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Abstract. The multi-wavelength lidar technique was applied
to the study of a smoke event near Washington, DC on 26—
28 August 2013. Satellite observations combined with trans-
port model predictions imply that the smoke plume origi-
nated mainly from Wyoming/ldaho forest fires and its trans-
portation to Washington, DC took approximately 5 days.
The NASA Goddard Space Flight Center (GSFC) multi-
wavelength Mie—Raman lidar was used to measure the smoke
particle intensive parameters such as extinction and backscat-
ter Angstrom exponents together with lidar ratios at 355 and
532 nm wavelengths. For interpretation of the observed ver-
tical profiles of the backscatter Angstrém exponents yp at
355-532 and 532-1064 nm, numerical simulation was per-
formed. The results indicate that, for fine-mode dominant
aerosols, the Angstrém exponents y(355-532) and y;(532-
1064) have essentially different dependence on the particle
size and refractive index. Inversion of 38 + 2« lidar obser-
vations on 27-28 August provided vertical variation of the
particle volume, effective radius and the real part of the re-
fractive index through the planetary boundary layer (PBL)
and the smoke layer. The particle effective radius decreased
with height from approximately 0.27 um inside the PBL to
0.15um in the smoke layer, which was situated above the
PBL. Simultaneously the real part of the refractive index
in the smoke layer increased to mg &~ 1.5. The retrievals
demonstrate also that the fine mode is predominant in the
particle size distribution, and that the decrease of the effec-
tive radius with height is due to a shift of the fine mode to-
ward smaller radii.

1 Introduction

Biomass burning (BB) is one of the key sources of aerosol
emission. During large forest fires particles can be injected
into the upper troposphere and transported over long dis-
tances affecting air quality in the subsidence regions. The
processes of smoke particle production and transport on lo-
cal and regional scales have been much studied over the
last decade (Reid et al., 2005a, b; Adler et al., 2011; Pratt
et al., 2011; Miller et al., 2011). Optical properties of the
smoke particles near the source region may vary over a wide
range depending on vegetation type, atmospheric conditions
and combustion phase (see, for example, Reid et al., 2005a,
b). The particles are modified during transport (so-called
“smoke aging™) due to different mechanisms, including hy-
groscopic water uptake (Hobbs et al., 1997), and coagulation
(Fiebig et al., 2003), and are mixed with local anthropogenic
emissions. To characterize the smoke particle properties, dif-
ferent kinds of observational techniques — such as satellite
imaging (Miller et al., 2011), in situ aircraft probes (Fiebig
et al., 2002, 2003) sun photometry (Dubovik et al., 2002;
O’Neill et al., 2002) and star photometry (Pérez-Ramirez et
al., 2008) — have been used. However, the general problem
of passive sensors is that the results are appropriate for the
particle column properties; thus the separate contributions of
smoke layers, which may be above the planetary boundary
layer (PBL), and aerosols within the PBL cannot be separated
in a straightforward way. Aircraft sampling can be used to
probe isolated aerosol layers but is too expensive to be done
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regularly. Meanwhile, active sensors, such as lidars, have the
ability to profile the vertical structure of smoke plumes on a
regular basis.

Previous multi-wavelength lidar measurements performed
within the European lidar network (EARLINET), as well as
measurements at other stations, have provided important in-
formation about intensive smoke particle parameters, such
as lidar ratio and Angstrém exponent (e.g., Mller et al.,
2005, 2007a, b; Ansmann et al., 2009; Tesche et al., 2009;
Amiridis et al., 2009; Murayama et al., 2004; Nicolae et al.,
2013; Giannaki et al., 2010; Burton et al., 2012). In partic-
ular, analysis of parameters obtained for relatively fresh and
aged smoke demonstrates a general trend of increasing lidar
ratio as the particle ages. Thus lidar ratios at 355 nm (LRgzs5)
for smoke after 8 and 16 days, respectively, were about 45
and 80 sr (Amiridis et al., 2009). The aging process leads also
to a decrease of the Angstrém exponent from approximately
1.8 (for 1-day-old smoke) to almost 0 for 20-day-old smoke
(Mauller et al., 2007a), which points to an increase of the par-
ticle size. Another interesting finding is that for aged smoke
the lidar ratio at 532 nm generally exceeds LR3s5 (Muller et
al., 2005, 2007a; Nicolae et al., 2013).

Moreover, measurements of aerosol backscattering and
extinction at multiple wavelengths can be inverted to parti-
cle microphysical properties, e.g., effective radius, volume
density and the complex refractive index (CRI) (Ansmann
and Muiller, 2005). Though multi-wavelength Raman lidar
normally provides only five independent observations (three
backscattering and two extinction coefficients), which is in-
sufficient to obtain a unique solution, the use of reason-
able constraints in the inversions permits a reasonable es-
timate of the particle characteristics to be made. Numer-
ous approaches have been suggested for such inversion, with
promising results being obtained (Muller et al., 1999; Bock-
mann et al., 2005; Veselovskii et al., 2002, 2012, 2013).
Multi-wavelength Raman lidar retrievals of BB aerosol have
already been presented by several groups for smoke of trop-
ical, North American and Russian origin (e.g., Miiller et al.,
2005, 2007a; Ansmann et al., 2009; Tesche et al., 2009;
Amiridis et al., 2011; Murayama et al., 2004; Baars et al.,
2012; Nicolae et al., 2013). These measurements have shown
that the characteristics of aged smoke particles and their ver-
tical distribution are highly variable, even when particles of
the same origin are considered. Thus additional independent
measurements are desirable, particularly in North America,
where multi-wavelength inversions of aerosol properties are
fairly rare.

The earlier studies have focused on the long-range trans-
port of Canadian forest-fire-generated aerosol and air quality
impact on the east coast of the USA (Colarco et al., 2004;
Miller et al., 2011). The current study considers the impact
of forest wildfires in the western USA in August of 2013 as
detected on the east coast of the USA by multi-wavelength
Raman lidar at NASA Goddard Space Flight Center (GSFC).
This paper focuses on the retrieval methodology providing
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vertical profiles of particle microphysical parameters from
lidar measurements. The second (coming) part of this study,
briefly summarized in the next section, should give a com-
plex event characterization combining analysis of aerosol re-
trievals from MODIS with aerosol source attribution from
back trajectories and the Goddard Chemistry, Aerosol, Radi-
ation and Transport module in a global Earth system model
framework (GEOS-5 GOCART) (Bian et al., 2013; Chin et
al., 2002, 2014; Colarco et al., 2010).

2 Results of lidar measurements
2.1 Lidar system overview

Instrument: the measurements were performed with the
multi-wavelength Mie—Raman lidar at NASA GSFC. The li-
dar is based on a Continuum 9050 laser with a 50 Hz repeti-
tion rate. The output powers at A = 355, 532 and 1064 nm
are 12, 5 and 10W, respectively. The receiving Schmidt—
Cassegrain telescope of 40 cm aperture was operated verti-
cally, and the full geometrical overlap of the laser beam and
the telescope field of view (FOV) is achieved at approxi-
mately 1000 m height. The system is capable of providing the
so-called “38 + 2« optical data set: three backscattering co-
efficients at the laser wavelength and two extinctions calcu-
lated from nitrogen Raman signals at Agr = 387 and 608 nm.
Licel transient recorders allowed digitizing the outputs of
the detectors both in analog and photon-counting mode at
7.5m range resolution. For each profile, 6000 laser pulses
were accumulated, so the temporal resolution of the mea-
surements was 2 min. Backscattering and extinction coeffi-
cients at 355 and 532 nm were calculated from elastic and
Raman backscatters (Ansmann et al., 1992). The reference
point, where particles scattering can be neglected, was found
for every individual profile. The backscattering coefficient
at 1064 nm was obtained from backscatter, and extinction at
532 nm extrapolated to 1064 nm, as described in Veselovskii
et al. (2009).

Microphysical retrievals: the backscattering and extinc-
tion coefficients measured at several wavelengths were in-
verted to particle physical properties using the regulariza-
tion (Muller et al., 1999; Veselovskii et al., 2002) and lin-
ear estimation (LE) approaches (Veselovskii et al., 2012; De
Graaf et al., 2013). The inverse problem is strongly under-
determined. Therefore, successful inversions require a rea-
sonable set of constraints which act as a priori assumptions
in the retrieval. Specifically, we limit the range of the param-
eter values (the search space) that will be considered in the
inversion. Specifically, we consider a set of predefined inver-
sion windows determined by minimum (rmin) and maximum
(rmax) Vvalues of radius and an increment interval. Similarly,
we consider a set of predefined values of the CRI. A detailed
description of the approach as applied to the regularization
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and linear estimation techniques has been published previ-
ously (Veselovskii et al., 2002, 2009, 2012).

A comparison of the regularization and LE demonstrates
that these techniques generally have similar retrieval un-
certainties, but that the LE technique is significantly faster
(Veselovskii et al., 2013) due to the fact that with the LE
technique we do not attempt to estimate the particle size dis-
tribution. Due to the speed advantage of the LE approach
for evaluating bulk particle parameters, for the analysis done
here, the vertical profiles of these parameters as well as their
spatiotemporal variation were evaluated using the LE ap-
proach. The regularization technique was used to estimate
the main features of the particle size distribution inside cer-
tain representative height intervals. The particle effective ra-
dius and volume density can be estimated with uncertain-
ties not exceeding 25 %, while the uncertainty of the real
part of the CRI estimation is typically +0.05 (Veselovskii
et al., 2002, 2012, 2013; Pérez-Ramirez et al., 2013). The
imaginary part of CRI is the most difficult to retrieve as it
depends strongly on the permitted range of m, values. The
smoke plume observed here was aged when measured, so the
range of m; values considered was restricted to the interval
0.001 <m<0.015 (Nicolae et al., 2013).

2.2 Meteorological analysis of event

The lidar measurements at GSFC presented here were per-
formed on 26-28 August 2013. On 26-27 August, obser-
vations were performed mainly during the daytime from
13:40 to 01:40UTC. Further observations were prevented
by clouds. High background noise in the 608 nm Raman Ny
channel prevented the calculation of aerosol extinction coef-
ficients from these data during the daytime. On 27 August
daytime measurements were also restricted due to clouds,
and thus only a short session of measurements occurred from
13:00 to 16:40 UTC. After sunset on 27 August, however,
additional measurements were performed from 21:40 until
05:20 UTC on 28 August. For these nighttime measurements,
the full 38 4 2« data set was available.

Figure 1 shows height—time distributions of backscatter-
ing coefficients at 355 nm during 26-28 August 2013. The
data reveal the distinct aerosol layer at 3-5 km altitude which
gradually subsides during 26 August and completely mixes
with the boundary layer on 27 August. To get a large-scale
view of aerosol optical thickness (AOT), we used aerosol re-
trievals from MODIS using the Multi-Angle Implementation
of Atmospheric Correction (MAIAC) algorithm (Lyapustin
et al., 2011, 2012a). MAIAC is a new algorithm which uses
the time series analysis and processing of groups of pixels
to detect clouds (Lyapustin et al., 2008) and derive surface
bidirectional reflectance and aerosol properties. The AOT
is provided at 1km resolution in gridded format. In addi-
tion, MAIAC provides aerosol types as background, smoke
and mineral dust, facilitated by the knowledge of the full
spectral surface bidirectional reflectance distribution func-
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Figure 1. Backscattering coefficients at 355 nm calculated from Ra-
man lidar measurements on 26-28 August 2013.

Figure 2. MODIS top-of-atmosphere RGB image (left), AOT at
470 nm retrieved from MODIS with the MAIAC algorithm (mid-
dle), and cloud mask (right). Cloud mask legend: red/yellow —
clouds; blue/light blue — clear over land/water; grey — smoke
aerosol. The ovals point to Yosemite (1) and ldaho/Wyoming (2)
fires, and the GSFC location (3).

tion (BRDF) for each 1km grid cell. The smoke and dust
separation is based on an enhanced shortwave absorption in
the 0.412-0.67 pm region (Lyapustin et al., 2012b), and on
assessment of particle size. A continental-scale view of MA-
IAC AQT for 23 August 2013 is shown in Fig. 2 To cover
North America, this figure combines several orbits from both
Terra and Aqua. Shown are the MODIS top-of-atmosphere
RGB image (left), along with MAIAC AOTg.47 (middle)
and cloud mask (right). The color scale of the cloud mask
image indicates clouds (red, yellow), cloud shadows (dark
red) and aerosol type for clear conditions. The blue/light-
blue color represents background aerosol, and grey shows
detected smoke. The presented image clearly shows two ma-
jor fire regions across the entire area, in California (Yosemite
National Park) and in Wyoming/Ohio, which agrees with the
MODIS fire detection algorithm data set. A broader analy-
sis of MAIAC retrievals for the second half of August shows
that the mentioned two regions have been major sources of
the biomass burning emissions. Clouds across the region
show the west—east jet stream pattern which captures and
transports lofted aerosols from the source regions. MAIAC
aerosol type confidently captures smoke in the source regions
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Figure 3. Back-trajectory analysis for 26 August 2013 at
12:00 UTC. An air parcel at the 700 hPa level (an altitude corre-
sponding to ~ 3km) over GSFC came from the northwestern US
fire region approximately 5 days earlier (as indicated by the blue
line in the plot).

and also shows it in the Midwest and near the east coast, as
shown by yellow ovals. These latter secondary aerosols are
aged and modified; in addition to reduced AOT as compared
to the source regions, they generally exhibit less absorption
and are harder to detect, especially in highly cloudy environ-
ments.

To identify specific source of aerosols measured at GSFC,
we have also conducted back-trajectory analysis, as shown
in Fig. 3, and GOCART simulations of aerosol transport. The
details of this and MAIAC-based analysis will be given in the
coming companion paper. Below are two main results from
this analysis:

1. The Raman lidar (RL) observations over GSFC during
26-28 August 2013 represent the long-range transport
of biomass burning aerosol generated approximately
5 days earlier.

2. The enhanced free-tropospheric aerosol at 3-5km alti-
tude on 26 August comes from Wyoming/ldaho fires.
This BB aerosol subsides and merges with local aerosol
in the PBL on the next day, representing the bulk of pol-
lution at the GSFC location. The aerosol produced by
Californian fires appears right after the end of lidar op-
erations on 28 August at relatively high altitude (~5-
7 km). However, the end of lidar operational time was
obscured by the cirrus clouds at and above this level.

Figure 4 shows aerosol backscattering at 355 nm similar to
Fig. 1 but simulated by GEOS-5 GOCART. The simulated
results confirm aerosol vertical layer structure and evolution
revealed by the lidar profiles shown in Fig. 1, although the
model’s vertical resolution is much lower. The model source-
receptor study further indicates that the observed distinct
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Figure 4. (a) Aerosol backscatter ((Mmsr)~1) at 355 nm simulated
by the GEOS-5 GOCART model over GSFC from 00:00 UTC on 26
August to 06:00 UTC on 28 August 2013. (b and c) Similar to (a)
but for biomass burning aerosol tagged to the Wyoming/Idaho (10—
118° W, 42-48° N) and Yosemite (115-124° W, 36-42° N) fires, re-
spectively. White lines represent planetary boundary height.

aerosol layer at ~ 3 km altitude over GSFC during 26-27 Au-
gust comes mainly from Wyoming/ldaho fires (Fig. 4b). The
Yosemite source is mixed in, but at a much lesser degree dur-
ing this period (Fig. 4c). The distinct Wyoming/ldaho aerosol
layer subsides on 27 August and is mixed with local aerosols
in the boundary layer, while the Yosemite source aerosol
comes in aloft. The aerosol enhancement at 4-5 km altitude
during the end of lidar measurement on August 28 (the last
1hinFig. 1) may be due to Yosemite smoke.

2.3 Lidar-derived optical properties of smoke particles.

26-27 August: on 26 August the strong smoke layers were
present up to a height of 5000 m, as is revealed by Fig. 1.
The gap between the PBL and the smoke layers, as for ex-
ample at 14:00 UTC on 26 August, is clearly visible. The
smoke layers descended with time, so the gap almost disap-
pears by 01:00 UTC on 27 August. Examples of the vertical
profile of backscattering coefficients (B355) from 26 August
are shown in Fig. 5 for the periods 14:00-16:00, 16:30-18:30
and 20:30-22:30 UTC. The backscatter is observed to drop to
0 above the PBL and then to rise again. The strongest scat-
tering by the smoke particles is represented by a relatively
narrow peak which descends from 3 km height at 14:00 UTC
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Figure 5. Vertical profiles of backscattering coefficients at 355 nm
on 26 August averaged over time intervals: 14:00-16:00, 16:30—
18:30 and 20:30-22:30 UTC.
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Figure 6. Lidar ratios at 355 nm on 26 August averaged over the
same time intervals as in Fig. 5.

to 2.5km at 22:00 UTC. Figure 6 shows the lidar ratios calcu-
lated at 355 nm (LR3s55) for the smoke particles over the same
temporal interval as in Fig. 5. The backscattering and ex-
tinction coefficients have been vertically averaged with ver-
tical resolution ranging from 100 to 250 m. Inside the PBL
the lidar ratios are approximately 90 sr, while in the region
containing the smoke lidar ratios decrease. During the pe-
riod of 14:00-16:00 UTC, the average value of LR3s5 above
3000 m is 57 + 12 sr. Later (20:30-22:30 UTC) it increases
up to 68 4 15sr for the same heights. These lidar ratio val-
ues are consistent with results previously published, taking
into account the relatively large range of reported values due
to the differences in the origin of the smoke particles stud-
ied and their ages (e.g., Muller et al., 2007a, b; Amiridis et
al., 2009; Murayama et al., 2004; Nicolae et al., 2013; Gian-
nakaki et al., 2010).

27-28 August: the backscattering coefficient on 27 Au-
gust decreases rapidly for heights greater than 2000 m, al-
though some remnants of smoke can be observed up to a
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Figure 7. Vertical profiles of backscattering coefficients at 355 nm
on 27-28 August averaged over 23:20-01:20, 01:20-03:20 and
03:20-05:20 UTC time intervals.

height of 5000 m. Figure 7 shows vertical profiles of Ssss
averaged over the periods of 23:20-01:20, 01:20-03:20 and
03:20-05:20 UTC. For the period of 23:20-01:20 UTC a sig-
nificant enhancement of the backscattering is observed in the
3000-3750 m height interval, indicating the presence of an
optically thick smoke layer. Beginning at 23:20 UTC, the ex-
tinction coefficients for both 355 and 532 nm were available,
so the corresponding extinction Angstrom exponent (EAE)
v and lidar ratios at both wavelengths could be calculated.
The vertical profiles of lidar ratios are shown in Fig. 8 for
the periods of 23:20-01:20 and 03:20-05:20 UTC. The lidar
ratio LR3s5 is approximately 90 sr below a height of 2000 m,
whereas in the smoke layer it decreases to 65-80sr. In sev-
eral publications on lidar measurements of smoke, the li-
dar ratio LRs32 exceeded LR3s5 (Miller et al., 2007a; Mu-
rayama et al., 2004; Nicolae et al., 2013). In our study the ra-
tio LR3s5 / LRs32 is mainly above 1 in the smoke-containing
region (above 2000 m) and LRs32 exceeds LR3s5 only in the
3000-3750 m layer for the 23:20-01.20 UTC period (Fig. 8a)
when concentration of smoke particles was the highest.
Figure 9 shows EAE y, at 355-532 nm wavelengths cal-
culated for the same temporal intervals as in Fig. 7. Inside the
PBL the EAE rises with height from approximately 0.5to 1.0
within the height range of 1000-2000 m. The highest value
ve = 1.7 is observed during the period of 23:20-01:20 UTC
in the smoke layer at 2750 m. Above that height y,, decreases
to y, = 1.1 at 3250 m (in the center of the aerosol layer in
Fig. 7) and then starts rising again. For the other two temporal
intervals EAE decreases with increasing height to y, ~ 1.0
for altitudes above 4000 m. The values of EAE observed in
our measurements are in agreement with published results.
For example, Miller et al. (2007b) reported typical value of
yo Tor aged smoke to be 1.0+ 0.5. Still we should keep in
mind that values of y, measured at different locations may
differ significantly, depending on smoke origin and aging

Atmos. Chem. Phys., 15, 1647-1660, 2015
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Figure 8. Lidar ratios at 532 and 355 nm for time interval (a) 23:20-
01:20 and (b) 03:20-05:20 UTC on 27-28 August.

(Mdller et al., 2005, 2007a, b; Murayama et al., 2004; Nico-
lae et al., 2013).

2.4 Comparison with AERONET observations

The results of lidar measurements were compared with ob-
servations of the collocated CIMEL sun photometer, which
is a part of the AERONET network (Holben et al., 1998), in
order to assess the contribution of the smoke layer to the total
aerosol optical depth (AOD) measured by the sun photome-
ter. The inversion algorithm making use of AODs at multi-
ple wavelengths together with sky radiances permits the re-
trieval of columnar particle properties (Dubovik and King,
2000). Figure 10 shows a time series of columnar AOD at
340nm and EAE y, for 340-500 nm wavelengths provided
by AERONET on 26 and 27 August. The same figure shows
the AOD of the smoke layer at 355 nm derived from Raman
lidar measurements in the 2000-5000 m height range.

On 26 August sun photometer measurements after
18:20 UTC were removed by the cloud-screening algorithm
(Smirnov et al., 2000). The EAE for the period 14:00—
18:00 UTC is approximately 1.6 and shows little variation.
Extrapolating lidar-measured AOD to 340 nm via EAE, we
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01:20-03:20 and 03:20-05:20 UTC on 27-28 August.

can conclude that contribution of the smoke layer to the total
AOD for that period is about 35%. On 27 August this con-
tribution was even lower, and at 13:40 UTC it did not exceed
20%. It is interesting that the AODs of the smoke layer on
26 and 27 August were similar, so the increase in AOD on
27 August is due to the boundary layer aerosol. The EAE on
27 August was about 1.2, and decrease in y,, is likely due to
the higher abundance of the PBL aerosols which have lower
values of EAE than the smoke.

3 Retrieval of particle microphysical properties from
lidar measurements

On 27 August the complete set of 38 + 2« data was avail-
able, so the particle microphysical properties — such as vol-
ume density V, effective radius refr and complex refractive
index — could be estimated. The example of such a data
set for the time interval 03:20-05:20 UTC is presented in
Fig. 11; the optical data are averaged over a height inter-
val varying from 100 to 250 m. Figure 12 shows the vertical
profiles of reff and mg obtained for the same three tempo-
ral intervals as in Fig. 7 using the LE algorithm. The cor-
responding profiles of backscattering coefficients at 355 nm
from Fig. 7 are also shown without scale in the figure for
convenience of comparing the vertical variation of aerosol
scattering. As mentioned in Sect. 2.1, the uncertainties of
the retrieved values of reff and mpg are estimated as 25 %
and +0.05, respectively, but relative changes in these quan-
tities can be revealed with significantly lower uncertainty
(Veselovskii et al., 2013). This permits the vertical varia-
tion of the particle parameters to be studied. During the first
temporal interval, the effective radius decreases with height
above 1500 m from 0.275 to 0.15 pm at 2750 m. In the center
of the smoke layer at 3250 m, however, the effective radius
increases slightly up to 0.2 um. The decrease of ref is accom-
panied by an increase of the real part of the CRI from ~ 1.4 at
1250 to ~ 1.5 at 3500 m, which is a typical value for biomass
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Figure 10. Aerosol optical depth at 340 nm and Angstrém param-
eter at 340-500 nm provided by AERONET on (a) 26 and (b) 27
August 2013. Open symbols show optical depth of the smoke layer
at 355nm derived from Raman lidar measurements in the 2000—
5000 m height range.

burning aerosol (Dubovik et al., 2002). For the second and
third temporal intervals the height variation of the effective
radius is similar, but the minimum value of re in the smoke
layer increases with a value during the third interval of ap-
proximately 0.2 um. The enhancement of the real part of the
CRI above 2000 m becomes smaller with time, and during
the 03:20-05:20 UTC time interval a maximum value of mg
is approximately 1.43. Based on these results, we infer that
during the interval of 23:20-01:20 UTC the smoke layer was
the least influenced by external mixing, while for the other
two temporal intervals partial mixing of the smoke with lo-
cal aerosols may have occurred. The imaginary part of CRI
in the smoke layer was estimated to be less than 0.0075, but
the high uncertainty of its retrieval in general does not permit
evaluating the vertical distribution of m.

On 27 August AERONET provides just a single Level 2.0
inversion at 13:44UTC. The real part of the refractive in-
dex varies from 1.44 at 439 nm to 1.41 at 1020 nm, while the
imaginary part is below 0.004 for all wavelengths. These val-
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Figure 11. 38 + 2« optical data for time interval 03:20-05:20 UTC
on 28 August.

ues are consistent with the lidar retrieval, given that the main
contribution to the columnar properties was provided by the
PBL particles. The effective radius provided by AERONET
is 0.258 um, which again is quite close to the lidar-retrieved
values inside the PBL.

The vertical profiles of the particle volume density V
for these three temporal intervals are given in Fig. 13. The
backscattering coefficient maximum shown in Fig. 4 moves
upward with time, and the profiles of the volume density be-
have similarly. During the first temporal interval the maxi-
mum of V is below 1000 m, but during the third interval the
maximum value of V =50pm3cm—2 is observed at 1500 m
height. From Fig. 13 we conclude that most of the particle
volume is contained inside the PBL and that the region asso-
ciated with the smoke contributes much less to the columnar
particle volume.

The regularization technique permits the main features of
the particle size distribution (PSD) to be retrieved (Muller
et al., 1999; Veselovskii et al., 2002). Figure 14 shows the
volume distribution dV /d In r obtained from the 38 + 2« li-
dar measurements during the interval of 01:20-03:20 UTC
for the height layers centered at 1500, 2486 and 2816 m.
The width of the layers was 250m. In all three PSDs the
fine mode dominates, which is typical for rural and biomass
burning aerosols (Dubovik et al., 2002). Inside the PBL the
maximum is achieved for r ~ 0.3 um, while at higher alti-
tudes it shifts toward smaller radii reaching r ~ 0.15pum at
2486 m. However in the center of the smoke layer at 2816 m,
the maximum is again at approximately r ~ 0.25um. The
coarse mode is practically absent. As discussed in our ear-
lier publication (Veselovskii et al., 2009), it may be due to
the lower sensitivity of the lidar technique to big particles
(maximal available wavelength is only 1064 nm). For com-
parison Fig. 15 shows the PSDs provided by AERONET. On
26 August the contribution of the smoke layer to the colum-
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at 1500, 2486 and 2816 m derived from lidar measurements on 28
August during 01:20-03:20 UTC.

nar properties appears to have been more important, so the ef-
fective radius of the fine mode is rather small, about 0.15 pm
at 13:11 UTC. On 27 August the effective radius of the fine
mode is larger (about 0.19 um), because the main contribu-
tion to the columnar res is provided by the PBL particles.
Thus at least for the fine mode the lidar and AERONET re-
trievals are in reasonable agreement.

As demonstrated previously, the linear estimation tech-
nique is fast and robust and permits large volumes of lidar
measurements to be processed to provide time-height dis-
tributions of particle parameters (Veselovskii et al., 2012,
2013). Here we apply the same technique to study the evo-
lution of the particle parameters on the night of 27 August.
Figure 16 shows the particle extinction at 355 nm calculated
by the Raman method. In this calculation the vertical resolu-
tion varied with height from 75 m (at 2000 m) up to 200 m (at
6000 m). The lidar signals were also smoothed in the tempo-
ral domain by using a sliding average of three profiles. The
effective temporal resolution of the result was, therefore, ap-

www.atmos-chem-phys.net/15/1647/2015/



I. Veselovskii et al.: Characterization of forest fire smoke event near Washington, DC, 2013 1655

—0—26 Aug 13:11

—0—26 Aug 13:43|
—s+—27 Aug 13:45|

o o
o =3
& &
I

dv/dinr, pm®um
o s
N
>ﬁ~\
-

A N~y

0.1 1 10

Radius, um

Figure 15. Column integrated particle size distributions provided
by AERONET on 26 and 27 August.

Extinction, 1/km

01
UTC Time, H

Figure 16. Aerosol extinction at 355 nm on 27-28 August.

proximately 4 min. Time-height distributions such as these
were generated for all five input data to permit the particle
parameters to be retrieved. The quality of the input data can
be characterized by the discrepancy p, which is the differ-
ence between the measured input optical data and the optical
data recalculated from the solution obtained using Mie ker-
nels. The details of the p calculation for the LE technique
are given in Veselovskii et al. (2012). The time-height dis-
tribution of the discrepancy for the night of 27 August is
shown in Fig. 17. Assuming that the uncertainties of the in-

put data &; are independent, we can expect that for p\/g the
retrieval becomes unreliable, which in our case (gj ~ 10%)
corresponds to a value p ~20%, so we limit the inversion
to heights below 4000 m. We should mention also that the
increase in p in the 1000-1200 m layer toward the end of
the measurement period could be partly explained by over-
lap function variation during long-term lidar operation.

The maps of volume density, effective radius and the real
part of the refractive index retrieved from 38 + 2o measure-
ments are shown in Fig. 18. The time-height distribution of
volume concentration follows the corresponding distribution
of the particle extinction, and we can observe upward move-
ment with time of the layer with enhanced particle volume
from ~ 1000 to almost 2000 m height. The effective radius
is largest at low altitudes and then decreases above an alti-
tude of approximately 2000 m. During the night the region
containing larger particles moves to higher altitudes. Above
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a height of 2000 m, the real part of the refractive index is also
enhanced, indicating the presence of smoke. The retrieval of
effective radius is especially sensitive to the noise in as32
(Pérez-Ramirez et al., 2013), so oscillations in the calculated
extinction at 532 nm are the main source of small-scale os-
cillation on the map for the effective radius. As shown previ-
ously, the exclusion of as3p from the input data removes this
oscillation, thus making the maps smoother (Veselovskii et
al., 2013). However, the reduced data set is less sensitive to
the radius variation, especially for small particles, so some
information about the vertical structure may be lost by us-
ing a reduced data set. Thus, improving the signal-to-noise
quality of the as3p measurements is one of the priorities in
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upgrading the current version of the GSFC multi-wavelength
Raman lidar.

4 Analysis of backscatter-related Angstrém exponent

In numerous publications the backscatter-related Angstrém
exponent (BAE) y; is considered to characterize the smoke
particle properties, especially when y,, is not available (Gian-
nakaki et al., 2010; Amiridis et al., 2009). Tripled Nd:YAG-
based lidar allows the calculation of the BAE for the wave-
length intervals of 355-532 and 532-1064 nm (we will de-
note these as y5(355-532) and y5(532-1064)), thus increas-
ing the amount of available information. However, while the
EAE does not depend significantly on the particle refrac-
tive index and thus characterizes mainly the particle size, the
BAE depends on both particle size and refractive index. Thus
relationships between y,, and yg are quite complicated (Su et
al., 2008); to understand these relationships numerical simu-
lation was performed. Extinction and backscatter Angstrém
exponents were calculated using Mie theory for a bimodal
particle size distribution:

dn(r) Ni (Inr —Inr;)?
din(r) _i:Zf:C(Zn)l/zlngi eXp[— 2(Inoj)2 }

Here Nt is particle number density in the fine (f) and the
coarse (¢) mode. Each mode is represented by a lognormal
distribution with modal radius rfc and dispersion Inosc. In
all simulations the value Inof,c = 0.4 was used. The compu-
tation results are given in Fig. 19, showing yg(355-532) and
y(532-1064) vs. y,(355-532). In our study we considered
both the effects of varying the modal radii and effects of vary-
ing the relative contribution of the fine mode to the PSD. The
particle parameters used in the simulations were chosen to
match typical properties of BB aerosols in order to aid inter-
pretation of our observations. The results presented in Fig. 19
are obtained for the ratio of number density in the fine- and
the coarse-mode Ry = % varying from 102 to 104, while the
fine-mode radius varies in the range of 0.075 — 0.2 um. The
radius of the coarse mode is fixed at . = 1.2 pm, and the par-
ticle refractive index is m = 1.45-i0.005. The contribution of
the fine mode to the total volume for ratio Ry = 102 and 104
is 16 and 95 %, respectively, for rf = 0.15 um. In the first case
the fine mode dominates in the PSD, while in the second case
the main particle volume is contained in the coarse mode.
The solid lines in Fig. 19 show results for the fixed ratios
Rn = 10* (upper curves) and 102 (lower curves). At Ry =
10* and considering the radius range r¢ of 0.2-0.075 um, y,
ranges from 0 to 1.8, while yg for both wavelength pairs
varies inside the interval of 0.8 <yg <1.5. Hence, for fine-
mode predominance, the BAE is less sensitive to variation in
the fine-mode radius than the EAE. The dashed lines illus-
trate the effect of varying the ratio of fine and coarse concen-
trations Ry for four chosen values of the fine-mode radius
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Figure 19. Backscatter Angstrdm exponents v5(355-532) and
vp(532-1064) vs. y4(355-532). Solid lines show results for fixed

ratios Ry = %Z =102,10%, while r¢ varies from 0.07 to 0.2 um.
Dash lines correspond to Ry Vvaried in the range 102-10 for cho-
sen values rf = 0.075, 0.1, 0.125 and 0.15 um; open symbols mark
results for Ry = 102, 5 x 102, 103,5 x 103 and 10%. The complex
refractive index used in computations is m = 1.45-i0.005.

rg =0.075,0.1,0.125 and 0.15pm. Increasing the coarse-
mode contribution leads to a rapid decrease of y. As stated,
these plots use a coarse-mode radius rc = 1.2 um; however
computations performed for rc = 1.0 and 1.5 um lead to very
similar results. Thus, the variation of the fine-mode radius r¢
and the ratio Ry affects yg and y, in different ways.

The plots in Fig. 19 were obtained for a fixed value of
the refractive index. The backscatter Angstrém exponent is
sensitive to variations in m, however, thus complicating in-
terpretation of the results. The influence of the real part of
CRI on yg and y, dependence is illustrated by Fig. 20, show-
ing plots for mg = 1.35,1.45 and 1.55. The imaginary part
of CRI is m; = 0.005 and ratio Ry = 10* for all plots. Just
like in Fig. 19 the radius of the fine-mode r; varies from
0.075 to 0.25um, while r; = 1.2 um. From Fig. 20 we can
also conclude that in the range 0.5 <y, <1.5, which is typi-
cal for BB aerosols, y5(355-532) is more sensitive to varia-
tions of mg than y5(532-1064). As was demonstrated by the
retrievals in Fig. 12, the particles inside the PBL are char-
acterized by low mg and relatively high res, while in the
smoke layer the rise of the real part is accompanied by a
decrease of the effective radius. To illustrate this evolution,
in Fig. 20 the open stars mark two particle states. The first
state with r¢ = 0.18 um (reff = 0.325 um) and mg = 1.35 cor-
responds to the PBL particle parameters, while the second
state represents the smoke layer particles with rs = 0.085 um
(reff = 0.185um) and mg = 1.55. Thus y and y,, values cal-
culated for the total vertical profile should provide the pattern
corresponding to transition from “state 1” to “state 2”.

To compare the simulation results with actual measure-
ments, Fig. 21 shows vertical profiles of the backscatter
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v5(355-532) and yg(532-1064) together with y,(355-532) mea-
sured on 27-28 August during 23:20-01:20 UTC. Solid lines show
profile of backscattering coefficients at 355 nm without scale.

Angstrém exponents vp(355-532) and yp(532-1064) to-
gether with y, (355-532) measured on 27-28 August during
23:20-01:20 UTC. The general trend of increasing y, with
height is accompanied by the rise of y5(355-532), while
vp(532-1064) decreases. A consideration of these results
along with those in Fig. 12 indicates that the BAE y(355—
532) is highly sensitive to variations of mg. For example, an
increase of the real part of CRI in the smoke layer up to a
value of mg = 1.5 (considering the retrievals in Fig. 8a) in-
creases the value of y4(355-532) to 1.7 at a height of 3250 m,
while y,, decreases to 1.1 at this same height. It is interesting
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that the decrease of y5(355-532) from 0.9 to 0.4 in the height
layer 1500-2000 m matches the decrease of mg in the same
layer as shown in Fig. 12a. At the same time, y5(532-1064)
decreases gradually with height from 1.6 to 1.0, indicating
low sensitivity to the real part of CRI variation, which again
agrees with the simulation results in Fig. 20.

The dependence of y5(355-532) and y5(532-1064) on
v«(355-532) for 27-28 August is illustrated by Fig. 22,
showing corresponding values for the same three time in-
tervals as in Fig. 7. The patterns provided by y4(355-532)
and yg(532-1064) are essentially different: y4(355-532) in
general increases with y,, presenting strong data scattering
due to high sensitivity to the refractive index; meanwhile
vp(532-1064) decreases with y,, and data scattering is sig-
nificantly lower. Such behavior is in agreement with patterns
predicted by Fig. 20 (marked with stars).

Thus the results presented demonstrate that the backscat-
ter Angstrém exponents for the two wavelength pairs con-
sidered contain additional information about the height vari-
ation of aerosol size and refractive index. Such information
can be used for preliminary analysis of lidar observations.
For more complete information about the particle microphys-
ical parameters, the full inversion of all 38 + 2« measure-
ments should be performed as described in the previous sec-
tions.

5 Summary and conclusions

The multi-wavelength lidar technique was applied to the
study of a forest fire smoke event observed near Washington,
DC on 26-27 August 2013. Satellite observations combined
with a transport model indicate that the smoke plume had its
origin from Wyoming/ldaho forest fires and its transport to
Washington, DC took about 5 days. This case was observed
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with the NASA GSFC multi-wavelength Mie—Raman lidar in
order to accomplish two goals. The first goal was to get infor-
mation about smoke particle intensive parameters such as li-
dar ratios and Angstrém exponents at different wavelengths.
The second goal was to test whether the multi-wavelength li-
dar technique is capable of resolving the height variation of
particle microphysical parameters through the PBL and the
region containing the smoke.

The intensive smoke particle parameters obtained are in
agreement with findings of other authors, though when mak-
ing such comparisons we should keep in mind that these pa-
rameters depend on many factors such as combustion phase,
age and transport. As a result, the reported values present
significant scattering. In our measurements, the lidar ratio at
355nm in the unmixed smoke layer (on 26-27 August) was
found to be 50+ 10sr, and it was significantly higher than
the value measured inside the PBL, where LR355 was found
to be 90 & 10 sr. One of the specific features of smoke parti-
cles reported by several authors (Mller et al., 2007a, Nico-
lae et al., 2013) is that higher values of LRs3, are obtained
as compared to LR3s5. In our observations on 27 August the
ratio of LR355 / LRs32 in the region containing the smoke
was normally above 1, and only in the strong smoke layer at
3000-3750 m height was the situation reversed. This may be
an indication that, by the time of the observation, the smoke
plume had been significantly diluted by local aerosols during
transport.

The extinction and backscatter Angstrém exponents are
important parameters for particle characterization. The ex-
tinction Angstrém exponent depends mainly on particle size,
so interpretation of observations is quite straightforward.
In our measurements on 27-28 August y,(355-532) in-
creased with height from approximately 0.5 at 1000 m to
1.2-1.7 in the smoke-containing region at ~ 2800 m, indi-
cating that the smoke particles were rather small. The behav-
ior of the backscatter Angstrém exponents over the wave-
length intervals of 355-532 and 532-1064 nm was quite dif-
ferent: y5(355-532) grew strongly in the smoke layer, while
vp(532-1064) gradually decreased with height. Numerical
simulations confirmed that, for the aerosol with dominat-
ing fine mode, the Angstrém exponents vp(355-532) and
y(532-1064) have different dependence on the particle size
and refractive index. The lidar-determined dependencies of
yp and y, were in agreement with the simulated results. The
Angstrom exponent y;(355-532) is very sensitive to the re-
fractive index, while y5(532-1064) is less affected by varia-
tion of mg, so joint consideration of all Angstrém exponents
provides useful information for preliminary analysis of lidar
observations. However, yg is not unambiguously related to
particle size, so it should be used with care; to get infor-
mation about the particle size and refractive index, the full
38 + 2« data set should be inverted.

The inversion of lidar measurements on 27 August re-
vealed that the particle effective radius decreased with height
from approximately 0.27 um inside the PBL to 0.15um in
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the elevated smoke layer. Simultaneously the real part of the
CRI in the smoke layer increased to mr ~ 1.5. The retrievals
demonstrate also that the fine mode is predominant in the
particle size distribution, and that a decrease of the effec-
tive radius with height is due to the shift of the fine mode
toward smaller radii. This fine-mode shift is consistent with
AERONET column-integrated observations.

The results presented demonstrate that inversion of multi-
wavelength lidar measurements provides information about
the height variation of particle volume, effective radius and
the real part of CRI through the PBL and smoke layer. How-
ever, to perform such inversion with better spatial and tem-
poral resolution, further improvement of the lidar system is
needed. The main limitation is posed by the statistical uncer-
tainties in the measurement of as3p. The retrieval of effective
radius is the most sensitive to the errors in extinction coeffi-
cients (Pérez-Ramirez et al., 2013), and the vibrational Ra-
man backscatter at 608 nm is rather weak compared, for ex-
ample, to that due to rotational Raman scattering at 532 nm.
Therefore, our upcoming plans are to augment the lidar in-
strument to measure rotational Raman scattering at 532 nm
to supply the visible extinction coefficient needed for multi-
wavelength aerosol inversions.
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