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Abstract. Satellite-derived aerosol optical depth (AOD) ob- 1 Introduction
servations have been used to estimate particulate matter
smaller than 2.5um (Pi%). However, such a relation- Particulate matter (PM), especially suspended particles and
ship could be affected by the representativeness of satellitesolution droplets with diameters smaller than 2.5 pm §BM
derived AOD to surface aerosol particle mass concentratiorcontributes greatly to regional air pollution and can pose
and satellite AOD data quality. Using purely measurement-a threat to human health (e.g., Schwartz and Neas, 2000;
based methods, we have explored the impacts of data qualitiPope et al., 2002). Traditionally, the United States (US) Envi-
and representativeness on the AOD-inferrecbBWMAOD re- ronmental Protection Agency (EPA) has monitored surface-
lationship for the contiguous United States (CONUS). This isbased PMs concentrations using either a gravimetric-based
done through temporally and spatially collocated data sets ofethod at ground stations with 24 h filter samplers or hourly
PM, 5 and AOD retrievals from Aqua/Terra Moderate Res- Tapered Element Oscillating Microbalance (TEOM) and beta
olution Imaging Spectroradiometer (MODIS), Multi-angle gauge samplers (Federal Register, 1997). A number of stud-
Imaging Spectroradiometer (MISR), and Cloud-Aerosol Li- ies have attempted estimates of surface-basegsRidncen-
dar with Orthogonal Polarization (CALIOP). These analysestrations using satellite-retrieved aerosol optical depth (AOD)
show that improving data quality of satellite AOD, such as data (e.g., Hutchison, 2003; Wang and Christopher, 2003;
done with data assimilation-grade retrievals, increases theiEngel-Cox et al., 2004; Kumar et al., 2007; Liu et al., 2007;
correlation with PM 5. However, overall correlation is rela- Hoff and Christopher, 2009). The advantages of estimating
tively low across the CONUS. Also, integrated extinction ob- surface—based PM concentrations using satellite-derived
served within 500 m above ground level (a.g.l.), as measured\OD data are obvious, as satellites, including both polar or-
by CALIOP, is not well representative of the total column biting and geostationary satellites, typically provide a much
AOD. Surface aerosol in the eastern CONUS is better correlarger spatial coverage than what can be inferred from ground
lated with total column AOD than in the western CONUS. stations over a broad surface footprint. However, data are
The best correlation values are found for estimated dry masfimited to daylight cloud-free conditions with a once per day
CALIOP extinction at 200-300 m a.g.l. and BM) but addi-  collection by polar orbiters (Diner et al., 1998; Remer et al.,
tional work is needed to address the ability of using actively2005) or multiple images in morning or afternoon from geo-
sensed AOD as a proxy for R concentrations. stationary satellites (Zhang et al., 2001; Prados et al., 2007).
Previous research efforts have focused on algorithm de-
velopment for solving PM proxies based on AOD. For exam-
ple, Chu et al. (2003) compare Rptoncentrations with sur-
face AOD measurements from the Aerosol Robotic Network
(AERONET) in northern Italy and highlight the potential
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of using Moderate Resolution Imaging Spectroradiometerspective for relating the depth and vertical extent of aerosol
(MODIS; Remer et al., 2005) AOD as an estimate forfgM particle presence to both surface-basedBMeasurements
concentration. Several studies have focused on correlatingnd passive retrievals of column-integrated AOD.
satellite AOD observations and B concentrations (e.g., This paper differs from past research efforts in several
Wang and Christopher, 2003; Liu et al., 2004), and advancesspects. For one, the impact of passive satellite AOD data
have been made improving correlation between the two byquality on the PM 5/ satellite AOD relationship has yet to
considering other meteorological and environmental paramebe investigated. Secondly, while other studies have consid-
ters, such as the surface mixed-layer height (Engel-Cox et alered the aerosol vertical distribution during estimation of
2006; Gupta et al., 2006) and relative humidity (ShinozukaPMy 5 from satellite AOD retrievals, this has not been ex-
et al., 2007; Van Donkelaar et al., 2010). Simulated verticalamined over large spatial and temporal domains. Lastly, to
structure from chemical transport models (e.g., Van Donke-the best of our knowledge, near-surface aerosol extinction
laar et al., 2006; 2010) has also been used to help improvérom CALIOP has never been evaluated as a potential proxy
the PMp 5/ satellite AOD relationship. for surface PM 5 concentrations. Therefore, through the use
There are important issues, however, that need be conef MODIS, MISR, and CALIOP observations, the following
sidered when applying satellite-based observations in genresearch questions are considered:
eral, much less as a proxy for BM estimates. First, un- ) ) ) )
certainties exist in satellite-retrieved AOD values due to is- 1+ How does the quality of passive satellite AOD retrievals

sues such as cloud contamination, inaccurate optical mod-  'mpactthe PMs/AQOD relationship?

els used in the retrieval process, and heterogeneous surface, gased on CALIOP data. how representative are surface-

boundary conditions (e.g., Zhang and Reid, 2006; Shietal., 53564 measurements to aerosol particle presence within
2011a; Toth et al., 2013). Even today, convergence has not  ha full column?

yet been reached for retrieved AOD values found among the

most widely used satellite aerosol products, such as the Dark 3. Can near surface observations from CALIOP be used as
Target (DT)/DeepBlue (DB) MODIS and Multi-angle Imag- a better proxy for PM5 concentration?

ing Spectroradiometer (MISR; Diner et al., 1998; Kahn et , .

al., 2010) aerosol products (e.g., Shi et al., 2011b). Any es "€ Paper has been designed to discuss each component se-
timate of PM s derived from satellite AOD data cannot be quentially, thus building off the previous step. In Sect. 2 of
more accurate than the AOD data themselves. Thus. relatiofNis Paper, we describe the various satellite and surface-based
ships between AOD and PM are likely to be highly sensor- data s_ets used. In Sect. 3 the PMAOD relationship is_ first
product specific. Second, AOD derived from passive sensor§Xamined at an hourly time scale, followed by a daily anal-
is a column-integrated value, and BMconcentration is a  YSiS in which we explore the impact of AOD quality on this
surface measurement. Under conditions where aerosol partf€lationship. In Sect. 4, we investigate the representativeness
cles are concentrated primarily within the surface/boundar)pf sate_lllte-derlved surface aerosol concentration to that_ of
layer, AOD is presumably a likelier proxy for PAd concen- the entire column, and how well surface AOD correlates with

tration. Conversely, in conditions where aerosol plumes ard0t@! column AOD. Lastly, in Sect. S we provide results com-
transported above the boundary layer, AOD will likely prove Paring surface-based P4 and CALIOP aerosol extinction

a weaker one. Finally, AOD is a column-integrated sum ofnear the lower bounds of the sateIIiFe profileto inyes’gigate the
total ambient particle extinction, whereas Pis measured potential use of CALIOP data for air quality applications.
with respect to dried particles ingested for analysis by corre-
sponding instruments. Thus, hygroscopicity and mass extinc,
tion efficiency corrections are further required to accurately
characterize any relationship present between the two paranp 1 MODIS, MISR, and CALIOP data

eters.

While some studies have attempted to use chemical transAboard both the NASA Aqua and Terra satellites, MODIS
port models and ground-based lidars to investigate a relationis a spectroradiometer with 36 channels (0.41-15 um), seven
ship between aerosol particle structure, column-integrateaf which (0.47-2.13 um) are applied operationally for the re-
AOD and surface-based PM (Liu et al., 2004; Van Donke- trieval of aerosol particle optical properties. The DT Level 2
laar et al., 2006; Boyouk et al., 2010; Hyer and Chew, 2010),products created from these retrievals are reported at a spa-
a measurement-based analysis using the Cloud-Aerosol Litial resolution of 10 kmx 10 km, with over-land uncertain-
dar with Orthogonal Polarization (CALIOP; Winker et al., ties of 0.05 +£0.15*A0OD (Remer et al., 2005). This study
2007; Hunt et al., 2009) would allow for such a study over utilizes the Corrected_Optical_Depth_Land (0.550 um) pa-
relatively broad spatial and temporal scales, for which morerameter of DT Level 2 Collection 5.1 retrievals from Aqua
tenable proxies between AOD and P¥may be realizedand (MYDO04_L2) and Terra (MODO04) MODIS (2008—2009, op-
thus applied on more representative scales. Range-resolveatational), with quality assurance (QA) limiting the anal-
information collected with CALIOP provides the critical per- ysis to only those retrievals with Quality Assurance_Land

Data sets
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parameter flags of “very good”. Although the DB MODIS MODIS aerosol products are available from the Global

aerosol products also provide aerosol retrievals over land, th®cean Data Assimilation Experiment (GODAE) serJaty:

Collection 5.1 Aqua/Terra DB MODIS aerosol products are //www.usgodae.ordy/ However, no quality-assured hourly

not available for the study period and are thus not includedDA-quality aerosol products are currently available, and no

in the study. comparisons were therefore made between the DA-quality
MISR, aboard the Terra satellite, is a unique spectroraproducts and hourly Pl measurements.

diometer, able to collect observations at nine different view-

ing angles, providing a means for studying aerosol parti-2.3 Surface PM s

cle size and shape (Diner et al., 1998). MISR features four .

spectral bands, located at 0.446, 0.558, 0.672, and 0.867 unT.he US EPA has collected observations of surface-based PM

Different from the DT MODIS aerosol products, the MISR Since the passage of the Clean Air Act in 19h@://www.
aerosol product also includes AOD retrievals over bright sur-€Pa.gov/air/cag/In 1997, the EPA began specifically mon-

faces such as desert regions. Kahn et al. (2005) suggested tHi1iNg PMs concentrations (Federal Register, 2006). The
70% of MISR AOD data are within 0.05 (or 20% xAOD) Federal Reference Method (FRM), a filter-based method, is
of sun-photometer-measured AOD values. This study utilized!sed to measure concentration over a continuous 24 h period.
the same 2 years (2008—2009) of AOD derived from versionT he filter is weighed before and after the sample collection

22 MISR retrievals (0.558 um), flagged through QA screen-interval and PM s mass concentration (ugT) is calculated
ing as “successful’. by dividing the total mass of Ppg particles by the vol-

CALIOP is a multiwavelength (0.532 and 1.064pm) Ume of air sampled (Fedgral Register, 1997). Some EPA sites
polarization lidar flown aboard the Cloud-Aerosol Lidar &/SO report hourly (continuous) P4 measurements. For
and Infrared Pathfinder Satellite Observations (CALIPSO)this study, 2 years (2008-2009) of daily and hourly £M
platform within the NASA “A-Train” constellation (e.g., local coanons (EPA parame.tercod.e 88101) data were used
Stephens et al., 2002). To gain an understanding of aeros@nd obtained from the EPA Air Quality System (AQS).
particle distribution over the contiguous United States
(CONUS) for the period 2008-2009, this study utilizes >4 AERONET
the version 3.01 CALIOP Level 2, Skm aerosol profile \gpoNET is a worldwide ground-based network of sun
(L2__05kmAProf) (Wlnker. etal.,, 2007, 2013) product. The photometers that provides measurements of aerosol optical
version 3.01 Level 2 vgrtlcal featurg mask (L2_VFM) prod- roperties, and is currently used as the benchmark for valida-
uct is also used to restrict the analysis to those 5 km AOD ancﬁOn of satellite AOD retrievals. AERONET AOD is reported
total extinction (at 0.532 um) profile retrievals that are cloud- at eight channels (0.34-1.64 um), and has an uncertainty of

free, in a manner consistent with that of Toth et al. (2013).0 01-0.015 (Holben et al.. 1998). For the purposes of this
Additionally, only daytime CALIOP data are used in this st.udy AOD (gerived at 0 6.7, um is)ljsed purp

study.

2.2 Quality-assured MODIS and MISR subsets 3 How does the quality of passive satellite AOD

retrievals impact their linear correlation with
Existing uncertainties in passive satellite AOD retrievals,  surface-based PM.5?

such as those for MODIS and MISR, are optimally sup-
pressed before being considered and applied for data assinds a first step, linear correlations between passive satellite
ilation (DA) activities involving operational aerosol forecast AOD retrievals and PMs observations in the CONUS are
models (e.g., Zhang et al., 2008). Through rigid QA, reducedderived. We investigate the impact of data quality to the
AOD uncertainties have been characterized and DA-qualityAOD / PMy 5 relationship through a daily analysis using both
AOD data sets have been created for both over-land (Hyedaily averaged operational and DA-quality AOD data sets,
et al., 2011) and over-ocean MODIS DT products (Shi etas well as daily PM5 data. No hourly DA-quality AOD re-
al., 2011a), as well as the MISR aerosol products (Shi et al.frievals are currently available, and therefore the impact of
2011b, 2012). In this study, we use DA-quality MODIS and data quality to the AOD/PMj5 correlations are not specif-
MISR AOD products as control data sets for comparison withically characterized on this temporal scale. Still, an hourly
operational MODIS and MISR products. analysis is first considered, using only operational AOD data
Available at 6-hourly 1 x 1° resolution, DA-quality AOD  and hourly PMs data, for comparison purposes and for
data are converted to daily averages and then compared witbstablishing a relevant context for the relationship between
daily PMy 5 concentrations. For comparison purposes withAOD and PM 5.
the PM 5 data available (described further below), we have Figure 1 depicts those PM monitoring sites for the
constructed daily averaged “Level 3" AOD data using op- 2008—2009 period that reported hourly (Fig. 1a) and daily
erational MODIS and MISR aerosol products after apply- averaged (Fig. 1b) Pi observations. A total of 102 sites
ing first-order QA as described in Sect. 2.1. DA-quality reported hourly data, while 991 sites collected daily data
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Table 1. Correlation coefficients and data counts of the dafly11° average operational/DA Aqua/Terra MODIS and MISR AOD/daily
PM 5 collocation analyses for the eastern, central, mountain, and Pacific time zones and contiguous United States total for the entire two-
year (2008—-2009) study period, from December to May 2008—2009 (DJFMAM), and June to November 2008—-2009 (JJASON).

Operational Aqua MODIS  Operational Terra MODIS Operational MISR

Data set R value Data count R value Datacount Rvalue Data count
All 0.57 2081 0.47 2748 0.42 614
Eastern DIJFMAM 0.49 477 0.39 566 0.11 154
JJASON 0.57 1551 0.50 2001 0.50 408
All 0.27 1765 0.22 2005 0.22 447
Central DIFMAM 0.11 335 0.14 346 0.16 112
JJASON 0.38 1330 0.28 1511 0.26 304
All 0.19 1369 0.12 1632 0.10 391
Mountain DIJFMAM —0.08 215 0.09 250 0.16 95
JJASON 0.30 1136 0.17 1354 0.20 277
All 0.15 3832 0.22 3873 0.11 903
Pacific DJFMAM  0.08 1064 0.21 1047 0.15 269
JJASON 0.26 2560 0.21 2564 0.29 539
All 0.19 9047 0.22 10258 0.15 2355
Contiguous US  pjrMAM 0.03 2091 0.12 2209 0.07 630
JJASON 0.34 6577 0.25 7430 0.27 1528

(see figure caption for color scheme). Note that some siteincluding linear correlation coefficients and data counts for
feature multiple instruments observing Pdiconcentration; the CONUS divided into its four respective time zones: east-
one routine/primary, regular measurement and a secondargrn (coordinated universal time, UF®), central (UTG-6),
measurement that is only available sporadically. Both typesmountain (UTCG-7), and Pacific (UTG8). Relatively low

of PMy 5 data are included for this analysis. correlations are found for the CONUS, as a whole. However,
a regional dependence of the relationship between the two
3.1 Hourly analysis parameters is also apparent. The eastern CONUS region ex-

hibits higher correlation than does the Pacific CONUS by a
factor of approximately two (0.2 vs. 0.4). This is consistent

For the period 2008-2009, the operational Level-2 AOD . . o .
: . - with several studies that have shown similar regional effects.
data sets are spatially and temporally collocated with avall-F le. HU (2009 RMAOD
able PM 5 observations. After these AOD data are filtered or examp'e, Hu ( ) reports average £ cor-
' ' relations of 0.67 (eastern US) and 0.22 (western US), with

through basic QA screening (Sect. 2.1), each hourly, PM ) ; )
observation is matched with those Level-2 AOD retrievals E ngel-Cox et al. (2004) and Paciorek et al. (2008) report

meeting the QA criteria and found within 40km and 1 h of ing similar correlf;lltlonbs of 0.6-0.8 (ezstﬁrn ﬁS) anq O.2|—0.4
the PMp 5 observation. All remaining AOD values are then (western US). It has been suggested that this regional vari-

averaged for a single comparison with the 2\bbserva- ability in the PMp5/ AOD relationship is due to differences

. 9 9 P . : .. in topography, surface albedo, and boundary layer depth be-
tion. We chose 40 km as the averaging range for the Sate"'t?ween the eastern and western US (Engel-Cox et al., 2006)
data after assuming a mean wind speed of 10isflu- ;! ’

encing aerosol plume transport (approximately 40 kijh In Fig. 2, regional differences of PM/AOD correlation

AOD autocorrelation at or exceeding 0.8 has been reportegre also evident from scatterplots for the eastern (Fig. 2a)

for a distance of 40 km (on average) (Anderson et al., 2003'and Paqﬁc (Fig. 2b) time zones, with greater linearity ob-
: : ! served in the eastern CONUS compared to the west. Also,
Zhang et al., 2011), making this a reasonable constraint.

! . PM ncentration aver wer mputed for h 0.1
Table 1 summarizes the results of the hourly collocation of 25 concentration averages were computed for each

40 km/1 h average MODIS/MISR AOD with corresponding bin of AOD, and shown with respect to bOt.h Terra MODIS
and MISR. Note that although we have listed both Aqua
ground-based Pl measurements over the two year study,
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Table 2. Correlation coefficients and data counts of the 40km average operational Aqua/Terra MODIS and MISR AOD/hauly PM
collocation analyses for the eastern, central, mountain, and Pacific time zones and contiguous United States total for the entire 2-year (2008-
2009) study period, from December to May 2008—2009 (DJFMAM), and June to November 2008-2009 (JJASON).

| Aqua MODIS | Terra MODIS | MISR
Data set | Operational | DA |  Operational | DA | Operational | DA

R Data R Data R Data R Data R Data R Data

value | count | value | count | value | count | value | count | value | count | value | count
Al | 040 76194 050 29682 0.38 80810 051 38725 0.32 15526 0.50 10949

Eastern DJFMAM | 023 30615 031 12180 023 32492 035 15166 0.20 6819 037 4829
JIASON | 045 43837 056 17123 0.44 45839 055 22723 037 8194 055 5750

All | 039 39942 047 18584 036 40824 051 21084 030 8396 046 6256

Central DJFMAM | 027 15892 031 7507 022 15853 029  8130| 0.23 3536 0.35 2549
JJASON | 045 23217 055 10708 0.44 23979 057 12506 0.33 4649 053 3551

All | 0.09 14160 0.21 5007 0.07 15597 0.13  6313] 0.04 3455 0.06 2489

Mountain DJFMAM | 0.06 4788  0.00 1180| 0.04 5258 —0.04 1463 | —-0.01 1385 —-0.05 782
JJASON | 0.3 9178 030 3775 0.13 10078 029 4793 0.12 1974 0.16 1659

Al | 013 21871 0.33 11446 0.12 22405 033 11470 0.16 4639 027 3625

Pacific DJFMAM | 000 9110  0.08 4218 —0.03 9308  0.08 4265/ 0.06 2047 016 1509
JIASON | 0.24 12310 044 7107| 0.24 12470 043  7011] 027 2431 037 2025
All | 0.31 152167 0.43 64719 0.29 159636 0.45 77592 0.26 32016 040 23319
ContiguousUS pyFMAM | 0.15 60405 021 25085 0.12 62911 022 29024 0.15 13787 0.26 9669
JJASON | 040 88542 052 38713 039 92366 052 47033 0.34 17248 048 12985
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Figure 1. For the period 2008-2009, US EPA sites with available
PM, 5 measurements &) hourly and(b) daily intervals, respec-

and Terra MODIS in Table 1, we show only the Terra
MODIS/MISR analysis in Fig. 2 because of their common
satellite-observing platform. In general, a better correlation
is found for the bin averages, which is consistent with that
reported by Gupta et al. (2006).

Seasonally, each of the hourly B&I/ AOD correlation co-
efficients shown in Table 1 are recomputed for December
through May (Table 1; DJFMAM) and June through Novem-
ber (Table 1; JJASON). There are fewer data points for DJF-
MAM than JJASON €68 % decrease), enhanced by the ab-
sence of December 2007 in the data set (this month was not
included in the analysis due to the lack of PMocal condi-
tions data, EPA parameter code 88101, before 2008). Over-
all, however, lower correlations are found during this season
compared with the annual mean. The opposite is thus true for
JJASON. Although not shown here, further analysis reveals
that higher correlations of JJASON may be due to a signif-
icant number of cases of relatively high BM(greater than
35pg nT3) and high satellite AOD (greater than 0.3) that oc-
cur during this season, relative to DJFMAM, which may pos-
itively influence the regression compared with JJASON.

tively. The sites are color-coded based on number of days with ob-
servations as red (fewer than 100), black (between 100 and 300), g2 Daily analysis

blue (greater than 300).
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We next investigate how the relationship between AOD
and PMs is affected by the perceived data quality of the
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Figure 2. Two-year (2008—-2009) scatterplots of operational Terra Figure 3. Two-year (2008—-2009) scatterplots of daily st 1° DA
MODIS (in light blue) and MISR (in red) AOD, averaged within Terra MODIS (in light blue) and daily?1x 1° MISR (in red) AOD
40km of each respective PM-monitoring site, versus hourly versus daily PM 5 concentrations for th@) eastern an¢b) Pacific
PM, 5 concentrations for théa) eastern andb) Pacific US time ~ US time zones. Averages of R are plotted for each 0.1 AOD
zones. Also plotted are averages of PMfor each 0.1 AOD bin,  bin, represented with triangles (in dark blue) for Terra MODIS and
represented with triangles (in dark blue) for Terra MODIS and squares (in orange) for MISR. Error baes { standard deviation)
squares (in orange) for MISR. Error baes { standard deviation)  for the bin averages are also shown.

for the bin averages are also shown.

sis decrease relative to each corresponding operational AOD

operational satellite AOD data sets, using only basic QA, ver-analysis, indicative of fewer available collocations from the
sus the DA-quality Level 3 AOD data. As discussed above,Level 3 AOD data sets from increased data rejection. We be-
these latter data are subject to more advanced screening, witleve that such a pronounced pattern reflects the influence of
filtering, correction, and spatial aggregation applied. EachAOD retrieval quality from the passive satellites on their re-
available daily ground-based BM observation is matched lationship with surface-based RN measurements.
with both the operational and DA-quality AOD retrievals  Also shown in Table 2, the eastern sample exhibits greater
found within 2 latitude/longitude and the day of the BM  linearity (i.e., correlation) overall compared with the west-
observation. Results of the daily* X 1° operational and ern one. Figure 3 further illustrates the regional variation in
DA-quality MODIS/MISR AOD analyses are shown for the PM,5/DA AOD correlation, through corresponding scatter-
CONUS and each respective time zone in Table 2. plots for the eastern (Fig. 3a) and Pacific (Fig. 3b) time zones.

Distinct increases are found for the B AOD corre-  As in Fig. 2, we only show the Terra MODIS/MISR analysis
lation using the DA-quality satellite AOD products versus because of their common platform. Also, averages o BM
the operational satellite AOD data sets (Table 2). For exam-<oncentrations are shown for each 0.1 bin of DA TERRA and
ple, PMp5/AOD correlations for the CONUS increase by MISR AOD.
about 0.12 (Aqua MODIS), 0.16 (Terra MODIS), and 0.14 The seasonality of the PM/AOD relationship for
(MISR) from each respective operational to DA-quality datathe daily analysis is investigated in Table 2. As encoun-
set. Note that data counts for each DA-quality AOD analy-tered above for Table 1, there are fewer data points for
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Table 3. Correlation coefficients and data counts for the hourly,R¥40 km average operational AOD and daily PV 1° x 1° average
DA AOD common point analyses for the eastern, central, mountain, and Pacific time zones and contiguous United States total for the two-year
(2008-2009) study period.

\ Aqua MODIS \ Terra MODIS \ MISR
Data set
Hourly Daily Data | Hourly Daily Data | Hourly Daily Data
Rvalue Rvalue count| Rvalue Rvalue count| Rvalue Rvalue count
Eastern 0.63 0.54 369 0.52 0.58 543 | 0.56 0.49 138
Central 0.29 0.20 305 0.25 0.28 362 0.20 0.12 93
Mountain 0.52 0.56 108 | 0.35 0.55 119 | 0.39 —0.08 21
Pacific 0.32 0.16 916 0.25 0.21 874 0.25 0.15 270
Contiguous US| 0.36 0.20 1698| 0.30 0.25 1898| 0.30 0.22 522
—120 —105 -90 —75 —-120 —105 -390 —75
3 £ IS 3 ] S
S 5 IS = 5
—-120 " —-105
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g & ] e T o 5 i RE : 5
—-120 - -105 -90 -75 —120 " —105 -390 -75
* * * * * * * *
PM2.5/A0D Correlation: <0.2 0.2-0.4 0.4-0.6 0.6—0.8 >0.8 (b) PM2.5/A0D Correlation: <0.2 0.2-0.4 0.4-0.6 0.6-0.8 >0.8 (b)

Figure 4. For the period 2008—-2009, the US EPA daily P#/fites Figure 5. For the period 2008—2009, the US EPA daily Pkites
used in this study. Sites are color-coded based on the correlationsed in this study. Sites are color-coded based on the correlation
between daily PM 5 observations and daily’Ix 1° (a) operational  between daily PM 5 observations and daily’1x 1° (a) operational
and(b) DA Terra MODIS AOD. and(b) DA MISR AOD.

DJFMAM than JJASON-32 % decrease). Likewise, lower for the eastern CONUS compared to those results found in
PM,5/AOD correlations are found during DJFMAM, and the west. Similar regional and operational-to-DA AOD pat-
higher correlations are found from JJASON, as compared tderns in the PMs/AOD relationship are shown in Fig. 5 for
the mean annual results presented in Table 2. Again, this pathe operational MISR AOD (Fig. 5a) and DA MISR AOD
tern may be due to a larger number of high PMgreater  (Fig. 5b) daily analyses.
than 35pugm?®) and high satellite AOD (greater than 0.3)  In order to strengthen the results obtained in the hourly and
values that are found from JJASON, as compared to DJFdaily analyses, we apply a common point filter to the data.
MAM. However, a longer study period is likely needed to Our common point filter refers to the requirement of valid
more appropriately understand the seasonal dependence pbints from all four data sources (i.e., hourly/daily P&/&and
the PMp 5/ AOD relationship. operational / DA AOD). As such, for common BM sites,
Figure 4 consists of two maps depicting daily PM  correlations between hourly BN and 40 km average op-
sites used in this analysis, color coded with respect to theerational AOD, and daily PMs and T x 1° average DA
PM.5/AOD correlation coefficient. Figure 4a reflects the AOD, were computed (Table 3). Regional variations in the
PMy5/daily operational Terra MODIS AOD relationship, PMzs/AOD relationship found here are similar to those in
with generally higher correlations in the eastern CONUSearlier analyses presented in this paper, with higher corre-
than the Pacific CONUS. Figure 4b also illustrates a clearations for the east than for the west. Also, the correlations
increase in PM5/AOD correlation for the daily DA Terra  from the hourly analysis are generally higher than those from
MODIS AOD analysis, with again still higher correlations the daily analysis, but with some dependency on region and
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Table 4. Correlation coefficients and data counts for the hourly §
PMy 5/average AERONET AOD (0.67um) collocation analy-
sis (AERONET AOD averaged within the hour and 9O.&ti-
tude/longitude of an hourly PpE measurement) for the eastern,
central, mountain, and Pacific time zones and contiguous United
States total for the 2-year (2008—2009) study period.

Data set Rvalue Data count
Eastern 0.61 6596
Central 0.36 613
Mountain 0.16 2438
Pacific 0.54 512
Contiguous US 0.51 10159
satellite sensor. While this common point study implies that \ CALIOP Extinction (km")

operational AOD may be a better estimate of H\han DA
AOD, we note here that when only daily data are used (Ta-
ble 2) there exists a distinct improvement in Pdkstimation ~ Figure 6. Two-year (2008-2009) °1x 1° average CALIOP
from the operational to DA AOD data sets. Thus, it is rea- 0.532um ex;inct?on, relative to_the number of (_:Ioud-free 5km
sonable to expect further improvement in the RMpassive CALIOP profiles in each 1x 1° bin, for atmospheric layers a.g.l.
satellite AOD relationship through the use of hourly DA- gg(()egrg—soom(b) 500-1500 m(c) 15002500 m, andd) 2500~
guality AOD data sets. These data are currently not readily '
available, however, so this topic is left for a future study.
As a final step for Sect. 3, we examine the hourly
PM,5/AERONET AOD relationship for the CONUS. The details of this QA process are documented in past stud-
AERONET AOD (0.67 um) measurements found within°0.3 ies (Kittaka et al., 2011; Campbell et al., 2012a; Toth et al.,
latitude/longitude and the hour of an hourly PMobserva-  2013; Winker et al., 2013). Only cloud-free profiles are con-
tion were first averaged, and hourly B AERONET AOD sidered.
correlations and data counts were then computed (Table 4). Shown in Fig. 6 are1x 1° averages (relative to the num-
Similar to the results from the PM/satellite AOD analy-  ber of cloud-free 5km CALIOP profiles in each & 1° re-
ses, a higher correlation is found for the eastern time zoneional bin) of 0.532 um aerosol extinction coefficient for the
(0.61) compared to the Pacific time zone (0.54). Also, the0.0-0.5km layer (Fig. 6a), 0.5-1.5 km (Fig. 6b), 1.5-2.5km
hourly PMp5/ AERONET AOD correlations are generally (Fig. 6¢) and 2.5-3.5 km a.qg.l. (Fig. 6d), respectively. In gen-
higher than those between hourly P satellite AOD (Ta-  eral, extinction values observed in the lower atmospheric lay-
ble 1). These findings are not surprising, as AERONET isers (Figs. 6a, b) are larger than those observed in the elevated
considered the benchmark for validation of satellite AOD re-atmospheric layers (Fig. 6¢, d). However, higher mean values
trievals. are found nearer the surface in the eastern region (particularly
the southeastern CONUS; Fig. 6a, b), while higher values are
found at elevated heights in the west (Fig. 6¢c, d). These data
4 How representative is the surface layer aerosol indicate that, on average, aerosol particle distributions tend
particle presence to the atmospheric column? to be more concentrated near the surface in the east and more
diffuse vertically in the west.
We have demonstrated that the quality of the AOD data Corresponding with Fig. 6a, Fig. 7 is a plot of the av-
sets investigated impacts any linear correlation apparent witlerage percentage of surface-layer-integrated extinction (al-
ground-based Pl measurements. Next we explore the rep- titudes lower than 500 m a.g.l.) to total column AOD. We
resentativeness of aerosol particle presence near the surfacse the average of the lower 500 m a.g.l. to represent the
to that of the atmospheric column. We use the CALIOP surface layer so as to minimize ground flash contamination
L2_05kmAProf product, featuring a vertical resolution of in the CALIOP data when observations are near the ground
60m for altitudes below 20.2km above mean sea level(e.g., Campbell et al., 2012b). Values are generally below
(MSL). Using the corresponding mean surface elevation re-40 % across the CONUS, with higher values more concen-
ported with each profile, values of extinction coefficient and trated in the eastern part of the country. The distribution is
AOD (0.532 um) are regridded linearly at 100 m resolution noisy, however, and thus to better interpret these data, we
vertically from the surface (above ground level, or a.g.l.) to present a 5-year assessment (2006—2011) of CALIOP data
8.2km after a robust QA screening procedure takes place(Fig. 8). Common patterns emerge, though more distinctly,

0.00 0.0250 0.0500 0.0750 0.100 0.125 0.150 0.175 0.200
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FRACTION OF AOD ABOVE 2 km AGL
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FRACTION OF AOD BELOW 500 m AGL
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Figure 7. Two-year (2008—-2009)°1x 1° average contribution per-
centage of 0-500m a.g.l. integrated CALIOP extinction to total
column AOD (at 0.532um) relative to the number of cloud-free
CALIOP profiles in each 1x 1° bin, for the contiguous United  Figure 9. Two-year (2008—-2009)°1x 1° averagd(a) contribution
States. percentage of above 2km a.g.l. CALIOP AOD to total column
AOD (at 0.532 um) angb) frequency of occurrence of AOD above
2km a.g.l.,, both relative to the number of cloud-free CALIOP pro-
files in each % x 1° bin, for the contiguous United States.

0.00 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.00

020 an average correlation of 0.61 is found. For the CONUS, a
similar value of 0.62 is calculated, with values of 0.61 for
the eastern time zone and 0.57 for the Pacific. Importantly,
oo the lack of significant regional variability in these relation-
ships indicates that although the eastern and Pacific time
zones may exhibit different AOD surface contribution per-
centages, integrated surface extinction correlates relatively
Figure 8. From 2006 to 2011, fraction of CALIOP-integrated consistently with total column AOD. Siill, given a perfect
0.532 um extinction below 500m a.g.l. for the contiguous United possible correlation of 1 between integrated surface level ex-
States. tinction and PM s concentration, the correlation value of
~0.6 between the former with column-integrated AOD might
represent the best case scenario, on a regional average, that
as higher percentages are again found over the east versus thae could derive presently for the satellite AOD to PM
west. In general, however, AOD below 500 m a.g.l. accountsconcentration relationship. This agrees well with the findings
for only 30% or less of the total column AOD across the reported in Hoff and Christopher (2009).
CONUS. This indicates that it is necessary to have a priori To evaluate the influence of aerosol particle presence at
knowledge of the ratio between near-surface-integrated exelevated levels, in Fig. 9a we show the fraction of CALIOP-
tinction to column-integrated AOD in order to better charac- retrieved column-integrated AOD found above an arbitrary
terize the likely representativeness of applying satellite AODstandard height of 2km a.g.l.,, thus segregating mostly
as a proxy for surface PM concentration. boundary layer particle presence versus those propagating
Note that although integrated extinction over the lowestwithin the free troposphere. It is evident that regional vari-
500m a.g.l. may not be representative of the total columnations in the fraction of AOD above 2 km exist, as the west-
AOD, itis possible that the correlation between the two couldern half of the CONUS exhibits at least double the amount of
be high, and thus useful for satellite AOD/BMstudies. particle extinction above 2 km than does the eastern CONUS.
Although not shown here, we also compute thex11° aver- However, note that many areas in California, where a rel-
age correlation between integrated extinction from the low-atively dense array of Pacific US BM sites are located,
est 500 m a.g.l. and total column AOD. Globally, over land, exhibit relatively low contributions comparable to that of

FRACTION CF ADD BELOW 500 m AGL
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the east (usually below 30%). Consistent with the find-
ings shown in Fig. 9a, regional variations in the frequency
of occurrence of AOD above 2km a.g.l. are also observed
(Fig. 9b), with generally higher frequencies in the west as
compared to the east. The average frequency of occurrence
of aerosol particle presence (as measured by CALIOP total
column AOD) above 2km a.g.l for the CONUS 4s 40 %
(Fig. 9b). Also, about 20 % of data records (not shown) have
at least 50 % of aerosol particle presence above 2km a.g.l.
This indicates that a significant number of elevated aerosol
plumes occurred over the CONUS during the 2008-2009 pe-
riod, and thus will not be recognized by surface-based PM

measurements. PM2.5 Concentration (ug/m?) (9)
0.8 T T T

o
w»

Eastern U.S. r, 0.78
Pacific U.S. r, 0.76

o
~

0.3

0.2

CALIOP Extinction 200—300 m AGL (km“)

Eastern U.S. r, 0.77
Pacific U.S. 0.

5 Can near surface observations from CALIOP be used
as a better proxy for PM» 5 concentration?

Taking advantage of an active-profiling aerosol particle sen-
sor like CALIOP, we investigate the relationship between
hourly PMp 5 concentration and CALIOP 0.532 pm extinc-
tion coefficient values near the surface. The temporal/spatial
collocation and 40km AOD averaging process here is the
same as described in Sect. 3. Recall thabBN a dry par-
ticle mass measurement. However, satellite-retrieved AOD PM2.5 Concentration (ug/m®) (b)
values include the effects of aerosol particle growth as a func-
tion of vapor pressure. To compute the CALIOP extinction Figure 10. For the eastern (in blue) and Pacific (in red) US time
and PN&S reiationship’ a Sensitivity Study was performed for Zones, 2-year (2008—2009) Scatterplots of hOUI’lyzEMOﬂCGntra'
which the hygroscopic growth of aerosol particles was aC_tions versuga) cloud-free 5 km CALIOP dry mass 0.532 um extinc-
counted for. We approximate that aerosol particles over thd!o" at the 200-300m a.g.l. layer, afir) operational Aqua MODIS |
CONUS are sulfate aerosols. and applv the sulfate aeros AOD, both averaged within 40 km and the hour of each respective
. ’ PPy CH’M measurement.
hygroscopic growth factor (Hanel, 1976; Hegg et al., 1993; 25
Anderson et al., 1994) to compute dry aerosol extinction
and AOD using Goddard Modeling and Assimilation Office
(GMAO) relative humidity values included as metadata in theable. This PM 5/ CALIOP/Agua MODIS data set was con-
NASA-disseminated CALIOP files. No correction is made structed for both hourly and daily analyses during the 2008—
to extinction coefficient values when relative humidity is less 2009 period. For the hourly study, both CALIOP and opera-
than 30 % or above 95 %. Further, we investigate the sensitivtional Aqua MODIS observations are again averaged within
ity of the CALIOP value chosen to compare with by varying 40km and the 1h of the Pp measurements. For the
the height of the retrieval used between 0 and 500 m a.g.l. irdaily comparison, observations from CALIOP are averaged
100 m segments. within 100 km along track (approximately°)l and those
Results, including the level of CALIOP extinction used, from operational Aqua MODIS are averaged withthlat-
are summarized in Table 5. For both the eastern and Pacifitude/longitude, and the day of each P¥measurement.
US time zones, altering the level of the reported CALIOP Figure 10 shows hourly analysis results for dry mass-
extinction from 200 to 500 m a.g.l. has little effect on cor- adjusted CALIOP extinction at 200-300m a.g.l. (Fig. 10a)
relation. Relatively low correlation is observed using the and operational Aqua MODIS AOD (Fig. 10b). The
CALIOP extinction values at the 0-100m level, however, 200—300 m layer was used because the lowest 200m a.g.l.
suggesting the likely impacts of ground contamination of theof retrieved extinction is considered subject to ground
backscatter signal. When hygroscopic growth of aerosol pareontamination (e.g., Schuster et al., 2012; Omar et al
ticles is considered, modest improvements are found for the013). Reasonably high correlations-©60.8 are found for
eastern CONUS but not the climatologically drier Pacific re- CALIOP / PM, 5 for both the eastern and Pacific time zones.
gion. A difference exists between these two regions for Aqua
We next investigate the relationship between CALIOP ex-MODIS, however. The eastern CONUS exhibits similar cor-
tinction near the surface and BNl concentrations when relation compared with that found above from CALIOP, but
collocated Aqua MODIS operational retrievals are avail- drops off to~0.5 for the Pacific CONUS. Clearly, CALIOP

Aqua MODIS AOD
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Table 5. Two-year (2008—2009) correlation coefficients of hourly Pivbbservations and 40 km average CALIOP extinction (both uncor-
rected and dry mass) at various 100 m a.qg.l. atmospheric layers.

Uncorrected CALIOP extinction  Dry mass CALIOP extinction

CALIOP extinction layer

Eastern Pacific Eastern Pacific
0-100m 0.35 0.72 0.33 0.71
100-200m 0.62 0.73 0.66 0.72
200-300m 0.57 0.72 0.69 0.74
300-400m 0.54 0.61 0.63 0.59
400-500m 0.69 0.58 0.70 0.56

and Aqua MODIS retrievals behave similarly for the eastern
CONUS, but CALIOP performance is much better than Aqua
MODIS over the Pacific. However, the correlations between
PMz 5 and CALIOP/Aqua MODIS observations computed in
this analysis should be considered with caution, as the low
data count (fewer than 100 data points) make these findings
tenuous.

Figure 11a and b depict the same analyses as in Fig. 10,
but now for the daily analysis of PM/CALIOP/Aqua
MODIS. Correlations are reduced for each time zone,
compared with the hourly results. As was shown in
Fig. 10, CALIOP and Aqua MODIS exhibit similar cor-
relations with daily PMs for the eastern CONUS, but
daily PMp5/CALIOP correlations are better than daily i Fostern Us. 1. 099
PMa5/Aqua MODIS correlations for the Pacific CONUS. L RO . Pacific US. 1, 0.16

CALIOP near-surface extinction/ hourly B relation-
ships represent the most consistent correlations solved in this
study. However, more research is necessary to advance our
understanding of the relationship between actively profiled
aerosol optical properties and BM This is particularly im-
portant since studies have reported significant uncertainties
in CALIOP AOD and extinction data (e.g., Schuster et al.,
2012; Omar et al., 2013), especially for values lower than
200 m a.g.l., which are clearly critical to resolving the most
optimal CALIOP extinction/PMs relationship. Note, how- PM2.5 Concentration (ug,/m®) (b)
ever, that aside from ground contamination issues described. -~ )
above, Campbell et al. (2012a, b) argue for an additional QAFlgure 11. For the eastern (blue) and _Pacn‘lc (red) US time zones,
step of removing CALIOP profiles from bulk averages where 2-year (2008-2009) scatterplots of daily P¥Iconcentrations ver-

no aerosol extinction is retrieved below 200m to limit the sus(a) cloud-free 5km CALIOP dry mass 0.532 um extinction at
xunetion | eV W imi the 200-300 m a.g.l. layer (averaged within 100 km), @mapera-

effects of.signal pulse atten_uation. This gffect may be fur'tional Aqua MODIS AOD (averaged withirfl and the day of each
ther contributing to lower skill at these heights. Further, ad-regpective PMs measurement.

ditional analysis can be explored where the top height of the
surface-detached mixed aerosol layer is known. This con-
straint was not considered here, and is outside the gener
scope of our investigation.

T T
Eastern U.S. r, 0.28
Pacific U.S. r, 0.53 [ X )

05F w®
E e
°

CALIOP Extinction 200-300 m AGL (km™")

PM2.5 Concentration (ug/m®) (a)
e

Aqua MODIS AOD

ﬂated the ability of using aerosol optical depth (AOD) re-
trievals from passive satellite sensors as proxies fop §M
concentrations. Extending from past efforts, this study ex-
plores the impact of passive satellte AOD data quality
6 Conclusions and satellite-derived surface-to-column aerosol representa-
tiveness on the P/ AOD relationship for a 2-year period
Surface measurements of particulate matter with diameter§2008-2009). With a focus on the contiguous United States
smaller than 2.5 um (Pp4%) are a frequent tool used to eval- (CONUS), passive AOD operational Level-2 retrievals from
uate air quality in urban areas. Past studies have investiAqua/Terra Collection 5.1 Moderate Resolution Imaging
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Spectroradiometer (MODIS) and Version 22 Multi-angle that, even with the use of higher-quality DA AOD obser-
Imaging Spectroradiometer (MISR) are temporally and spa-vations, column-integrated AOD derived from passive satel-
tially collocated for an hourly comparison with B mea-  lite sensors may not be used directly as accurate proxies
surements. Next, operational and data assimilation (DA)for surface-based P4 over broad spatial domains. As
quality Aqua/Terra MODIS and MISR AOD data sets are discussed earlier, this is partly attributed to differences in
analyzed against P} on a daily temporal scale to re- the aerosol surface-to-column representativeness across the
veal the effects that AOD data quality can exhibit with re- CONUS. Therefore, we caution the direct use of passive
spect to PMs/AOD correlations. The representativeness satellite AOD observations for PM estimation over large
of surface aerosol particle concentration to that of the en-areas, especially in regions where elevated aerosol plumes
tire column, as well as the correlation between surfaceexist.
AOD and total column AOD, are investigated using obser- Additionally, as our initial study has shown, the use of near
vations from Cloud-Aerosol Lidar with Orthogonal Polariza- surface extinction measurements from active sensors, such as
tion (CALIOP). CALIOP is then used to examine the rela- CALIOP, may provide a better PM estimation over broad
tionship between near surface aerosol extinction and4$M  spatial scales than column-integrated passive satellite AOD.
The conclusions of this study are summarized as follows: However, ground contamination for near-surface CALIOP
measurements and the effects of humidity on aerosol op-
1. Application of aggressive quality assurance (QA) pro- tical properties need further investigation. Still, satellite-
cedures to passive satellite AOD retrievals increaseSjerived aerosol properties are of much value to,RMtud-
their correlation with PMs for all of the CONUS, but  jes, especially with the synergistic use of passive and ac-
significantly decreases data counts by a factor of aboutjye aerosol-sensitive observations, and through assimilating
2. these quality-assured data into air-quality-focused numerical

. . . . models for future PMs monitoring and forecasts.
2. Correlations remain low even with aggressive QA.

3. Aerosol particle distributions tend to be more con-

centrated near the surface in the eastern CONUSAcknowledgementsThis research was funded through the sup-
and more diffuse vertically in the western CONUS port of the Office of Naval Research Code 322 and the NASA

Thi . | iability i | tical distributi Interdisciplinary Science Program. J. R. Campbell acknowledges
IS regional variability 'n aerosol verucal distribu ',on the support of NASA Interagency Agreement NNG13HH10Il on
across the CONUS confirms one reason for the hlgherbehah‘ of the Micropulse Lidar Network and NASA Radiation

PM 5/ satellite AOD correlations observed in the east gciences Program. Author Y. Shi acknowledges the support of the
compared to the west. NASA Earth and Space Science Fellowship (NESSF) Program. We
thank Mark Vaughan for his suggestions in improving this work.
4. Near-surface extinction (below 500m a.g.l.), as mea-CALIPSO and MISR data were obtained from the NASA Langley
sured by CALIOP, is not well representative of total Research Center Atmospheric Science Data Center. MODIS data
column-integrated extinction (i.e., AOD). Regionally, were obtained from NASA Goddard Space Flight Center. The
near-surface aerosols are more representative of totdPA-quality MODIS data were obtained from the Global Ocean

column AOD in the eastern CONUS than in the west- Data Assimilation Experiment (GODAE) server. The pPdidata
ern CONUS. were obtained from the EPA AQS site. We acknowledge the

AERONET program, and the contributing principal investigators
and their staff, for coordinating the sites and data used for this

5. Correlations between near-surface CALIOP 0.532 um! N
investigation.

extinction and hourly PMls observations are better than
can be achieved with passive AOD retrievals. How-
ever, with fewer than 100 pairs of collocated Péd/&nd
CALIOP extinction data points used, such a finding is
tenuous. Additional studies are needed to further ex-
plore the possibility of accurately estimating RPbicon-

centrations from surface extinction derived from active )
Sensors Anderson, T. L., Charlson, R. J., White, W. H., and McMurry, P. H.:

Comment on “Light scattering and cloud condensation nucleus

. . : activity of sulfate aerosol measured over the Northeast Atlantic
In this paper, we have demonstrated that estimation of Ocean” by D.A. Hegg et al., J. Geophys. Res., 99, 2594725949,

.PM2,5 concentrations. from satelllite-retrieved. AOD is lim- d0i:10.1029/94JD02608.994.

ited by both the quahty of satellite AQD retrievals as well Anderson, T. L., Charlson, R. J., Winker, D. M., Ogren, J. A., and
as the representativeness of column-integrated AOD 10 near- Hoimén, K.: Mesoscale variations of tropospheric aerosols, J. At-
surface AOD. Also, some of the past studies have shown mgs. Sci., 60, 119-136, 2003b.

that passive satellite AOD may be used to accurately estiBoyouk, N., Léon, J. F., Delbarre, H., Podvin, T., and Deroo, C.:
mate PM 5 for particular sites. However, this study shows  Impact of the mixing boundary layer on the relationship between
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