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Abstract. Retrievals of aerosol microphysical properties (ef-
fective radius, volume and surface-area concentrations) and
aerosol optical properties (complex index of refraction and
single-scattering albedo) were obtained from a hybrid multi-
wavelength lidar data set for the first time. In July 2011,
in the Baltimore–Washington DC region, synergistic profil-
ing of optical and microphysical properties of aerosols with
both airborne (in situ and remote sensing) and ground-based
remote sensing systems was performed during the first de-
ployment of DISCOVER-AQ. The hybrid multiwavelength
lidar data set combines ground-based elastic backscatter
lidar measurements at 355 nm with airborne High-Spectral-
Resolution Lidar (HSRL) measurements at 532 nm and elas-
tic backscatter lidar measurements at 1064 nm that were ob-
tained less than 5 km apart from each other. This was the
first study in which optical and microphysical retrievals from
lidar were obtained during the day and directly compared
to AERONET and in situ measurements for 11 cases. Good
agreement was observed between lidar and AERONET re-
trievals. Larger discrepancies were observed between lidar
retrievals and in situ measurements obtained by the aircraft
and aerosol hygroscopic effects are believed to be the main
factor in such discrepancies.

1 Introduction

Aerosols are known to play an important role in chemical
processes, cloud formation, air quality, radiative balance, and
other atmospheric processes. In the last few decades, great
progress has been achieved towards a better understanding of
the optical and physical properties of aerosols, as well as of
how changes in those properties affect the atmospheric radia-
tive processes. Currently, many instruments onboard satel-
lites allow for retrievals of column-integrated properties of
aerosols on a daily basis (Tanré et al., 1997; Kaufman et al.,
1997; Knapp, 2002; Liu et al., 2014). In addition to satel-
lites, a number of ground-based networks contribute contin-
uous aerosol observations (Holben et al., 1998; Bösenberg
et al., 2003; Welton et al., 2001; Sugimoto and Uno, 2009).
However, despite this continuous advance, it is indisputable
that many gaps in our understanding of aerosols are yet to be
filled.

Aerosols originate both naturally and from anthropogenic
processes. Globally, more than half of all particle emissions
are of anthropogenic origin (Jacobson, 2012). These parti-
cles enter the atmosphere through emissions and nucleation.
While suspended in the atmosphere, the sizes of these par-
ticles, as well as their number distributions, evolve as they
undergo coagulation, condensation, water uptake, chemical
reactions, and removal processes.
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The sizes and types of aerosols can display large variations
both in spatial and temporal scale. Therefore, a continuous
effort to monitor the particles present in the boundary layer
is necessary.

An important aspect with regard to how these particles af-
fect our climate is that the radiative forcing due to aerosols
depends on their vertical distribution. For instance, due to
hygroscopic growth effects, scattering particles produce a
greater forcing when the majority of aerosol particles are lo-
cated in the lower troposphere, whereas absorbing particles
will produce a greater forcing above clouds/cloudy layers or
when the underlying surface albedo is high (Haywood and
Ramaswamy, 1998). Also, surface temperature and climate
responses depend on both vertical and horizontal distribution
of aerosols (Hansen et al., 1997). For that reason, a proper
characterization of the vertical distribution of aerosols is nec-
essary.

2 Motivation

Retrievals based on the inversion of multispectral radiance
measurements obtained by ground-based and spaceborne ra-
diometers are representative of the entire atmospheric col-
umn and therefore do not provide information on how the
aerosols are distributed throughout the column. Lidars, on
the other hand, are capable of determining the vertical distri-
bution of aerosols with high spatial and temporal resolution.
Several ground-based lidar networks across the globe, such
as the European Aerosol Research Lidar Network (EAR-
LINET: Bösenberg et al., 2003), the Micropulse Lidar Net-
work (MPLNET: Welton et al., 2001), and the Asian Dust
Network (ADNet:Sugimoto and Uno, 2009), contribute to
regular aerosol observations.

Over the past decade, the development of inversion tech-
niques for the retrieval of microphysical properties (such as
effective radius, number, surface-area and volume concentra-
tions) and optical parameters (such as absorption and scat-
tering coefficients, single-scattering albedo, and complex in-
dex of refraction) from multiwavelength lidar systems has
brought a new perspective to the study of the vertical distri-
bution of aerosols (Müller et al., 1998, 1999a, b).

More specifically, the recommended multiwavelength
lidar data set necessary to obtain such retrievals consists of
a set of backscatter coefficients (β) at 355, 532 and 1064 nm
and a set of extinction coefficients (α) at 355 and 532 nm
(Veselovskii et al., 2002; Böckmann et al., 2005), which are
the usual wavelength outputs from a Nd: YAG laser.

All microphysical retrievals from multiwavelength lidar
data obtained to date, however, originated from ground-based
Raman lidar systems. Raman lidars are capable of measuring
elastic backscatter signals due to molecules and particles in
the atmosphere as well as inelastic backscatter signals due
to molecules (oxygen and/or nitrogen). These systems are
therefore capable of providing independent measurements of

extinction and backscatter coefficients without the need for
an assumption of extinction-to-backscatter ratio (i.e., lidar ra-
tio). However Raman lidars suffer from one major drawback:
they are generally limited to nighttime operations due to the
weak Raman backscattering signal, which makes it very sen-
sitive to solar background radiation. Therefore it can be very
difficult to characterize the aerosol variation throughout the
day with Raman lidar systems.Wandinger et al.(2002) com-
pared nighttime lidar retrievals of effective radius, volume
and surface-area concentrations, complex index of refraction,
and single-scattering albedo with nighttime airborne in situ
measurements for two cases and obtained good agreement
during LACE 98. In this study, good agreement (< 30 %) was
obtained between the lidar retrievals and the in situ measure-
ments for cases of aerosols that originated from forest fires.
Veselovskii et al.(2009) compared early nighttime retrievals
of mean and effective radius, Ångström exponent, complex
index of refraction, and number and volume concentrations
with late daytime AERONET (Aerosol Robotic Network) re-
trievals for three cases under varying relative humidity condi-
tions. Good agreement was obtained between lidar retrievals
and AERONET retrievals of the fine mode of the particle size
distribution.

Moreover, most lidar-based aerosol microphysical charac-
terization efforts have taken place in either Europe (Müller
et al., 2001, 2003, 2011; Wandinger et al., 2002; Veselovskii
et al., 2002; Balis et al., 2010) or East Asia (Murayama
et al., 2004; Müller et al., 2006; Tesche et al., 2008; Noh
et al., 2009, 2011; Noh, 2014). In the United States there is
a shortage of multiwavelength lidar systems that are able to
provide good quality backscatter and extinction profiles at
the aforementioned wavelengths. Therefore, only a very lim-
ited number of case studies have been performed in the US
(Veselovskii et al., 2009, 2012a, b), and all of them utilized
one Raman lidar instrument.

In this work we obtained, for the first time to our
knowledge, retrievals of optical and microphysical proper-
ties of aerosols using a hybrid multiwavelength lidar data
set which consists of the combination of both elastic and
High-Spectral-Resolution Lidar (HSRL) techniques as well
as ground-based and airborne measurement platforms. Elas-
tic lidar measurements were obtained by a ground-based sys-
tem at 355 nm and an airborne system operating at 1064 nm.
HSRL measurements at 532 nm were also carried out with
the airborne system (onboard the NASA UC-12 aircraft). In
addition to being the first time that retrievals of this kind
have been obtained from a combination of ground-based and
airborne elastic and HSRL measurements, it is also the first
study of this kind, to our knowledge, in which all lidar mea-
surements have been obtained during daytime.

Retrievals of effective radius, volume and surface-area
concentrations, the complex refractive index, and single-
scattering albedo were obtained from the inversion of the
hybrid multiwavelength lidar data set utilizing the inversion
algorithm described byMüller et al.(1999a, b).
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Figure 1.Map of the Baltimore–Washington DC region with the lo-
cations considered for the lidar retrievals comparison to AERONET
retrievals and in situ airborne measurements during DISCOVER-
AQ.

The data utilized in this work were obtained during the
first deployment of DISCOVER-AQ (Deriving Information
on Surface conditions from Column and Vertically Resolved
Observations Relevant to Air Quality), which took place
in the Baltimore–Washington DC corridor in July 2011.
The DISCOVER-AQ project is a 5-year field experiment
funded by the NASA Earth Venture program. The goal of
DISCOVER-AQ is to improve our understanding on how to
relate total-column observations with near-surface conditions
of aerosol and trace gases (Hoff et al., 2012; DISCOVER-
AQ, 2011).

During this campaign a number of ground-based and air-
borne instruments were deployed throughout the Baltimore–
Washington DC region, providing the data necessary to con-
struct the hybrid multiwavelength lidar data set. Optical and
physical parameters of aerosols from airborne in situ instru-
ments (onboard the P-3B aircraft) and ground-based sunpho-
tometers were also obtained during this experiment and com-
pared with our lidar retrievals. Figure1 shows a map with the
locations of interest during this study.

The hybrid lidar data set and the inversion methodology
are described in more detail in Sect.3. Discussion of the
results and comparison of the lidar retrievals with airborne
in situ measurements and AERONET inversion products are
presented in Sect.4.

3 Methodology

3.1 DISCOVER-AQ and case studies selection

During the first deployment of DISCOVER-AQ, 16 flights
were conducted with the P-3B aircraft and 14 with the UC-
12 from 28 June to 29 July in the Baltimore–Washington DC
area. The P-3B aircraft carried a number of in situ instru-
ments, while the UC-12 carried the HSRL system (Hair et al.,
2008).

The P-3B flew in ascending/descending spirals over a
number of locations in order to obtain vertical profiles of
in situ measurements of optical, physical, and chemical
properties of aerosols. The P-3B aircraft carried two three-
wavelength integrating nephelometers (TSI model 3563), an
Ultra-High-Sensitivity Aerosol Spectrometer (UHSAS) and
a Particle Soot Absorption Photometer (PSAP), as well as
other particle counters and instruments that measured the
aerosols chemical composition. The UHSAS obtained size
distribution of the aerosols within the size range of 60 nm
to 1 µm in diameter. The two nephelometers ran in parallel,
with one being operated under dry conditions with relative
humidity (RH) of less than 40 %, and the other operating at a
nominal RH of 80± 4 % (Ziemba et al., 2013). The combina-
tion of measurements from the nephelometer at 550 nm and
the PSAP at 532 nm allowed for the calculation of single-
scattering albedo profiles, i.e., scattering-to-extinction ratio
profiles, which were compared to lidar retrievals of single-
scattering albedo at 532 nm.

AERONET sunphotometers were also deployed on the
ground. AERONET is a global network of sun–sky ra-
diometers that provides measurements of aerosol optical
and microphysical properties in the total atmospheric col-
umn from direct and diffuse radiation at multiple wave-
lengths (Holben et al., 1998). Since 2011 the Distributed Re-
gional Aerosol Gridded Observation Networks (DRAGON)
has been deployed in many field campaigns in order to pro-
vide a more extensive yet regionally dense AERONET-like
data set to address satellite validation and in situ compar-
isons (Holben et al., 2011). DISCOVER-AQ 2011 was the
first field campaign in which DRAGON was deployed. For
this study we utilized data obtained at DRAGON stations in
Beltsville, Essex, and Padonia (which are here referred to as
AERONET stations), and we also utilized AERONET data
obtained at UMBC.

With respect to data quality, AERONET releases its
aerosol products as level 1.5 (cloud screened) and 2.0 (cloud
screened and quality assured). A number of criteria must be
met for the retrievals to be accepted as level 1.5 and then level
2.0. These criteria are presented in detail byHolben et al.
(2006). In particular, retrievals of single-scattering albedo
(ω0) and complex index of refraction (m) are only “quality
assured” (level 2.0) when the aerosol optical depth (AOD)
value at 440 (τ440) is greater than or equal to 0.40 (Dubovik
et al., 2000).

www.atmos-meas-tech.net/7/3095/2014/ Atmos. Meas. Tech., 7, 3095–3112, 2014



3098 P. Sawamura et al.: Aerosol optical and microphysical retrievals from a hybrid lidar data set

Figure 2. Aerosol optical depth (AOD) at 440 nm obtained from AERONET stations at Essex, Beltsville, Goddard Space Flight Center
(GSFC), UMBC, and Padonia during all 10 days during DISCOVER-AQ in which there are synergistic measurements among UC-12, P-
3B, and the ground-based lidar at UMBC. Empty symbols represent available level 1.5 retrievals of size-related products, single-scattering
albedo, and complex index of refraction. Cyan-filled symbols represent available level 2.0 retrievals of only size-related products. Red-filled
symbols represent available level 2.0 retrievals size-related products, single-scattering albedo, and complex index of refraction. Thex axis
of each window represents a day of AERONET measurement: sunrise to sunset.

During DISCOVER-AQ there were 10 days in which syn-
ergistic measurements were obtained from both aircraft and
the UMBC ground-based lidar system (ALS-450): 5, 10, 11,
14, 20, 21, 22, 26, 27, and 29 July. Out of those 10 days
we chose 5 for which retrievals of microphysical and op-
tical properties from inversion of the hybrid lidar data set
were obtained: 5, 20, 21, 22, and 29 July. The selection of
those 5 days was mostly based on the aerosol loading ob-
served at the stations of interest utilizing a similar require-
ment as that of AERONET level 2.0 retrievals ofω0 andm,
i.e., τ440 ≥ 0.4. Figure2 shows the AOD values at 440 nm
obtained from the AERONET stations at Beltsville, Essex,
Padonia, UMBC, and Goddard Space Flight Center (GSFC)
during the aforementioned 10 days. In terms of AOD values,
5 July was a borderline case, but it was the only day when
long-range transport of smoke was observed. The 11 July
case met theτ440 ≥ 0.4 requirement but it was not included
due to the presence of scattered clouds.

For each day, a number of “case studies” were selected,
and for each of those a number of layers were selected in or-
der to obtain microphysical retrievals through the inversion
of the hybrid lidar data set. We chose layers where intensive
parameters like Ångström exponent and lidar ratio were rea-
sonably constant (based on the evaluation of the HSRL mea-
surements). Table1 lists all case studies as well as the layers
considered for the inversion procedure. Coincidence times
used for the comparisons of lidar results with in situ measure-
ments and AERONET retrievals are also listed in Table1.
The lidar ratio varied by less than 8 % in most cases, with the
exception of case H, in which the lidar ratio showed a 20 %
variation between the two layers analyzed for that particu-
lar case. Ångström exponents calculated from the backscat-
ter coefficients at 532 and 1064 nm varied by less than 10 %
in most cases, except for case G, in which a 32 % variation
was observed. It should be noted that both cases pertained to
22 July, which was a special case which will be discussed in
more detail in Sect.4.5.

3.2 Hybrid multiwavelength lidar data set

In order to obtain retrievals of the optical and microphysical
properties of aerosols from a multiwavelength lidar sys-
tem, a minimum set of backscatter and extinction coeffi-
cient measurements is required as demonstrated byMüller
et al.(2001), Veselovskii et al.(2004), andBöckmann et al.
(2005). As previously mentioned, most studies and efforts
in characterizing the optical and microphysical properties
of tropospheric aerosols through the inversion of multi-
wavelength lidar data have taken place in either Europe or
Asia. Furthermore, most of those studies utilized Raman lidar
systems that were specifically designed for multiwavelength
measurements. These instruments were designed to emit and
receive photons of all three wavelengths at the same time and
through the same optical path, allowing for completely col-
located measurements and therefore a more self-consistent
3β + 2α data set.

Compared to a few years ago, the availability of multi-
wavelength lidar systems has increased. Nevertheless, most
of those systems are operated by EARLINET. Many lidar
groups across the globe still operate instruments that are not
capable of providing a complete 3β + 2α data set.

As an alternative to the 3β + 2α inversion methodology,
some studies were carried out in which backscatter and ex-
tinction coefficients obtained from a Raman lidar were com-
bined with optical depth measured by sunphotometer in order
to derive the microphysical properties of aerosols (Pahlow
et al., 2006; Tesche et al., 2008; Balis et al., 2010). How-
ever, the main challenge that comes to mind in this type
of Raman lidar and AERONET data combination is tempo-
ral data collocation. Sunphotometers are fundamentally de-
signed to be operated during daytime, while Raman lidars
allow for good measurements mostly during nighttime. Al-
ternatives in which Raman lidar data are not utilized have
also been explored.Wagner et al.(2013) combined elastic
backscatter lidar return signals at 355, 532, and 1064 nm and
retrievals of volume concentration and column values of the
volume-specific backscatter and extinction values obtained
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Table 1.List of cases analyzed. The letters in the first column represent the same cases as the ones depicted in Figs.4 and5. Time column
lists the time span of the combined HSRL-1 and ALS-450 measurements. Layers were chosen in regions where the intensive properties such
as color ratio and depolarization ratio did not vary much. P-3B in situ column lists the location of spirals which were used to compare lidar
retrievals with in situ measurements, and P1t lists the respective time gap between the overpass at UMBC and the spirals. The AERONET
column lists the AERONET stations that were utilized for the retrievals comparison, including levels 1.5 and 2.0, and A1t lists the respective
time gap between the measurements at UMBC and the AERONET measurements. Figure1 shows the AERONET and P-3B spirals’ locations.

Day, time (UTC) Layers P-3B in situ P1t (min) AERONET A1t (min)

(A) 5 Jul, 09:41–09:59 1.20–1.50 km (200 m) Beltsville +20 UMBC, GSFC, +90,+90
1.65–2.00 km (350 m) Essex, Padonia +90,+90
2.46–2.78 km (320 m)

(B) 5 Jul, 10:52–11:02 0.75–1.17 km (420 m) Padonia −30 UMBC, GSFC, +20,+20
1.56–1.70 km (140 m) Essex, Padonia +20,+20
2.61–2.76 km (150 m)

(C) 5 Jul, 11:58–12:10 0.84–1.08 km (240 m) Beltsville, +15 UMBC, GSFC, ±40,±40
1.41–1.60 km (190 m) Essex −15 Essex, Padonia, ±40,±40
2.19–2.34 km (150 m) Beltsville ±40

(D) 20 Jul, 19:54–20:17 0.50–1.50 km (1 km) Beltsville, −45 UMBC, Essex +90,+60,
1.50–2.50 km (1 km) Padonia −30 Padonia +5

(E) 21 Jul, 14:47–14:54 0.50–0.75 km (250 m) Beltsville, +40 UMBC, GSFC −40,−90,
1.00–1.50 km (500 m) Padonia +60 Essex, Padonia −90,−30
2.00–2.50 km (500 m)

(F) 21 Jul, 20:48–20:55 1.26–1.65 km (390 m) Essex, +30,−40 UMBC, GSFC, +140,+140,
Padonia Essex, Padonia, +140,−40,

Beltsville +120

(G) 22 Jul, 14:53–15:08 1.00–1.50 km (500 m) Beltsville, −60 UMBC, GSFC, −120,+15
2.00–2.60 km (600 m) Padonia −30 Essex −60

(H) 22 Jul, 18:22–18:28 0.50–1.00 km (500 m) Beltsville, +5 UMBC +90
1.50–2.00 km (500 m) Essex −15

(I) 29 Jul, 15:18–15:29 0.50–1.30 km (800 m) Beltsville, +5 GSFC, Padonia, (−5, −120), (−60,−120),
1.50–1.86 km (360 m) Padonia +30 Essex, Beltsville (−60,−120),−120

(J) 29 Jul, 20:12–20:18 0.50–2.00 km (1.5 km) Beltsville, +5, −20 UMBC, Essex, (+2, +60),+2,
Essex Padonia (+15,+60)

(K) 29 Jul, 21:21–21:39 0.72–1.30 km (580 m) Padonia −60 UMBC, Essex, (+5, −30),+60,
1.50–2.50 km (1 km) Padonia −30

from AERONET as a priori assumptions in an optimization
algorithm in order to obtain vertically resolved distributions
of optical and microphysical properties of fine- and coarse-
mode particles.Lopatin et al.(2013) describe a new algo-
rithm which also utilizes a combination of elastic lidar sig-
nals and AERONET sunphotometer retrievals in order to ob-
tain vertical profiles of fine- and coarse-mode aerosol con-
centrations. The algorithm described byLopatin et al.(2013)
is very similar to the one utilized byWagner et al.(2013),
but, in addition to the retrievals of vertical profiles of aerosol
concentrations, it also allows for retrievals of size distribu-
tion and complex refractive index for each aerosol mode.

The objective of this work was to explore the feasibility
of applying the 3β + 2α inversion methodology to a hybrid

multiwavelength lidar data set in order to expand the aerosol
microphysical characterization efforts beyond what has been
done so far.

During DISCOVER-AQ, the NASA UC-12 aircraft flew
across the Baltimore–Washington DC region, with the
HSRL-1 system (Hair et al., 2008) onboard obtaining pro-
files of extinction and backscatter coefficients at 532 nm uti-
lizing the HSRL technique and profiles of backscatter coef-
ficient at 1064 nm with the elastic technique. Measurements
of the linear volume depolarization ratio at 532 and 1064 nm
were also obtained simultaneously with the HSRL-1 system.
Profiles of backscatter and extinction coefficients at 355 nm
were obtained at the University of Maryland, Baltimore
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Figure 3. Setup of airborne and ground-based instruments at
UMBC during DISCOVER-AQ 2011. A maximum radius of 5 km
was considered to construct the hybrid multiwavelength lidar data
set using HSRL and ALS-450 data.

County (UMBC), using a commercial ground-based elastic
lidar (Leosphere, ALS-450).

In order to combine the dual-platform lidar measure-
ments (e.g., airborne and ground based), a collocation ra-
dius of 5 km centered at the Department of Physics at UMBC
(39.25◦ N, −76.71◦ W) was considered. Figure3 depicts the
setup. Within this radius it is assumed that the air mass is ho-
mogeneous enough that measurements from different instru-
ments can be combined, and we examine this assumption.

The hybrid data set combines not only dual-platform mea-
surements but also both elastic and HSRL techniques, which
can be a challenging task.

The HSRL is a more robust technique when compared
to the standard elastic lidar technique since it utilizes spec-
tral delineation to separate the signal contribution due to
aerosols and molecules, which allows for the determination
of both backscatter and extinction coefficients independently.
Elastic lidar systems, however, measure the total attenuated
backscatter due to molecules and aerosols. For this type of
system, the extinction coefficient is retrieved with the as-
sumption of a constant extinction-to-backscatter ratio (i.e.,
lidar ratio). The lidar ratio, as an intensive property, varies
with the type of aerosol. Therefore, the assumption of a con-
stant lidar ratio throughout the whole column of the atmo-
sphere can be problematic in cases when layers of different
types of aerosols are present. In order to assess the feasibil-
ity of this new retrieval methodology, we tested the 5 km air
mass homogeneity assumption as well as the constant lidar
ratio assumption. This is discussed in the next section.

3.2.1 Elastic lidar retrievals

During this experiment, in addition to the airborne HSRL-
1 system and the ALS-450, another elastic lidar obtained
measurements at 532 nm at UMBC’s Elastic Lidar Facility
(ELF).

The Leosphere ALS-450 is a commercial, eye-safe elas-
tic lidar system that utilizes a frequency-tripled pulsed laser
source Nd: YAG at 355 nm and repetition rate of 20 Hz.

Measurements have a temporal and spatial resolution of
1 min and 15 m, respectively. ELF utilizes a Q-switched Con-
tinuum Surelite II Nd: YAG operating at 1064 and 532 nm
with 10 Hz repetition rate. ELF’s signal is digitized with a Li-
cel TR20-160 photon counter and averaged for 1 min, with a
vertical resolution of 7.5 m. More details on ELF system can
be found elsewhere (Comer, 2003; Engel-Cox et al., 2006).

Both elastic systems utilize similar algorithms to retrieve
the extinction coefficient from the total attenuated backscat-
ter signal, which relies on closing the integrated extinc-
tion profile to AOD measurements obtained by a collocated
AERONET sunphotometer. Having an elastic lidar at 532 nm
at the same location as the ALS-450 enabled us to assess
the two aforementioned assumptions (i.e., constant lidar ra-
tio and the 5 km air mass homogeneity) at the same time
by comparing the extinction coefficient profiles from ELF
and from HSRL-1 using the same spatial subset proposed
(i.e., r < 5 km). Figure4 shows the profiles comparison for
all cases analyzed in this work (itemized in Table1), which
shows sufficient agreement. The error bars (shaded area) in
the HSRL profile are the standard deviations of the profiles
during an UMBC overpass, which usually lasted between 1
and 2 min, resulting in an average of 5–10 profiles. The errors
shown with the ELF profiles are the (1) standard deviation
of 15 profiles, which represent a 15 min average centered at
the UMBC overpass by the UC-12. The agreement observed
between the HSRL and ELF profiles is a good indicator of
the feasibility of combining dual-platform, dual-technique li-
dar data to perform the retrievals. For the cases at hand the
aerosol intensive properties do not show much variation with
altitude; therefore the assumption of a constant lidar ratio
throughout the atmosphere is reasonable. The agreement be-
tween both profiles also indicates that the assumption of a
homogeneous air mass within 5 km distance and/or 15 min
temporal offset is reasonable as well. In Fig.4 we also show
the extinction profiles obtained from in situ measurements
onboard the P-3B over the closest spiral sites from UMBC.
Good agreement can be observed in most cases, which cor-
roborates and also extends the air mass horizontal homogene-
ity assumption to larger distances (Padonia and Beltsville
sites were about 22 km from UMBC and Essex about 10 km).
The discrepancies observed in other cases were mostly in iso-
lated layers aloft where the homogeneity assumption fails.

The method utilized to obtain the aerosol extinction and
backscatter profiles for both elastic lidar systems is an it-
erative algorithm that selects the optimum lidar ratio value
by minimizing the residual between the AERONET AOD
and the lidar AOD calculated from the integrated extinction
coefficient profile. Some small differences in the algorithm
utilized for ELF and the ALS-450 should be noted. ELF’s
algorithm utilizes AOD measurements of an entire day in
the residue minimization process, thus resulting in a single
value of the lidar ratio for that particular day. The algorithm
utilized with the ALS-450 data set, however, was run on
a case-by-case basis, obtaining a lidar ratio value for each
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Figure 4. Extinction coefficient profiles obtained by HSRL (black solid lines) and by elastic lidar (blue dashed lines) at 532 nm for the cases
listed in Table1. Standard deviations of HSRL profiles are due to the profiles variation during a UMBC overpass (∼ 1–2 min,∼ 8 profiles).
Standard deviations of ELF profiles are due to profiles variation within 15 min centered at the overpass time. The dot-dashed lines represent
in situ measurements obtained onboard the P3B over spiral sites that were closest to UMBC (red: Padonia; green: Beltsville; orange: Essex).
The in situ profiles have been corrected to the ambient relative humidity.

case. Figure5 shows the so-called 3β + 2α data set as well
as the lidar ratio values at 355 and 532 nm obtained from
both HSRL-1 and ALS-450. The error bars in the profiles at
355 nm were obtained by varying the system constant in the
lidar equation by±5 %, and then averaging the lidar ratio
values and the corresponding profiles. In a couple of cases,
like seen in plots B and C from Fig.5, the algorithm found a
larger number of acceptable lidar ratio values, but it did not,
however, translate to a large variation in the backscatter and
extinction profiles.

3.2.2 Lidar inversion algorithm for retrieval of
microphysical and optical properties of aerosols

The first inversion algorithm to retrieve aerosol micro-
physical properties from multiwavelength lidar data was
originally described byMüller et al.(1998). Since then, many
studies have been carried out showing that measurements
of combined backscatter and extinction coefficients indeed
allow for the retrieval of aerosol size distribution parame-
ters with reasonable accuracy (Müller et al., 1999a, b, 2000;
Veselovskii et al., 2002; Böckmann et al., 2005).The 3β+2α

data set is the minimum requirement for the retrieval of mi-
crophysical particle properties with the current inversion al-
gorithm.

The inversion algorithm is to some extent based on nonde-
scriptive methods, meaning that a priori information is kept
at a minimum level. It utilizes a minimization concept, also
known as the method of minimum distance (Tikhonov and
Arsenin, 1977; Twomey, 1977), to find the solutions. In sim-
ple terms, this method selects solutions for which the residual
between the solution of the forward problem and the back-
calculated solution obtained from the inversion results is
smaller than a pre-determined value> 0. A smoothness con-
straint is also applied for the size distribution. Currently, the

algorithm employs a modified minimum discrepancy method
described byVeselovskii et al.(2002). The mathematical de-
tails of this method can be found inMüller et al. (1999a),
Twomey(1977), andAnsmann and Müller(2005).

As the inversion problem must be discretized, one must
utilize a so-called inversion window, which determines the
size and complex index of refraction range in which the in-
version will take place. The inversion window utilized in this
work wasRmin = 0.01 to 0.2 µm with 0.01 µm increments,
Rmax = 0.5 to 5 µm with 0.5 µm increments, Re[m] = 1.325
to 1.5 with 0.025 increments, and Im[m] = 0 to 0.03 with
0.001 increments.Rmin andRmax represent the values for the
left- and rightmost edge of the size distribution, respectively.
Re[m] and Im[m] are the real and imaginary parts of the com-
plex index of refraction (m), respectively. The algorithm as-
sumes a wavelength-independentm.

As was explained in Sect.3.1, a number of atmospheric
layers were selected for each case study based on how the
intensive parameters varied within those layers. In the case
of elastic lidar systems, errors in the estimation of the lidar
ratio value will propagate and add to errors in the retrievals
of backscatter and extinction coefficients. For the majority of
cases considered in this study (see Table1), based on HSRL
measurements at 532 nm, the lidar ratio varied by less than
8 % among the selected layers. Within each layer the vari-
ation observed in the process of spatial–temporal averaging
of HSRL measurements (maximum of 5 km, 30 min, respec-
tively) was between 3 and 16 %. Given that the inversion al-
gorithm has been shown to perform reasonably well with in-
put errors of up to 20 % (Böckmann et al., 2005; Veselovskii
et al., 2002; Müller et al., 2005), the assumption of a constant
lidar ratio for the cases at hand is acceptable.
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Figure 5. 3β + 2α and lidar ratio values obtained from the hybrid multiwavelength lidar data set. Green and red lines are airborne profiles
at 532 nm (HSRL) and 1064 nm (elastic), respectively. Blue lines are from ground-based elastic lidar at 355 nm. Letters correspond to each
case analyzed, which are listed in detail in Table1.

The inversion procedure was run seven times for each
layer. In six of those runs, random errors of up to 15 % were
added to the 3β + 2α input set, while the remaining run did
not have any noise added. This random error is included
to account for errors in the measurements. Each inversion
run generates a solution space which has to be further con-
strained in the post-processing step, which is the most time
consuming part of the process. The constraints are different
combinations ofRmin, Rmax, and other regularization param-
eters that are set manually, making it a very time-consuming
task. For each of those 7 solution spaces generated, 5 to 10
post-processing constraints are chosen based on a number of
criteria, including the number of final solutions, physically
meaningful complex index of refraction values, and shape
of size distribution. Therefore, for each layer analyzed, ap-
proximately 20 to 40 solutions are averaged for each vari-
able: effective radius (Reff), volume concentration, surface-
area concentration, real and imaginary parts ofm, and single-
scattering albedo (ω0).

Regarding error analysis, in this study we only report the
statistical error for each retrieved parameter, which is cal-
culated as the standard deviation of the averaged solutions
(Ansmann and Müller, 2005; Veselovskii et al., 2002). The
use of a constant and/or inaccurate lidar ratio value for the
retrievals of extinction and backscatter coefficients from an

elastic lidar can introduce systematic errors into the micro-
physical retrievals. Although a careful analysis and valida-
tion of the elastic lidar retrievals were performed, systematic
errors were not taken into account in this study. A sensitiv-
ity study on the effects of systematic errors in the lidar re-
trievals of microphysical parameters has been performed and
reported byPérez-Ramírez et al.(2013).

4 Results

4.1 Overview

Figure 6 shows the individual results obtained for effec-
tive radius, volume and surface-area concentrations, single-
scattering albedo, and complex index of refraction from in-
version of the hybrid multiwavelength lidar data set (3β +

2α), from AERONET inversions, and from in situ measure-
ments obtained by the P-3B aircraft.

Table2 summarizes the averages over all layers analyzed
in this study for each aerosol parameter. We present different
averaging subsets for AERONET retrievals, since both level
1.5 and level 2.0 data were utilized in the comparison. Sub-
sets 1 and 2 contain the AERONET data described in Table1,
which are level 1.5 and level 2.0, respectively. Subset 3 con-
tains all level 2.0 data from 1 to 31 July 2011. For the cases
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Figure 6. Results of effective radius, volume and surface-area concentrations, single-scattering albedo, and complex index of refraction
obtained from inversion of the hybrid multiwavelength lidar data set (3β + 2α), from AERONET inversions, and from in situ measurements
obtained by the P-3B aircraft (under dry conditions).

utilized in this study, it should be noted that subset 2 is part
of subset 1 since there were no differences in values between
level 1.5 and level 2.0. The numbers between parentheses in
columnsReff andω0 for the AERONET data represent the
number of data points in each subset for each station.

As can be seen in Fig.6 and Table2, the lidar retrievals, in
general, showed better agreement with AERONET retrievals
than with the in situ measurements. The results are discussed
in more detail in the following sections.

The average single-scattering albedo value obtained from
the lidar retrievals wasω0 = 0.95± 0.02, which agrees with
the values reported in the literature for the Baltimore–
Washington DC region at this particular time of the year.
Dubovik et al. (2002) analyzed 8 years of worldwide
AERONET retrievals and reported an average value of
ω0(550 nm)∼ 0.97 for the GSFC station between June and
September.

Them values obtained from our lidar retrievals also agree
well with other values reported in the literature. Combining
simultaneous in situ size distribution profile measurements
obtained onboard an aircraft with lidar aerosol backscatter

and optical depth profiles,Redemann et al.(2000) obtained
profiles of wavelength-independentm for two case studies
during TARFOX, resulting in average values of Re[m] =

1.41±0.06 and Im[m] = 0.004±0.003.Dubovik et al.(2002)
reported Re[m] = 1.40± 0.01 at GSFC (averaged over all
wavelengths) from AERONET retrievals. Both results are
consistent with those obtained from the lidar retrievals.

Nighttime optical and microphysical retrievals between 1
and 3 km altitude were also obtained from a multiwavelength
Raman lidar for two cases during DISCOVER-AQ 2011
(21 and 22 July) (Veselovskii et al., 2013). Those retrievals
were obtained with a recently developed algorithm in which
3β + 1α data are utilized instead (Veselovskii et al., 2012a).
The measurements fromVeselovskii et al.(2013) were not
coincident with those obtained in this study (nighttime vs.
daytime) and therefore comparison of the results is not pre-
sented in this contribution.
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Table 2.Average of results obtained from lidar retrievals (i.e., 3β+2α) and in situ measurements from P-3B flights, and AERONET retrievals
of effective radius (Reff), volume and surface-area concentrations, and single-scattering albedo. Real and imaginary parts of the complex
index of refraction were compared to AERONET only. Maximum aerosol layer height (AHL) was assumed to be 1.5 km in order to convert
AERONET volume and surface-area concentrations from per unit area to per unit volume. Mean values from AERONET are presented
for three different averaging subsets. Number of data points for each subset is presented between parentheses for size- and optical-related
parameters.

Reff Vol. conc. S-area conc. ω0 Re(m) Im(m)
[µm] [µm3 cm−3] [µm2 cm−3]

3β + 2α 0.18± 0.05 45± 23 821± 369 0.95± 0.02 1.39± 0.03 0.005± 0.002
P-3B Beltsville 0.13± 0.02 10± 5 224± 74 0.99± 0.01 N/A N/A
P-3B Essex 0.13± 0.02 8± 4 181± 65 0.99± 0.01 N/A N/A
P-3B Padonia 0.14± 0.02 8± 3 178± 57 0.99± 0.01 N/A N/A
AERO UMBCa 0.17± 0.02 (11) 54± 20 963± 350 0.94± 0.03 (11) 1.41± 0.03 0.007± 0.004
AERO UMBCb 0.17± 0.01 (8) 51± 21 925± 377 0.94± 0.02 (5) 1.40± 0.03 0.007± 0.003
AERO UMBC c 0.16± 0.02 (51) 31± 19 580± 311 0.94± 0.02 (15) 1.41± 0.03 0.008± 0.003
AERO GSFCa 0.18± 0.03 (10) 51± 15 871± 297 0.98± 0.01 (10) 1.40± 0.04 0.003± 0.002
AERO GSFCb 0.19± 0.03 (4) 47± 19 747± 364 0.98± 0.01 (3) 1.41± 0.04 0.003± 0.002
AERO GSFCc 0.16± 0.03 (53) 33± 21 603± 333 0.98± 0.01 (20) 1.40± 0.03 0.003± 0.002
AERO Essexa 0.18± 0.02 (10) 47± 16 783± 259 0.97± 0.02 (10) 1.43± 0.02 0.004± 0.003
AERO Essexb 0.18± 0.02 (4) 45± 21 761± 323 0.96± 0.03 (2) 1.41± 0.03 0.005± 0.005
AERO Essexc 0.16± 0.03 (45) 27± 21 471± 345 0.97± 0.02 (13) 1.42± 0.04 0.004± 0.002
AERO Beltsvillea 0.17± 0.02 (4) 40± 13 673± 250 0.98± 0.02 (4) 1.42± 0.03 0.003± 0.002
AERO Beltsvilleb 0.17± 0.01 (2) 40± 20 732± 375 N/A N/A N/A
AERO Beltsvillec 0.16± 0.02 (70) 27± 21 487± 315 0.97± 0.02 (10) 1.40± 0.03 0.003± 0.002
AERO Padoniaa 0.18± 0.02 (10) 57± 27 968± 479 0.95± 0.02 (10) 1.41± 0.03 0.006± 0.003

a Level 1.5: data subset used to compare with lidar retrievals listed in Table1. b Level 2.0: data subset used to compare with lidar retrievals listed in Table1 (less
data points).c Level 2.0: average of July 2011 data.

4.2 Comparison to in situ measurements

Due to air traffic limitations, the P-3B did not fly spirals
over UMBC. Therefore, the retrievals of effective radius, vol-
ume and surface concentrations, and single-scattering albedo
obtained from the inversion of the hybrid lidar data set at
UMBC were compared to the in situ measurements obtained
over the closest spiral sites: Beltsville, Essex, and Padonia
(Fig. 1).

It should be noted that the in situ data are mostly repre-
sentative of dry instead of ambient conditions. Corrections
with respect to hygroscopic growth effects were not applied
in this study, and this limitation is discussed in the following
subsections.

4.2.1 Size parameters

A systematic bias was observed between the lidar retrievals
and the in situ measurements of volume and surface-area
concentrations. Compared to lidar retrievals, the P-3B mea-
surements show an average underestimation of about 81
and 77 % for volume and surface-area concentration, respec-
tively. The effective radius shows a lower bias of 21 %. The
shape of the profiles, however, are in good agreement.

It should be noted that size distribution data from the UH-
SAS are typically reported referenced to calibrations using
polystyrene latex sphere (PSL) particles with a refractive in-
dex of 1.59. Because the UHSAS employs an optical de-
tection scheme, particle sizing (and thus the derived surface
area, volume, and effective radius) is sensitive to changes in
the real part of the particle refractive index. In order to bet-
ter compare to realistic particle compositions, which most
likely consisted of mixtures of organic compounds and am-
monium sulfate (AS), data were corrected using monodis-
perse AS calibration aerosol (refractive index of 1.53). The
resulting correction factors varied from flight to flight due to
variations in aerosol composition and had average values of
1.44, 1.22, and 1.28 for volume, surface area, and effective
radius, respectively. Note that this correction only applies to
in situ size distributions with dry RH (less than 40 %).

After applying the aforementioned correction factors to
the UHSAS measurements, we observed an overall improve-
ment on the comparisons between the lidar retrievals and the
UHSAS measurements. Volume and surface-area concentra-
tions from the UHSAS measurements still show underesti-
mation when compared to the lidar retrievals, but the dif-
ferences are reduced to 71 %. Effective radius, on the other
hand, improved to an average of−3 %, showing a slight
overestimation with respect to the lidar retrievals. The in situ
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size parameters displayed in Fig.6 represent the corrected
data.

The differences observed in volume and surface-area con-
centrations between the lidar retrievals and the in situ mea-
surements were first thought to be related to possible inlet
issues in the P-3B aircraft.Ziemba et al.(2013), however,
concluded that particle loss due to the aerosol inlet was likely
negligible after obtaining a good correlation (r2

= 0.88) be-
tween in situ extinction coefficient measurements from the P-
3B at 532 nm and those obtained from HSRL also at 532 nm.
This improved correlation (fromr2

= 0.81) was obtained af-
ter the optical measurements obtained from the P-3B were
corrected for ambient RH using the measurements of hy-
groscopicity also obtained onboard. With this comparison
Ziemba et al.(2013) found a liquid-water contribution to am-
bient extinction of up to 43 %.

After ruling out possible aircraft inlet issues, the most
likely factor contributing to this difference is related to
aerosol hydration processes. Condensation and evaporation
from the particles’ surfaces during sampling are known to
occur (Biswas et al., 1987; Leaitch and Isaac, 1991), which
dries the aerosol during probing. The two nephelometers on-
board the P-3B were utilized to calculate the changes in
aerosol scattering due to hygroscopic growth, commonly
expressed asf (RH). The hygroscopic growth, however, is
determined by the relative increase in the diameter of the
aerosol particles due to water uptake (Winkler, 1988), com-
monly expressed by the grow factorg(RH), which was not
measured during DISCOVER-AQ. Therefore, corrections to
the size distributions obtained by both UHSAS and LAS in-
struments with respect to water uptake were not performed.

The size parameters obtained from the lidar retrievals are
representative of particles at ambient humidity conditions
and the ones obtained from the UHSAS on board P-3B are
representative of particles in their dry state. The ratio of vol-
ume concentration can then be considered a first approxima-
tion for ḡ3(RH), and the ratio of surface-area concentrations
an approximation forf (RH). ḡ(RH) describes an average of
effective growth factor for the entire range of particle diame-
ters. The ratio obtained in this study for the growth factor was
ḡ = 1.75±0.17. The values for̄g(RH) reported in the litera-
ture for ammonium sulfate at 355 and 532 nm fall within the
range 1.44–1.46 at RH= 80 % and 1.69–1.77 at RH= 90 %
(Michel Flores et al., 2012; Gysel et al., 2002; Dinar et al.,
2008; Sjogren et al., 2007). In terms off (RH), the value
obtained from the ratio between lidar and UHSAS surface-
area concentration values wasf (RH)= 2.16± 0.34. Aver-
age values off (RH) between 11:00 and 13:00 (EDT) during
DISCOVER-AQ (below 1 km altitude) ranged between 1.28
and 1.91 (Ziemba et al., 2013).

We emphasize the fact that the value obtained forḡ(RH)
in this study can only be considered as a rough estimate of
the hygroscopic growth factor. Also, the difference between
thef (RH) value obtained from this comparison and the val-
ues obtained byZiemba et al.(2013) was marginal within 1

to 2 standard deviations. Aerosol hydration processes were
clearly a major factor that caused difference observed be-
tween the size parameters retrieved from the lidar data and
from the airborne in situ measurements. However it remains
inconclusive whether the difference was solely due to hy-
dration processes. This matter will be subject to further in-
vestigations in future studies.

4.2.2 Single-scattering albedo

Measurements obtained by the P-3B show a systematic over-
estimation of the single-scattering albedo compared to the
lidar-retrieved values. The average value isω0 = 0.99±0.01
for all spiral sites. Another aircraft experiment conducted in
the Mid-Atlantic region of the United States in July 1993,
SCAR-A (Remer et al., 1997), reported a best-estimate value
similar to those obtained by the P-3B,ω0 (450 nm)∼ 0.98–
0.99.

There are still many uncertainties with regard to how light-
absorbing aerosols affect our climate. The main uncertainties
are related to their mixing state with other particles, as well as
to how light-absorbing particles respond to changes in ambi-
ent RH (Redemann et al., 2001; Haywood and Ramaswamy,
1998; Andreae, 2001).

Therefore, it is clear that caution is needed when compar-
ing single-scattering albedo retrievals obtained from remote
sensors such as lidars or sun–sky radiometers (AERONET),
which measure scattering from aerosols at ambient RH, with
measurements from in situ samplers, which measure par-
ticles under drier conditions, due to either inlet effects or
as a result of intentionally drying the aerosols before sam-
pling them. RH was measured onboard the P-3B and the
average RH values, considering all cases and layers ana-
lyzed in this work, were RH= 70 %± 10 % in Beltsville,
RH= 70%±8% in Essex, and RH= 71 %±8 % in Padonia.
When comparing our lidar retrievals ofω0 to the in situ mea-
surements obtained onboard P-3B, no corrections with re-
spect to humidification factors were performed, which might
explain the larger difference observed.

4.3 Comparison to AERONET retrievals

As previously mentioned, AERONET releases its aerosol
products as level 1.5 and level 2.0 (Dubovik et al., 2000; Hol-
ben et al., 2006). Due to the large number of criteria utilized
to screen the data, there are few level 2 data during the period
analyzed in this study. Therefore, for our comparison studies,
we utilized both level 1.5 and level 2.0. It should be noted
that size-related parameters (i.e., effective radius and vol-
ume and surface-area concentrations) usually contain more
level 2 data than the optical-related parameters (i.e., single-
scattering albedo and complex index of refraction) due to the
additional requirementτ440 ≥ 0.4 for the latter.
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Table 3. July mean values of effective radiusReff for different aerosol loadings and different quality levels for all AERONET/DRAGON
stations considered in this study.

Reff

0 ≤ τ440≤ 0.2 0.2≤ τ440≤ 0.4 τ440≥ 0.4

Level 1.5 Level 2.0 Level 1.5 Level 2.0 Level 1.5 Level 2.0

Beltsville 0.14± 0.01 (27) 0.14± 0.01 (17) 0.15± 0.01 (21) 0.16± 0.01 (10) 0.18± 0.02 (22) 0.19± 0.02 (10)
Essex 0.15± 0.02 (38) 0.15± 0.02 (20) 0.16± 0.02 (28) 0.16± 0.01 (12) 0.19± 0.02 (36) 0.18± 0.03 (13)
GSFC 0.14± 0.01 (49) 0.14± 0.01 (25) 0.15± 0.01 (29) 0.15± 0.01 (10) 0.18± 0.03 (43) 0.18± 0.03 (20)
UMBC 0.14± 0.01 (37) 0.14± 0.01 (23) 0.15± 0.01 (35) 0.15± 0.01 (21) 0.17± 0.02 (32) 0.18± 0.02 (15)
Padonia 0.14± 0.02 (41) N/A 0.15± 0.02 (50) N/A 0.18± 0.02 (37) N/A

DRAGON sunphotometers were pre- and post-calibrated
for DISCOVER-AQ 2011, and the data undergo the same
quality control and quality assurance as the data obtained by
the regular AERONET instruments.

Level 1.5 retrievals are only cloud screened, and not qual-
ity assured like level 2.0 retrievals. In order to use level 1.5
retrievals in the intercomparison with in situ measurements
and lidar retrievals, we first compared their range of values
to those found in the level 2.0 retrievals. We used the statis-
tics obtained from the July 2011 data to judge whether level
1.5 retrievals could be used in the comparisons.

Table3 shows the difference in mean effective radius val-
ues for the month of July for each AERONET/DRAGON
station considered in this study for three distinct ranges of
aerosol optical depth at 440 nm. The differences for effective
radius from level 1.5 and level 2.0 retrievals never exceed
0.01 µm, except for Padonia station, which does not have
level 2.0 data. However, compared to the other stations, the
level 1.5 effective radius retrieved for Padonia is also within
0.01 µm to both level 1.5 and level 2.0 retrievals obtained at
the other stations.

Table 4 shows the same comparison as Table3 but for
single-scattering albedo. Here we can clearly see the nega-
tive bias in the level 1.5ω0 values obtained forτ440 ≤ 0.4
for UMBC and Padonia. Level 2.0 data at UMBC are about
0.03 lower compared to the data from Beltsville, Essex, and
GSFC. Padonia level 1.5 average retrieval results forτ440 ≥

0.4 agree well with both level 1.5 and 2.0 retrieval results
from Beltsville, Essex, and GSFC.

Based on the results presented in Tables3 and4, it was
concluded that level 1.5 retrievals of size parameters, single-
scattering albedo, and complex index of refraction could be
used for the intercomparison, as the level 1.5 values ob-
tained forτ440≥ 0.4 were comparable to the level 2.0 val-
ues. However, retrievals of single-scattering albedo and com-
plex index of refraction obtained at UMBC should be taken
with caution as they show a negative bias with respect to the
other stations.

4.3.1 Size parameters

The AERONET volume particle size distributions are re-
trieved in 22 logarithmically equidistant bins in the radius
range size of 0.05 µm≤ r ≤ 15 µm. The ranges of retrievable
real and imaginary parts of them are 1.33≤ Re[m] ≤ 1.6
and 0.0005≤ Im[m] ≤ 0.5, respectively. Details on the al-
gorithms can be found inDubovik and King(2000) and
Dubovik et al.(2000).

Only the fine-mode retrievals were considered in the com-
parison of size parameters. Also, as the retrievals are ob-
tained for the total column of the atmosphere, the volume
particle size distribution is retrieved per unit area (µm3 cm−2)
instead of per unit volume (µm3 cm−3). In order to compare
AERONET to lidar retrievals, it is necessary to introduce an
“aerosol layer height” (ALH) that represents the altitude be-
low which most aerosol particles are confined. For this study,
based on the lidar data, we chose ALH= 1.5 km. Here it is
important to emphasize that the comparison of lidar retrievals
of size parameters to AERONET retrievals was not meant
as a validation tool for either technique, since one simply
cannot compare a total column retrieval to a retrieval that
was performed for individual layers and expect a 1: 1 agree-
ment. Instead, this comparison serves as a way of checking
whether a reasonable agreement could be observed between
AERONET and lidar retrievals by using a reasonable ALH
to convert a per unit area to a per unit volume quantity.

Figure6 shows that reasonable agreement is observed in
many cases. In this figure the values obtained from the lidar
retrievals for each layer (i.e., values found betweenx axis
marks A and K) are representative of retrievals at different al-
titudes. AERONET retrievals, on the other hand, being a total
column retrieval, are repeated (betweenx axis marks) so that
all layers analyzed for a particular day and time are compared
to the same AERONET “volume-converted” value.

4.3.2 Single-scattering albedo and complex
index of refraction

AERONET retrievals of ω0 and m are reported at
wavelengths 440, 675, 870, and 1020 nm. A third-order
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Table 4. July mean values of single-scattering albedoω0 for different aerosol loadings and different quality levels for all
AERONET/DRAGON stations considered in this study.

ω0 at 532 nm

0 ≤ τ440≤ 0.2 0.2≤ τ440≤ 0.4 τ440≥ 0.4

Level 1.5 Level 1.5 Level 1.5 Level 2.0

Beltsville 0.93± 0.05 (27) 0.96± 0.03 (21) 0.97± 0.02 (22) 0.97± 0.02 (10)
Essex 0.96± 0.03 (38) 0.97± 0.02 (28) 0.97± 0.05 (36) 0.97± 0.02 (13)
GSFC 0.96± 0.03 (49) 0.96± 0.02 (29) 0.98± 0.01 (43) 0.98± 0.01 (20)
UMBC 0.84± 0.07 (37) 0.90± 0.04 (35) 0.94± 0.03 (32) 0.94± 0.02 (15)
Padonia 0.84± 0.05 (41) 0.92± 0.06 (50) 0.97± 0.02 (37) N/A

polynomial regression was utilized to interpolate the
AERONET retrievals at 532 nm in order to compare them
to the lidar retrievals also at 532 nm.

The lidar retrieval algorithm assumes a wavelength-
independent refractive index. The combination of refractive
index and the retrieved size distributions allows for the cal-
culation of scattering and absorption coefficients at the lidar
wavelengths (355, 532, 1064 nm), therefore also allowing for
computation of single-scattering albedo at those wavelengths
despite the assumption of a wavelength-independent refrac-
tive index. Since 532 nm is the mean wavelength utilized in
the retrievals and, in this particular case, the only channel
in which backscatter and extinction coefficients are indepen-
dently measured (with HSRL technique), it was decided that
only the single-scattering albedo retrieved at 532 nm would
be utilized in the comparisons.

We also compare the refractive index to the AERONET re-
trievals interpolated at 532 nm. However, as AERONET pro-
vides wavelength-dependent retrievals ofm (i.e., at 440, 675,
870, 1022 nm), we were able to look into the differences be-
tween the values of both real and imaginary parts ofm inter-
polated at 532 nm and the values obtained from the average
of the wavelength-dependentm across the four wavelengths.
The 90th percentiles (p90) of those differences were calcu-
lated using all the available AERONET retrievals obtained
during the month of July 2011 at the UMBC, GSFC, Pado-
nia, Essex, and Beltsville stations. Regarding the real part of
m, the differences were less than 0.03 for all stations. For the
imaginary part thep90 values were all below 0.0038. These
differences may be interpreted as an additional error in the
comparison of refractive index for using the AERONET re-
trievals at 532 nm instead of the average values calculated
over all wavelengths.

The single-scattering albedo values obtained from the
AERONET stations fall in between the retrievals obtained
from lidar and those obtained from in situ measurements. The
values agree with the lidar retrievals within 1 standard devia-
tion. Schafer et al.(2014) also performed single-scattering
albedo comparisons between AERONET and in situ mea-
surements during DISCOVER-AQ 2011. They reported that
AERONET level 2.0 retrievals of single-scattering albedo

(interpolated at 550 nm) at high aerosol loadings (τ440 ≥ 0.4)
were on average 0.011 lower than the in situ measurements.
The results from this study with respect to single-scattering
albedo are consistent with those ofSchafer et al.(2014).

On average, the lidar retrievals compared better with the
AERONET retrievals obtained at Essex station for both sub-
sets 1 and 2. The average results presented for different
AERONET subsets in Table2 show differences between the
mean values obtained for the whole month and the mean val-
ues obtained over the 5 days analyzed in this study (5, 20,
21, 22, and 29 July). For instance, we observe larger dif-
ferences among parameters related to size distribution than
among optical parameters when comparing subsets 1, 2, and
3. This difference can be expected, as the 5 days chosen for
our analysis experienced the highest aerosol loading when
compared to the rest of the month. For effective radius we
observe an increase in bias between the lidar and AERONET
retrievals that ranges between [−6 %, +6 %] for subsets 1
and 2 and−11 % for subset 3. Bias in volume and surface-
area concentrations shifted from [−18 %,+27 %] to [−43 %,
−27 %]. As for the optical parameters the changes were
less significant, single-scattering albedo went from [−1.1 %,
+3.2 %] to [−1 %, +3.2 %], Re[m] from [+0.7 %,+2.9 %]
to [+0.7 %,+2.2 %], and Im[m] from [−40 %, +40 %] to
[−40 %,+60 %]. The larger difference in the latter is related
to the retrievals at UMBC, which throughout the campaign
displayed a systematic bias towards larger values in the imag-
inary part of them, even for level 2.0 retrievals. The origin
of this bias is still unknown, but it has been speculated that
calibration issues could have been at fault.

The lidar retrievals of volume and surface-area concen-
trations and real part ofm agree marginally better with
AERONET level 2.0 retrievals (subset 2) than with level 1.5
retrievals (subset 1). For most parameters, as can be seen in
Table2, the differences between AERONET results averaged
over subsets 1 and 2 were very small.

4.4 5 July: unusual single-scattering albedo case

During the first week of July, wildfires were observed in
North and South Carolina in the United States, as well as
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Figure 7. Total attenuated backscatter coefficient cross section ob-
tained with elastic lidar (ELF) at 532 nm at UMBC on 5 July. Long-
range transport of smoke from fires occurring in the southeastern
portion of the US was observed. White lines highlight the case stud-
ies considered (see Table1).

in northern Canada (UMBC ALG Smog Blog, 2011). On
5 July, moderate to dense smoke was observed across the
southeastern states and long-range transport of smoke from
those fires was observed with the lidars that were operat-
ing at UMBC during DISCOVER-AQ (Fig.7). Air mass
back trajectories (not shown here) helped us to determine
that some layers observed over Baltimore were likely com-
posed of residual smoke from the southern fires. As pre-
viously mentioned, this case did not show high AOD val-
ues. Out of the cases analyzed, 5 July presented the smallest
variation of effective radius values from the lidar retrievals,
and this trend was consistent with the P-3B observations and
AERONET retrievals, as can be seen in Fig.6. The retrievals
obtained from the lidar data during the first overpass on
5 July (case A) show a small value ofω0 and a large value of
Im[m] for the top layer (2.46–2.78 km). The values obtained,
ω0 = 0.89± 0.05 and Im[m] = 0.013±0.005, fall within the
range of values observed for biomass burning cases pre-
sented byDubovik et al.(2002): 0.88≤ ω0(440 nm) ≤ 0.94
and 0.00093≤ Im[m] (440 nm)≤ 0.021. However, both re-
trievals ofω0 and Im[m] for this particular case also showed
large variation, making it a less trustworthy retrieval. There-
fore, definite conclusions on the retrieval sensitivity to cap-
ture the properties of a smoke layer cannot be drawn in this
case. Re[m] obtained from lidar for this case agrees with val-
ues obtained at UMBC and Padonia AERONET stations.

4.5 22 July: unusual size parameter case

The lidar inversion algorithm utilizes Mie theory for the cal-
culations. Therefore, some retrieval sensitivity with respect
to the presence of nonspherical aerosol particles is to be ex-
pected.

Figure 8. Effective radius fine-to-total mode fraction from lidar
retrievals versus total (volume) depolarization ratio at 532 nm re-
trieved from HSRL-1. All cases and layers are displayed. Red cir-
cles represent 22 July data.

The cases from 22 July presented the lowest values of
the effective radius fine-to-total mode fraction (Rfine

eff /Rtotal
eff ),

which translated into larger variation in the individual lidar
retrievals, causing the larger error bars observed in cases G
and H (see Fig.6). It was later found thatRfine

eff /Rtotal
eff cor-

related with the depolarization ratio measurements obtained
from the HSRL-1 lidar system. Figure8 shows two distinct
clusters, with data from 22 July in red and the data from other
dates in black.

The origin of the nonspherical particles observed in this
particular case remains unknown.

5 Conclusions

DISCOVER-AQ 2011 provided us with the unique opportu-
nity to test the feasibility of retrieving optical and microphys-
ical properties of aerosols over Baltimore and Washington
DC region using a combination of a ground-based backscat-
ter lidar and an airborne HSRL system.

The methodology utilized in this study, although time con-
suming, was proven to be feasible, and, for the first time,
we present daytime retrievals of optical and microphysical
properties of aerosols derived from a hybrid multiwavelength
lidar data set. In particular, it was also the first study to ever
be performed in the United States in which daytime multi-
wavelength lidar retrievals were obtained and compared both
to measurements obtained from airborne in situ instruments
and AERONET retrievals.

Comparison of remote sensing retrievals with in situ mea-
surements of aerosols are usually technically challenging due
to a number of factors. By definition, remote sensing in-
struments do not probe aerosols directly, measuring instead

Atmos. Meas. Tech., 7, 3095–3112, 2014 www.atmos-meas-tech.net/7/3095/2014/



P. Sawamura et al.: Aerosol optical and microphysical retrievals from a hybrid lidar data set 3109

radiation that is scattered and/or emitted from them, while
in situ instruments usually collect aerosols either on filters
or chambers in order to make measurements. If not properly
characterized and calibrated, in situ instruments may produce
different results due to under-sampling as well as changes
in temperature and relative humidity in the environment be-
ing sampled. Remote sensing instruments, on the other hand,
present a different set of potential problems. The instruments
must also be well calibrated and characterized, but, in addi-
tion to that, the algorithms must be systematically validated
to assure the quality of retrievals.

In this study we compared lidar retrievals of effec-
tive radius, volume and surface-area concentrations, single-
scattering albedo, and complex index of refraction with both
AERONET level 1.5 and 2.0 retrievals, which have been ex-
tensively studied and validated, as well as aircraft in situ
measurements (exceptm).

During DISCOVER-AQ 2011, the lidar retrievals showed
good agreement with AERONET retrievals for all par-
ameters. The choice of an aerosol layer height (ALH)
of 1.5 km to convert AERONET retrievals of volume and
surface-area concentrations from unit area to unit volume
was based on continuous lidar observations throughout the
campaign and was shown to be reasonable. The AERONET
station at UMBC showed a negative bias in terms of single-
scattering albedo, which was possibly caused by calibration
issues during DISCOVER-AQ, but it was still within 1 stan-
dard deviation of other AERONET stations and the lidar re-
trievals. In general, the values of single-scattering albedo and
complex index of refraction obtained from the lidar retrievals
in this study showed good agreement with values reported in
the literature for the eastern United States during summer.

The airborne in situ measurements showed larger discrep-
ancies with respect to the lidar retrievals, and the reasons,
while still speculative, are most likely related to the hydration
factors that were not taken into account in this study. Com-
pared to other studies in which hydration factors were con-
sidered, the differences observed seem reasonable.

The work here presented is of particular significance not
only due to the novel hybrid multiwavelength lidar data set
utilized for the inversion of optical and microphysical param-
eters but also because it is the first study, to our knowledge, in
which retrievals were obtained during daytime, and the first
to be able to compare results both with AERONET retrievals
and in situ aircraft measurements. Similar studies have been
conducted in the past, but all microphysical lidar retrievals
were obtained at night and only a small number of cases were
analyzed. In this study we analyzed 11 case studies.

The combination of different lidar techniques for retrievals
of this kind is an attractive idea given that most lidar groups
across the globe do not possess multiwavelength lidar sys-
tems that are capable of providing a complete 3β + 2α data
set. With the increasing number of collaborative projects and
intensive field campaigns in which a number of different in-
struments are deployed synergistically, the possibilities of

having multiple lidar systems deployed in proximity to each
other increase, thus increasing the opportunities of character-
izing the aerosols in different areas of the globe.

NASA Langley Research Center (LaRC) recently devel-
oped the first airborne multiwavelength HSRL instrument ca-
pable of providing a robust 3β + 2α data set. HSRL-2 is an
upgraded version of the airborne HSRL-1 system utilized in
this study and it is capable of providing HSRL measurements
at 355 and 532 nm, as well as elastic backscatter measure-
ments at 1064 nm (Hostetler et al., 2013a, b). In addition to
the new instrument, NASA LaRC is also developing a new
automated lidar inversion algorithm (Chemyakin et al., 2012)
which will allow for more systematic validation of the multi-
wavelength lidar retrievals.
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