terms of absolute
signal magnitudes in clear air regions immediately above anchumbers, the remaining V2 retrievals represent about 5 % of
below a layer. In these cases, for which HERA reports an exall valid V2 retrievals, while the remaining V3 retrievals rep-
tinction quality flag of 1, the measured attenuation providesresent more than 15 % of all valid V3 retrievals.
a constraint for the solution of the lidar equation and thus a We tested several other methodologies for combining the
direct estimate of the layer lidar ratio can be retrieved. Whenvarious restrictions described in the previous paragraphs.
this kind of constrained retrieval is not possible (as is alwaysTwo such combinations are described as comparison #5 and
the case with surface-attached aerosol layers), HERA derive# 6 in Table 1. Comparison #5 tests the usefulness of the
optical depths using an assumed value of the lidar ratio. ReCALIOP extinction uncertainties, and comparison #6 tests
trievals of this type are assigned an extinction quality flag ofthe usefulness of the published uncertainty in the CALIOP
0. When the assumed value of the lidar ratio is too large, thecolumn AOD. In comparison #5, we restrict our AOD com-
extinction solution will begin to diverge toward positive in- parison to use only CALIOP extinction retrievals whose un-
finity, and therefore to obtain a successful solution the lidarcertainties are below 200 % at the low (negative) end of the
ratio must be reduced. An extinction quality flag of 2 iden- extinction spectrum and below 500 % at the high end of the
tifies these situations, which occur very rarely in the analy-extinction spectrum. Examining the pre-filtered and post-
sis of aerosol layers. Other extinction quality flag values in-filtered distributions of aerosol subtypes shows that the un-
dicate algorithm termination conditions that are consideredcertainty filter parameters chosen for this study do not prefer-
unreliable for the purposes of the current study. Fourth, weentially include or exclude any of the CALIPSO aerosol sub-
only use comparisons for which the CALIOP data indicatestypes from the final data set. We allowed negative values in
a cloud optical depth of zero. the extinction, because some range of small negative values

This combination of quality criteria is summarized as com- is plausible based on the retrieval technique and simple statis-
parison #3 in Table 1. V3 aerosol profile data files containtical scatter of solutions around the correct retrieval. Table 2
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3.2 Eight months of comparisons (Jan, Apr, Jul,
Oct 2007 and 2009) between MODIS AOD and
CALIOP (V2 &V3) AOD over land and ocean

In this section we extend the results shown in Sect. 3.1 to
eight months of data: Jan, Apr, Jul and Oct of 2007 and 2009.
Considering several months within one year will allow us to
study whether certain aerosol types in certain geographical
regions contribute differently to the global MODIS-CALIOP
AOD differences. By considering two years of data (2007
and 2009) we are able to assess potential sensor calibration
or performance changes.

Figure 4a shows the comparison of MODIS to CALIOP
V2 and V3 AOD (532 nm) for four months in 2007 in terms
of three parameters: (AAOD (M-C), the global monthly
mean difference in AOD (MODIS-CALIOP), (2) the square
of the linear correlation coefficien®®€), and (3) the RMS
difference between MODIS and the respective CALIOP re-
trievals. The left hand side of Fig. 4a shows these parame-
ters for all retrievals in CALIOP V2 and V3, while the right
hand side only shows the comparison using the quality crite-
ria summarized as comparison # 3 in Table 1. Consequently,
the numerical results shown in Fig. 4a can be found in Ta-
bles 2-5 and the results in Fig. 4b are given in Tables 6-9 (in
the rows entitled “comparison #3”). Hereafter, we will re-

Fig. 4. (a)Left - Comparison of agreement between MODIS AOD fer to these comparisons as V2QA and V3QA, respectively.
and CALIOP V2 and V3 AOD, respectively, in terms of difference Figure 4b shows the same data for four months in 2009.

in mean AOD, square of the linear correlation coefficient, and rms

In going from V2 to V3 for all data (left hand side in Fig-

difference, for four months in 2007. Right — same as left, but for ;a5 43 and 4b. as well as comparison #1 in Tables 2-9), the

data after application of comparison # 3 in TabléH). same aga),

but for four months in 2009.

analysis is consistent between different months and even be-
tween 2007 and 2009. The mean optical depth differences
between MODIS and CALIOP increase in going from V2 to

shows that an application of comparison #5 and #6 to thev3. However, the correlation coefficients (dashed lines) in-
January 2007 data results in less good correlation betweefreéase from V2 to V3, and RMS differences (dotted lines)
the two data sets. Similar tests with different ranges of allow-decrease from values greater than 0.3 to values between 0.15
able CALIOP extinction values (not shown here) also pro-and 0.2.

vided no improvement in correlation when compared to the The comparisons for the quality assured data sets (right
methodology of comparison #3. Therefore, we summarizehand sides of Figure 4a and b as well as comparison #3 in
the best methodology for comparing MODIS and CALIOP Tables 2-9) are less straight forward. In 2007 (Fig. 4a), the
V3 AOD to consist of the following 4 steps:

1. use MODIS aerosol
ity _AssuranceOcean) of 1-3;

2. use only CALIOP extinction retrievals that fall within

the “valid range” of 0 to 1.25 kmt;

3. require CALIOP extinction profiles to have collocated

quality flag

cloud Optical depth retrievals equal to zero; and

4. eliminate CALIOP profiles for which any extinction re-

trievals have quality flags different from 0, 1 or 2.

(Qual-

mean differences from MODIS increase between V2QA and
V3QA, while in 2009 the differences to MODIS for three
of the four months essentially stay the same. The correla-
tion with MODIS data increases between V2QA and V3QA
for January 2007, April 2007, October 2007 and July 2009.
For, January and October 2009 it is essentially unchanged
between V2QA and V3QA, and for July 2007 and April
2009, the correlation with MODIS data decreases between
V2QA and V3QA. However, as discussed in Sect. 3.1, the
quality-assured V2QA data only represents a small fraction
of the original V2 data and the four quality criteria effec-
tively represent a strong initial cloud filter, making the com-
parison between V2QA and V3QA somewhat misleading.

As we will see in Sect. 3.2, applying these quality criteria Comparison 4 in Tables 2—9 illustrates that after applica-
eliminates only 20—-30 % of all collocated cases and resultdion of the criterion that MODIS cloud fractions as deter-

in the best correlation between the two AOD data sets.

www.atmos-chem-phys.net/12/3025/2012/
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Table 3. MODIS vs. CALIOP AOD532, April 2007, over-ocean.

MOD CAL  MeanDiff./ No. R? Slope/ RMS
mean mean StdDiff. offset Abs/rel
CALIOP Version 2
Comparison #1 0.169 0.164 0.005/0.308 34024 0.032 135665 0.308/182.3%
Comparison #2 0.169 0.123 0.046/0.160 33943 0.095 1.0DPA6 0.166/98.5%
Comparison #3 0.126 0.124 0.003/0.121 3426 0.214 14®6R3 0.121/95.7%

Comparison #4 0.141 0.112 0.029/0.079 805 0.632 1-00832 0.084/59.7 %
CALIOP Version 3

Comparison #1 0.156 0.112 0.044/0.164 221680 0.187 1-3P@H4 0.170/109.1%
Comparison #2 0.156 0.104 0.052/0.113 221650 0.295 096846 0.124/79.5%
Comparison #3 0.140 0.101 0.039/0.089 158534 0.424 1@ROb1 0.097/69.6 %

Comparison #4 0.144 0.099 0.046/0.083 32047 0.586 101047 0.095/65.9%

Table 4. MODIS vs. CALIOP AOD532, July 2007, over-ocean.

MOD CAL  MeanDiff./ No. R? Slope/ RMS
mean mean StdDiff. offset Abs/rel
CALIOP Version 2
Comparison #1 0.149 0.162 -0.013/0.320 23121 0.024 1.3563.040 0.320/215.4%
Comparison #2 0.149 0.115 0.034/0.144 23051 0.148 1-01B86 0.147/99.2 %
Comparison #3 0.105 0.118 -0.013/0.111 3245 0.299 1.064/0.006 0.111/106.1%
Comparison #4 0.100 0.106 —0.006/0.077 1035 0.571 1.1230.006 0.077/77.4%
CALIOP Version 3
Comparison #1 0.131 0.099 0.032/0.157 156614 0.091 1Z%0A67 0.160/122.4%
Comparison #2 0.131 0.091 0.040/0.100 156592 0.221 098682 0.108/82.2%
Comparison #3 0.117 0.087 0.030/0.084 121252 0.248 0-990B0 0.089/75.9%
Comparison #4 0.100 0.069 0.031/0.082 20392 0.316 082044 0.088/87.5%

difference between V2QA and V3QA in terms of correlation trieval. Uncertainties in CALIOP retrievals due to increased
with MODIS data is negligible, with most RMS differences noise from surface scattering are secondary to the effects
near 0.1. mentioned above.

Because of the relatively better performance of the data
screening methodology summarized as comparison #3 8.3 Geographical distribution of AOD differences
Table 1 to all other methodologies, starting with Fig. 5, between MODIS and CALIOP V3
all MODIS versus CALIOP V3 AOD comparisons were
screened according to that methodology. Figure 5 shows thén this section we present results regarding the geographi-
difference between MODIS and V3QA data as histograms.cal distribution of the AOD differences between MODIS and
The blue curves represent over-ocean data. Comparing alLALIOP V3QA. Figure 6 shows the latitudinally averaged
eight months in 2007 and 2009, we observe a consistenBOD differences for over-ocean retrievals (blue lines) and
difference between MODIS and CALIOP V3QA of the or- over-land retrievals (red lines). The thin lines represent 1-
der of 0.03-0.04. The AOD difference is essentially nor- degree averaged data, while the thick lines represent 5-degree
mally distributed. In addition to the over-ocean data, we averages. Figure 6a—d show the data for 2007, while Fig. 6e—
present the over-land comparisons (using MODIS sds “Cor-h show the data for 2009. As the thin lines in Fig. 6 indi-
rectedOptical Depth Land”) for each month as red distribu- cate, the 1-degree data is considerably noisier over-land than
tion curves. We note the much broader distributions withover-ocean. This is due to both the decreased quality of the
mode values near0.01. The broader distributions are at- over-land MODIS retrievals, as well as the data sparseness in
tributable to the larger uncertainties in MODIS over-land some latitude regions. Figure 7 shows the same comparisons
AOD retrievals, as well as differences in the aerosol typebut restricted to data with MODIS cloud fractions less than
identified by the CALIOP aerosol classification scheme, thel % (CloudFractionOcean/Lane0.01, comparison #4 in
latter affecting the choice of lidar ratios in the CALIOP re- Table 1). Focusing on the over-ocean comparisons, there are
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Table 5. MODIS vs. CALIOP AOD532, October 2007, over-ocean.

MOD CAL  MeanDiff./ No. R? Slope/ RMS
mean mean StdDiff. offset Abs/rel
CALIOP Version 2
Comparison #1 0.149 0.161 -0.013/0.309 35345 0.016 1.38/.045 0.309/208.0%
Comparison #2 0.149 0.114 0.035/0.141 35275 0.058 1-AMOb1  0.145/97.6%
Comparison #3 0.115 0.113 0.002/0.103 5814 0.231 120026 0.103/89.8%
Comparison #4 0.123 0.094  0.029/0.064 2129 0.577 100029 0.070/57.2%
CALIOP Version 3
Comparison #1 0.141 0.102 0.038/0.154 243572 0.112 130093 0.159/112.7%
Comparison #2 0.141 0.094 0.047/0.098 243539 0.212 1.@26b1 0.109/77.1%
Comparison #3 0.129 0.092 0.037/0.080 183311 0.307 1-D1RK6 0.088/68.2%
Comparison #4 0.124 0.079  0.046/0.068 39198 0.487 0-9BOA4 0.082/65.8%

Table 6. MODIS vs. CALIOP AOD532, January 2009, over-ocean.

MOD CAL  MeanDiff./ No. R? Slope/ RMS
mean mean StdDiff. offset Abs/rel
CALIOP Version 2
Comparison #1 0.153 0.149 0.004/0.349 37824 0.008 1.AB0A3 0.349/228.3%
Comparison #2 0.153 0.092 0.061/0.130 37715 0.102 O0-9B061 0.144/94.2%
Comparison #3 0.122 0.087 0.035/0.091 4689 0.357 083815 0.098/80.1%
Comparison #4 0.128 0.082 0.046/0.074 1632 0.564 0O7@BA1 0.087/68.3%
CALIOP Version 3
Comparison #1 0.144 0.108 0.036/0.155 244148 0.170 136688 0.160/110.6%
Comparison #2 0.144 0.099 0.045/0.104 244136 0.278 099044 0.113/78.3%
Comparison #3 0.130 0.097 0.032/0.091 180852 0.332 1{96A5 0.096/74.1%
Comparison #4 0.122 0.077 0.044/0.074 35324 0.484 088882 0.087/71.1%

some remarkably similar features between 2007 and 2009%o0ssible failure by CALIPSO to detect diffuse dust layers
For example, there is a consistent difference in April of nearin the middle troposphere and/or cloud contamination of the
0.1 in the Northern Hemisphere. In July, centered né&,5 MODIS signals (Huang et al., 2011). Closer examination of
there is a similar, though more localized, increase in the dif-the cloud-aerosol discrimination algorithms for both sensors
ference between MODIS and CALIOP V3QA. Interestingly, would likely be a profitable strategy for assessing the West
both of these features are also present in the cloud-screeneifrica case in July. On the other hand, these plots side by
data in Fig. 7, making cloud contamination rather unlikely asside also illustrate that most emphasis should be placed on
a possible cause of the discrepancy. locations where the vast majority of instantaneously collo-
Figures 8 and 9 show the global distribution of the numbercated observations are made. This area is generally confined
of instantaneously collocated comparisons between MODIS0 the region 40 degrees to the North and South of the equa-
and CALIOP V3QA in a 5< 5degree box for each month tor, with the notable exception of the region betweef MO
in the left hand plots (a—d of each figure) and the AOD and 40 N in July, where the CALIOP retrievals are inside
difference in the right hand plots. Several interesting fea-the MODIS glint region and no coincident, collocated obser-
tures are observable. The aforementioned AOD difference/ations can be made by the two sensors.
in April in the Northern Hemisphere seems to be due mostly We note further that the collocated over-land comparisons,
to outflow from Asia. The AOD difference feature in the While much less frequent, generally provide a consistent pic-
Southern hemisphere in July seems to be due almost excljure with the adjacent regional over-ocean comparisons. For
sively to transport of biomass burning aerosols off of the €xample, the large positive difference between MODIS and
African subcontinent into the Atlantic Basin (Matichuk et CALIOP V3QA along the West-African coast neat$ in
al., 2008). More in-depth studies are required to determineluly 2009 is also found in the inland retrievals.
the most likely cause(s) for these disagreements. For the
East Asia case in April, initial investigations might focus on
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Table 7. MODIS vs. CALIOP AOD532, April 2009, over-ocean.

MOD CAL MeanDiff./ No. R? Slope/ RMS
mean mean StdDiff. offset Abs/rel
CALIOP Version 2
Comparison #1 0.165 0.153 0.012/0.343 38617 0.015 1-AB666 0.343/207.8%
Comparison #2 0.165 0.100 0.065/0.145 38543 0.129 08®B6A7 0.159/96.4%
Comparison #3 0.141 0.111 0.030/0.094 4835 0.465 102684 0.098/69.9 %
Comparison #4 0.156 0.118 0.038/0.083 2169 0.575 1.00950 0.092/58.6 %
CALIOP Version 3
Comparison #1 0.154 0.113 0.041/0.163 246057 0.189 1.3p@P1 0.168/109.1%
Comparison #2 0.154 0.105 0.050/0.116 246049 0.288 1-@BH1 0.126/81.6%
Comparison #3 0.138 0.104 0.034/0.096 179128 0.393 1A¥BB8 0.102/73.7%
Comparison #4 0.147 0.107 0.040/0.092 36121 0.568 14G063 0.100/67.9%

Table 8. MODIS vs. CALIOP AOD532, July 2009, over-ocean.

MOD CAL  MeanDiff./ No. R? Slope/ RMS
mean mean StdDiff. offset Abs/rel
CALIOP Version 2
Comparison #1 0.168 0.159 0.008/0.351 27077 0.016 1-AL0A4 0.351/209.6%
Comparison #2 0.168 0.110 0.057/0.179 27026 0.082 0:9mBA1 0.188/112.1%
Comparison #3 0.124 0.096 0.028/0.183 3959 0.062 081906 0.185/149.7%
Comparison #4 0.116 0.078 0.038/0.098 1219 0.368 087624 0.105/91.0%
CALIOP Version 3
Comparison #1 0.142 0.103 0.039/0.159 167115 0.124 1AB@61 0.164/115.5%
Comparison #2 0.142 0.097 0.045/0.116 167105 0.224 08¥627 0.125/88.0%
Comparison #3 0.127 0.093 0.034/0.097 131583 0.234 0494¥681 0.103/80.8%
Comparison #4 0.117 0.077 0.040/0.110 22652 0.296 08B224 0.117/99.9%

Table 9. MODIS vs. CALIOP AOD532, October 2009, over-ocean.

MOD CAL  MeanDiff./ No. R2 Slope/ RMS
mean mean StdDiff. offset Abs/rel
CALIOP Version 2
Comparison #1 0.154 0.156 —0.002/0.316 40742 0.022 1.44d3.065 0.316/205.0%
Comparison #2 0.154 0.110 0.044/0.136 40650 0.111 14060 0.143/93.0%
Comparison #3 0.126 0.123  0.003/0.103 6645 0.411 129040 0.103/81.5%
Comparison #4 0.142 0.121 0.021/0.077 2344 0.691 1288567 0.079/55.8%
CALIOP Version 3
Comparison #1 0.142 0.104 0.038/0.136 267050 0.185 132084 0.142/99.6%
Comparison #2 0.143 0.099 0.044/0.095 258462 0.313 1{@PEA8 0.105/73.6%
Comparison #3 0.131 0.098 0.033/0.080 206608 0.425 111862 0.087/66.2%
Comparison #4 0.133 0.097 0.036/0.072 42350 0.625 1-0BBA8 0.081/60.9%
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Fig. 5. (a) Frequency distributions of the difference between instantaneously collocated AOD retrievals of MODIS and CALIOP V3 for
January 2007. Blue lines represent over-ocean comparisons; red lines represent over-land comparisons. Solid vertical lines indicate the mea
and dashed vertical lines indicate the mode of the frequency distribtipAh) same(a), but for different months in 2007 and 2009.

4 Conclusions ing spatial sampling of the MODIS data that are compared to
the CALIOP data. Our analysis of the most suitable compar-
In this paper, we present a general consistency analysii§on scale showed that using 2.2 kn? boxes around the
between MODIS and CALIOP V2 and V3 AOD. We use CALIOP V3 retrievals resulted in optimal number of collo-
only instantaneously collocated retrievals by the two sen-cations with minimal impact of spatial variability in aerosol
sors. A guantitative comparison of the agreement betweeiroperties on the data comparison. Specifically, we found a
MODIS and CALIOP V2 AOD on one hand and MODIS and Steady increase in the rms difference between MODIS and
CALIOP V3 AOD on the other is difficult, because of differ- CALIOP V3 AOD when going from 1k 11kn? boxes to
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Fig. 6. Latitudinal distribution of the mean difference between MODIS and CALIOP V3 AOD (using comparison # 3 screening from Table 1)
over-ocean (blue lines) and over-land (red lines), with thin lines representing 1-degree averages and thick lines indicating 5-degree averages
for all 8 months considered in this study.

15 x 15kn? boxes. However, there was a significant drop 1-3, CALIOP extinction retrievals that fall within the “valid
in the number of collocated retrievals when we went from range” of 0 to 1.25km?, eliminating CALIOP profiles for
12 x 12 ki? boxes to 11x 11 kn? boxes, hence our choice which any extinction retrievals have quality flags different
of 12 x 12 kn? boxes. The steady increase in rms differencefrom 0, 1 or 2, and CALIOP extinction profiles that have
between the two sensors’ AOD leads us to conclude that thereollocated cloud optical depths equal to zero, yields the
is a finite rms difference caused by the spatial variability of strongest correlation between the MODIS and CALIOP de-
aerosol properties, as is the case for any comparison of AODived AOD (without restricting the comparisons to severely
retrievals based on data from sensors with different spatiatloud-free cases). The valid range for 532 nm extinction re-
and temporal sampling (Shinozuka and Redemann, 2011). trievals of O to 1.25 km! was an arbitrary choice and is par-
tially being validated here. We analyzed in situ observations
In general, we find increased data density and equal or betof aerosol extinction in airborne field campaigns (ARCTAS)

ter agreement of CALIOP V3 than CALIOP V2 when com- and found that less than 1 % of observations are greater than
pared to MODIS AOD over-ocean. A restriction to data with 1.25 krn—l, even when heavy aerosol |Oadings are Sought

MODIS aerosol quality flag (QualitAssuranceOcean) of
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Fig. 7. Same as Fig. 6, but for the more severely cloud-screened data, as described by comparison #4 in Table 1. foc: cloud fraction over
ocean; flc: cloud fraction over land.

after on the aircraft. The global CALIOP observations haveuncertainties. A restriction to scenes with cloud fractions
a greater than 1% occurrence of extinctions greater thatess than 1% (as defined in the MODIS aerosol retrievals)
1.25knT1. This seems unrealistic based on the in situ ob-generally results in improved correlatio®q > 0.5). This
servations, but how unrealistic is difficult to assess with re-improvement is probably due to the improved performance
gional in situ observations. To our knowledge, requiring theof the passive MODIS retrievals in the absence of clouds,
extinction retrievals to fall into the range of 0 to 1.25kn  and also due to the improved performance of the CALIOP
does not exclude specific aerosol types, but instead only unretrievals where no aerosol-cloud discrimination needs to be
realistically large aerosol loadings of any type. performed.

We found no utility of filtering the CALIOP aerosol ex- In absolute terms, the comparison between the two data
tinction data using the uncertainty estimates included insets still yields rms differences of 0.1, which may be too
CALIOP V3 retrievals, i.e., the MODIS-CALIOP AOD com- large for many applications that attempt to combine these
parisons using the filters described in Table 1, comparisordata sets quantitatively. An rms difference of this magnitude
#3, could not be improved upon by use of CALIOP extinction points to the fact that there is limited probability that individ-
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Fig. 8. (a)Global distribution of the number of instantaneously collocated MODIS versus CALIOP V3 AOD comparisorsiniégree
boxes for January 2007e) Global distribution of the mean difference between instantaneously collocated MODIS and CALIOP V3 AOD
retrievals for January 2007b)—(d) same aga), but for April, July, and October of 2007f)—(h) same age), but for April, July, and October

of 2007.

ual measurement pairs from the two sensors can be used ito detect such aerosol layers, contributing to the rms differ-
combination to make further deductions about aerosol type oence found here. This is corroborated by independent aircraft
origin. It should be noted that some fraction of this rms dif- validation exercises in the ARCTAS experiment (Redemann
ference is due to the fact that CALIOP only estimates aerosokt al., 2009b). The geographical distribution of over-ocean
properties in those regions where it “detects” an aerosolAOD difference shows latitudinally averaged differences of
layer. In regions where aerosol layers are more tenuous, i.egenerally less than 0.05, although some latitude bands with
distributed over greater geometric depth, CALIOP likely fails 0.1 AOD differences occur. These bands can often be traced
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Fig. 9. Same as Fig. 8, but for data collected in 2009.

to regional AOD difference hot spots, for example in Asian MODIS over-ocean AOD retrieval uncertainty is reasonably
outflow during April and African outflow into the Atlantic well documented in the literature, and because few other
Ocean basin during July. We find no statistically significant opportunities exist to assess CALIOP AOD retrieval qual-
difference in the consistency between MODIS and CALIOPity. However, our study is hampered by the necessary use
V2/V3 between 2007 and 2009, leading to the conclusionof CALIOP daytime data and by the imperfect collocation of
that sensor calibration and performance did not change sigsampling between the two sensors. The latter is a limitation
nificantly between 2007 and 2009. As stated in the intro-that is inherent to all data comparisons with different spatial
duction, the study presented here is worthwhile because theampling, but that should only matter if spatial variability of
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