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Abstract. Knowledge of aerosol type is important for de- in our knowledge of the radiative effects of aerosol (IPCC,
termining the magnitude and assessing the consequences 2007). The vertical distribution of aerosol is particularly im-
aerosol radiative forcing, and can provide useful informationportant, since aerosol lifetime and climate response depend
for source attribution studies. However, atmospheric aerosobn altitude (Hansen et al., 1997). Uniquely among remote
is frequently not a single pure type, but instead occurs as @&ensing measurement techniques, lidar provides vertically re-
mixture of types, and this mixing affects the optical and ra- solved measurements of the distribution of aerosol properties
diative properties of the aerosol. This paper extends the workvithin the atmospheric column. At the same time, the deter-
of earlier researchers by using the aerosol intensive paranmination of aerosol radiative forcing and source attribution
eters measured by the NASA Langley Research Center airalso requires knowledge of aerosol type. Depending on the
borne High Spectral Resolution Lidar (HSRL-1) to develop a sophistication of the lidar instrument, one or more aerosol
comprehensive and unified set of rules for characterizing theéntensive parameters can be measured. Intensive parameters
external mixing of several key aerosol intensive parametersare quantities that vary only with aerosol type and not amount
extinction-to-backscatter ratio (i.e., lidar ratio), backscatterand which can therefore be used for aerosol classification
color ratio, and depolarization ratio. We present the mixing(Burton et al., 2012; Grol3 et al., 2013b). For the NASA Lan-
rules in a particularly simple form that leads easily to mixing gley Research Center (LaRC) airborne High Spectral Reso-
rules for the covariance matrices that describe aerosol distrilution Lidar (HSRL-1) (Hair et al., 2008), these parameters
butions, rather than just single values of measured parameanclude the depolarization ratio at 532 and 1064 nm, aerosol
ters. These rules can be applied to infer mixing ratios fromextinction to backscatter ratio (lidar ratio) at 532 nm, and the
the lidar-observed aerosol parameters, even for cases withspectral ratio of aerosol backscatter (i.e., backscatter color
out significant depolarization. We demonstrate our techniqueatio).
with measurement curtains from three HSRL-1 flights which  Observed aerosol layers are frequently mixtures of mul-
exhibit mixing between two aerosol types, urban pollution tiple types (e.g., Lesins et al.,, 2002; Tesche et al., 2011;
plus dust, marine plus dust, and smoke plus marine. For thesPavid et al., 2013). For passive instruments, which observe
cases, we infer a time-height cross-section of extinction mix-full columns rather than vertically resolved profiles, the mea-
ing ratio along the flight track, and partition aerosol extinc- surements reflect an effective mix of aerosols throughout the
tion into portions attributed to the two pure types. column. The assumption of a single aerosol type throughout
the column is also frequently required in retrievals of aerosol
extinction from elastic backscatter lidar (even though the
backscatter measurements are vertically resolved) (Fernald,
1 Introduction 1984). Standard retrievals for the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) lidar instrument on the
Atmospheric aerosols play an important role in climate cjoud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-

change and solar energy availability and affect air qualityyations (CALIPSO) satellite do not make this assumption;
and human health, but there are still significant uncertainties
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420 S. P. Burton et al.: Aerosol mixtures in HSRL data

however, they do require significant averaging that can rea more complete picture of aerosol properties, and can be
sult in layers that include multiple different aerosol types. more useful for some applications (e.g., Russell et al., 2014).
In those cases, the effective lidar ratio and other propertiedultivariate normal distributions of aerosol types were cal-
depend on multiple types, complicating the retrieval (Burtonculated from the NASA Langley HSRL-1 (Burton et al.,
et al., 2013). Even in very highly resolved measurements2012) and are an important part of the aerosol classification
aerosols are often present in a mixed state (Tesche et almethodology in use for that instrument. This article builds
2009; Petzold et al., 2011). Mixing between aerosol typeson the work of Burton et al. (2012) and shows mixtures of
can be either external or internal. In external mixing, theaerosol types in the framework of multivariate normal dis-
aerosol particles are physically separated and individuallytributions using measurements from the NASA Langley air-
pure. Composite particles formed by, for example, coagu-borne HSRL-1.
lation or aqueous reactions are considered internal mixtures Following a brief instrument description in Sect. 2, Sect. 3
(Lesins et al., 2002). We focus on external mixtures in thispresents a derivation of the linear mixing equations for
paper. aerosol intensive parameters, expanding on the work in these
Aerosol classification schemes for lidar data (Burton et al.,earlier papers (especially Léon et al., 2003; Sugimoto and
2012; GroR et al., 2013b; Weinzierl et al., 2011; Omar et al.,Lee, 2006; Burton et al., 2012). In Sect. 4, we extend the
2009) focus mainly on pure aerosol types, but also includeequations to include not just the mean values but also the
some mixtures, for example Polluted Dust in the CALIPSO full covariance matrix for a mixture of two or more pure-
aerosol classification (Omar et al., 2009) and Polluted Mar-type multivariate normal distributions. In the second half of
itime and Dusty Mix in the NASA HSRL-1 classification this paper, in Sects. 57, we will show three case studies of
(Burton et al., 2012). Grol3 et al. (2013b) also address mix-external mixtures observed by the NASA Langley airborne
tures, by including mixing lines to indicate regions in the HSRL-1, which satisfy the derived relationships. We also es-
multi-dimensional measurement space representing mixturesmate mixing ratios for our case studies and show the appor-
between two types, either Saharan dust and marine aerostibnment of aerosol extinction to the two constituent types.
or Saharan dust and biomass-burning aerosol. These mix-
ing line equations build on a heritage (including GroR3 et
al., 2011, Gasteiger et al., 2011; Tesche et al., 2009) thag Instrument description
dates back at least a decade. Léon et al. (2003) and Kauf-
man et al. (2003) used equations for the inverse lidar raticHSRL-1 (Hair et al., 2008) is the first airborne high spec-
and backscatter Angstram exponent for a mixture of twotral resolution lidar instrument built and operated by NASA
modeled aerosol modes. Sugimoto et al. (2003) examinedlangley Research Center. Between March 2006 and Octo-
mixtures of dust and non-dust aerosol and derived equationber 2012, HSRL-1 flew more than 1200 h during its 357
linking the depolarization with the partitioning of backscat- science flights on the NASA King Air B200 on 20 field
ter and, in later work, the backscatter-related Angstram excampaigns across North America. The HSRL technique in-
ponent (Sugimoto and Lee, 2006). While not explicitly pro- dependently retrieves aerosol and tenuous cloud extinction
viding equations for aerosol intensive properties of mixtures,and backscatter (Grund and Eloranta, 1991) without a pri-
Nishizawa et al. (2011) do an extinction retrieval similar to ori information on aerosol type or extinction-to-backscatter
that of Léon et al. (2003) but use both the depolarization raratio, as is required for standard elastic backscatter lidar re-
tio and spectral relationship of the measured backscatter ttrievals. The NASA HSRL-1 employs the HSRL technique at
choose between three specific aerosol models; they preseB82 nm and the standard backscatter technique at 1064 nm.
results as partitions of aerosol extinction. In this paper, welt also measures depolarization ratio at both wavelengths.
infer mixing ratios and extinction partitions for various cases HSRL-1 is well calibrated and has been extensively validated
of mixing, including a non-dust case where we cannot relyusing in situ and remote sensing measurements; the HSRL-1
on variation in the depolarization ratio to achieve the separaaerosol optical thickness (AOT) product was shown to be
tion. We also expand on the equations of Léon et al. (2003)within 6 % of measurements from well-established sensors
and Sugimoto and Lee (2006) by showing that, with a fortu- (Rogers et al., 2009). The measurement techniques and cal-
itous choice of variables, the mixing equations can all be re4bration procedures enable direct and unambiguous retrieval
cast in the form of linear combinations. This more convenientof loading-invariant aerosol intensive properties in addition
form then leads easily to a representation of the full varianceto loading-dependent extensive properties such as AOT. The
covariance matrices for mixtures of multivariate normal dis- intensive properties provided by HSRL-1 are the 532 nm li-
tributions as well. dar ratio, the aerosol depolarization ratios at both 532 and
The classification algorithms used by Grof3 et al. (2013b)1064 nm, and the backscatter color ratio (i.e., the ratio of
and Weinzierl et al. (2011) for German Aerospace Cen-aerosol backscatter coefficients at the two wavelengths; the
ter (DLR) Falcon HSRL measurements use a simple setl064 nm backscatter depends on a nominal lidar ratio, but the
of thresholds in each measurement dimension to classifisystematic error this assumption produces does not greatly
aerosols. However, multivariate normal distributions provide affect the ratio used in aerosol classification, due to limited
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sensitivity of backscatter to the lidar ratio assumption at We start with a mixing ratio (partition) defined in terms of

1064 nm (Burton et al., 2012)). aerosol backscatter
Burton et al. (2012) describe how the intensive parame- X
ters provide information about the aerosol physical proper-p = Bat Po’ (2)
a

ties and are combined to infer aerosol type. In that study, a
two-part classification is performed. In the first part, a set ofwhere 8 denotes aerosol backscatter coefficient, and sub-
thirty HSRL-1 observation samples are identified where thescripts “a” and “b” denote the contributions from two types.
aerosol type is known (using external information including First, the aerosol backscatter component of each constituent
back-trajectory analysis, in situ observations, visual identifi-type can be written in terms of the partition and the backscat-
cation of plumes, etc.) and from these a set of eight aerosolter of the mixture:

type models are created in the form of multi-normal covari-

ance matrices. In the second part of the classification, every'2 — pB ®)
observation from the entire comprehensive HSRL-1 data sefo = (1 — p)B. (4)

of 20 field campaigns is classified by choosing the best fit- Then, to represent the aerosol extinctianfor the con-

ting model out of the eight multi-normal distributions using a _,. N

. ) . ) . -stituent types, we apply the aerosol extinction-to-backscatter
generalized 4-dimensional distance metric, the MahalanOb'?atio or lidar ratio.
distance (Mahalanobis, 1936). The results of this classifica- "~ ' '
tion are now considered a standard data product for the Lany, = S8, = Sapf (5)
gley HSRL-1 and HSRL-2 instruments. In Sects. 5-7 of this _
study, we show examples of HSRL-1 observations that iilus-"2 = SoPo=So(1=p)F. ©
trate mixing between two pure aerosol types. The pure type We note that the aerosol lidar ratio is typically represented
samples are chosen with the aid of the standard classificatioas S, with a subscript “a” for “aerosol”. In this work, how-
algorithm, but multi-normal covariance matrices are createdever, we drop this customary subscript to avoid confusing it
specifically for these samples as discussed below (that is, waith the subscripts “a” and “b” indicating specific aerosol
do not use generalized "pure type" models). types. All lidar ratios, depolarization ratios, and backscatter
and extinction coefficients in this paper should be understood
to represent the aerosol component only, with the molecular
component already removed.

Analytically derived lidar observables for mixtures are dis- With the definitions of aerosol extinction and backscatter
for the two types given in Egs. (3)—(6), we can proceed to

cussed by Kaufman et al. (2003) and Léon et al. (2003),, .. . . : : S
who derive backscatter-to-extinction ratio and a backscatterpler'vIng the lidar ratio of the mixture. The lidar ratio is the

related pseudo-Angstram exponent for a mixture of a fineratio of aerosol extinction to aerosol backscatter coefficient.

3 Mixing relationships

and a coarse aerosol mode using Moderate Resolution Imagg — & (7)

ing Spectroradiometer (MODIS) aerosol models. Their start- B

ing point is a simple partition of extinctiow, into fine and Inserting Egs. (5) and (6) in the numerator,

coarse modes with the fine-mode fraction defined in terms of

aerosol extinction. _ [Sap+Sp(1-p)] B ®)
_ 643 (l) :3 '
Castap Cancelling terms in the numerator and denominator leaves
Here, subscripts “s” and “I indicate small and large a simple expression for the lidar ratio of the mixture in terms

of a linear combination of the lidar ratio of each of the two

mode. We are interested in the lidar ratio, or extinction-to- .
i:onsutuent types.

backscatter ratio, the inverse of the quantity used by Léon e
aI.. (2003). The pseudo-Angstrgm expone_nt they use is likeg — Sap + Sp(1— p). (9)

wise related to the backscatter color ratio we use, but not

identical. Also, we wish to mix two arbitrary aerosol types, ~ This relationship is true at any wavelength, but both the
which we will call a and b, not single modes. Therefore, we lidar ratios and the coefficient are wavelength dependent.
start our derivation from a slightly different point, with the We must therefore derive the wavelength dependence of the
goal of producing mixing equations in a very simple form. mixing coefficient,p. Accordingly, we will introduce a su-
Nevertheless the mixing relations given here are consistenperscript. to indicate the wavelength dependence of the par-
with those given by earlier authors, and we will show how to tition and other quantities and write E@) (more explicitly

convert between them later in this section (20). for the 1064 nm channel.
1064
a
P1064= —o— o7, (20)
10641 51064
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To get the relationships between channels, we need the The final intensive parameter that we use for aerosol clas-
backscatter color ratio sification is the aerosol depolarization ratio. Following the
same logic as Sugimoto and Lee (2006), it is possible to
(11) derive the aerosol depolarization ratio of a mixture. Multi-
ple definitions of depolarization ratio are in use (Cairo et al.,
The color ratios for the two pure types will be indicated 1999; Gimmestad, 2008), and we must be specific. We con-
by xa and xb. The backscatter partition at 532 nm is derived sider only the depolar!zatlon due to aerosols, and, using the
following similar steps. same notation as Sugimoto and Lee (2006), we use the sym-
bol § for the ratio of the aerosol backscatter coefficient mea-

13532
X = 41064

pa32 sured in the perpendicular channel to that measured in the
P532= — 325 25 (12) llel ch I
p532 1 g532 parallel channel,
a
Xa,31064 ,BJ_
= a___ (13) 6=+ (21)
XaBLO4+ xpBLo® Bi

Combining with Egs. (3) and (4) and cancelling out the to- and the symbob’ for the ratio of perpendicular to total
tal aerosol backscatter in the numerator and denominator, waerosol backscatter.
are left with the following equation, which gives the wave-

length dependence of the backscatter partition. As long as thg' — AL (22)
partition is known at one wavelength, along with color ratio Bi+BL
values for the two pure types, the partition at other wave- )
) §=——. (23)
lengths can be obtained. 1+6
Psaz= XaP1064 . (14) Note that the second half of Sugimoto and Lee’s (2006)
Xap1064+ Xb (1 — p1064) Eq. (3) relating the two depolarization parameters includes a

We can write the equation for the lidar ratio at 532 nm astypograpmcal error. It should be this:

a linear combination of the 532 nm lidar ratios of each pure Y

type like this: d=1—% (24)
532 _ (532 532

§7°°= 837 pssat Sp (1-ps32) (15) Aerosol depolarization measurements from lidar are usu-

ally reported as defined by EqY) . This includes archived
aerosol depolarization ratio measurements from the NASA
(532 _ 5232xap106a+ Sp>%xb (1 p1064) 16 airborne HSRL-1 used in this study and by Burton et
B XaP1064+ Xb (1 — p1064) (16) al. (2912). However, for the mixing equat'ior)s in this study,
we will use §’ from Eq. (22) because this is the quantity
The backscatter color ratio itself is an aerosol intensivethat mixes linearly. To distinguish between them more conve-

parameter that is used in aerosol classification. ACCOfdinglynienﬂy, we will use the term “aerosol depo|arization poten-
we derive the mixing coefficient of the backscatter color ratio tjg|” for the quantitys’ and the term “aerosol depolarization

or like this:

itself. ratio” for the more familiar quantityj. The term “depolar-
aBL084 4y, 1064 ization potential” is inspired by Gimmestad (2008) who de-
= ioe4 1024 a7) scribes it as “a measure of the propensity of the scattering
Ba™>"+ By medium to depolarize the incident polarization.”
_ [xap1osa+ xb (1 — p1osa] 1% 18 Sugimoto and Lee (2006) use the backscatter mixing ratio,
X = p1064 (18) which they callX, and we callps32. Without assuming that
one type is totally non-depolarizing as they do, we can write
X = Xap1064+ xb (1 — p106a) - (19) yp Y P J Y

a more general form of their Eq. (6) for two types. Sugimoto
So this also mixes linearly. That is, the form of the equa-2and Lee’s equation relates the depolarization rafjoof a
tion is the same as Eg@)and furthermore the mixing coef- Mixture to the depolarization potentidl, of the two types.
ficient is the same as for the lidar ratio at 1064 nm. Here we combine their equation and Eg4)(to write the
A similar derivation yields the relationship between the relationship entirely in terms of . With some algebra, this
backscatter partitiop; at any wavelength and the partition makes it a linear equation and therefore more useful for our

of extinction, f;, that was defined in Eql). later development in Sect. 4.
.= Sé Pi. (20) a/ggé _ 5/aP532 +8'p(1— P532) (25)
Sk +SEQA—pa) 1-5M%  (1—68'a) psaz+ (1—8'p) (1— ps32)
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Invert and add 1 to both sides: The vectorX that describes the mixture is given by the

vector equation

1 (1—9"a) psa2+ (1 —8'p) (1— ps32) (26)

55 8'aps32+8'n (1 — ps32) X=PA+(-P)B, (30)
8'aps32+8'p (1 — ps32) ' wherel is the identity matrix an® is a diagonal matrix com-
8'aps3z2+ &' (1— ps32) posed of the linear coefficient of mixing for each measure-

. . . ) ~ ment dimension.
Canceling terms in the numerator and inverting again

yields p1 0 O
P=]10p0|=
8’835 = 8'apsaz+8'b (1 — ps32). (27) 00m
O 0 0
Not only is this in the convenient form of a linear combi- [ 7%/~ 71 XaP1064 o | (31)
nation, but the linear coefficient is the same as the 532 nm 0 Xapl%“ﬂa(l”’me“) 1064

backscatter mixing ratio found in EdL%).
Equation 80) is just a restatement of Eqdl§), (19) and
(27) in vector form. Assuming the state vectaXs A and

4 Multivariate normal distributions for mixture types B are multi-normally distributed with distributions described

) ) ) o by covariance matriceSy, ¥4 andXp then, the covariance
The previous section provides mixing rules for the mean val-mairix for the mixing stateX is given as follows (Parois and
ues of lidar intensive parameters. However, as discussed ip ¢, 2011):

the introduction, for some applications it is useful to examine
not just mean values, but also to estimate model distributionsy = PP '+ (I —P) =3 (I — P)!, (32)

for the mixtures. Burton et al. (2012) use multivariate normal

distributions for various aerosol types, including both purewhere superscript t indicates the transpose operation. Recall
types and some mixtures, which were based on HSRL meathat the diagonal elements of the covariance matrix are the
surements of various types. However, the mixtures included/ariances, while the off-diagonal elements are the covariance
in this scheme were based empirically on specific mixtureterms:

cases that were straightforward to identify in HSRL-1 ob- 2

servations. Here, we analytically calculate the multivariate o1 0120102 0130103

normal distributions of a mixture, given covariance matricesX = | p120102 022 0230203 |, (33)
describing distributions for two pure types. Recall that the
set of normal distributions is closed under linear transfor-

mations. Thel’efore, the -equations in SeCt 3 ShOWing I-idarwhereo-i indicates the standard deviation -Q’f and 0ij is
observed aerosol intensive parameters in the form of lineapearson’s correlation coefficient describing the correlation
combinations are in a particularly convenient form. Follow- petweeny; andx;.

ing Burton et al. (2012) and earlier authors (Cattra” et al., Wr|t|ng out the diagona' terms of Eq32) produces the

2005), we assume that the lidar measurements for pure typegmiliar propagation of errors for a linear combination (e.g.,
can be approximated by multivariate normal distributions; in gevington and Robinson, 1992).

that case, the linear equations imply that a mixture of two
pure types with a specific mixing ratio can also be approxi-o2,=p2o2,+ (1—p;)202; for i =68z, Ss32. x.  (34)
mated as a multivariate normal distribution.

Specifically, given that an optical measurement of depo- Equation 82) can be illustrated by simulation, as shown in
larization potential, lidar ratio, or color ratio — written gener- Fig. 1. Here two covariance matrices are arbitrarily selected
ically by xmix — can be represented as a linear combinationto represent pure types. Points randomly selected from these

2
£130103  p230203 o3

of two pure types as given in Sect. 3, distributions are shown in blue and purple. Blue and purple
ellipses show the two-sigma contours of the covariance ma-
Xmix = pXa+ (L— p) xp (28) trices for the pure types (when representing covariance ma-

trices as ellipses, the major and minor axes are given by the
then we define measurement vectarsand B comprising  square root of the eigenvalues while the directions are de-
those three quantities for the two pure types, “a” and “b”.  termined by the eigenvectors (Rodgers, 2000)). A specific

mixture of the two pure types is calculated numerically by

5,232 8,532 mixing the blue and purple points using three different lin-
A=| 2 B = §bg32 ) (29)  ear coefficients of mixing for the three dimensions, and these
Xa Xb points are shown in orange. The coefficients are (0.6, 0.2,

www.atmos-meas-tech.net/7/419/2014/ Atmos. Meas. Tech., 7, 443%6-2014



424 S. P. Burton et al.: Aerosol mixtures in HSRL data

a_ .a__ Xapji.‘064 (37)
5 5 P1=r2= a b 1 a b
4 2 XaPopa XbPRosa+ Xc (1= Plosa— Plosd)
g 3 o 3 O & P3= P10e4 (38)
g 2 g 2
S S and
0 0 Q
_] _~| Hira b
-10 05 00 05 10 15 20 40 60 81 100 P1 Ob 0
Variable 1 Variable 3 Pe=| 0 p; 0 (39)
0 0 pb
15 P3
10
g 05 b b Xbl’?oe4
2 oof A\ O p1=r=_—— b 1_ 8 b (40)
9 XaPfosat XbP1osa Xc (1= Plosa— Plosd)
-05 b_ b
-1.0 P3 = P1oe64 (41)
20 40 60 80 100

Variable 3 The covariance matrix for a mixture of three types is given

Fig. 1. lllustrates a simulation of mixing in three “measurement” by

dimensions (Variable 1, Variable 2 and Variable 3) which are shownz — P> aPAl 4 PayaPat

as 2-D projections in the three panels. Blue and purple indicate two™X = FA>AFA 1+ Fp28FB

pure types, which are modeled as multivariate normal distributions.  + (I — Pa — Pg) ¢ (I — Pa — Pg)'. (42)

The blue and purple points are randomly selected from defined mul-

tivariate normal distributions, and the blue and purple ellipses are

representations of the two-sigma surfaces of the covariance matri5 HSRL-1 observations of dust and pollution mixtures

ces for these distributions. The orange points are constructed nu- during MILAGRO

merically as linear combinations of points from the purple and blue

distributions, using a constant mixing coefficient vector, (0.6, 0.2, HSRL-1 data from the MILAGRO (Megacity Initiative: Lo-

0.8). The red ellipses are the 2-D projections of the covariance macal and Global Research Observations) campaign provide a

trix calculated analytically using Eqs3@Q and @2). The correspon-  fyrther illustration of Eqgs. 30) and @2). Figure 2 shows

dence between the red ellipses, calculated analytically, and the ofe gerosol backscatter coefficient, aerosol extinction coeffi-

ange points, calculated numerically, is therefore a demonstration Of:ient and aerosol depolarization ratio at 532 nm for a flight

the correctness of EG39). in and around Mexico City on 15 March 2006. More de-
tails about the meteorological context and aerosol sources
and transport in this case study are given by de Foy et

0.8). That is, Variable 1 is calculated as 60% purple plusal. (2011), who discuss comparisons of the Weather Research

40 % blue, Variable 2 is 20% purple plus 80 % blue, and and Forecasting (WRF)-Flexpart aerosol transport model and

Variable 3 is 80% purple plus 20 % blue. Equati@®?)(is  the HSRL-1 measurements for this case. Enhancements of

then used to calculate the covariance matrix of the mixturepackscatter and extinction in the data curtains mostly indi-

points, which is represented as a red ellipse in each projeccate urban aerosol from the Mexico City Metropolitan Area.

tion. Since the orange points are calculated numerically and'he aerosol depolarization ratio, which is an indicator of

the red ellipses are calculated analytically, and they agreenon-spherical particles, is elevated throughout much of the

this simulation provides a demonstration that the form of theboundary layer, reflecting the influence of locally generated

equation is correct. dust.

The mixture equations given here can easily be extended Most of the scene consists of varying amounts of dust and
to three or more types. For three types, A, B, and C, BQ). ( pollution. While de Foy et al. (2011) also show a significant

becomes amount of fresh smoke in the region, here we limit the analy-
sis to the region below 4 km above mean sea level (a.s.l.) and
X =PpsA+PgB+ (1 —Ps—Pg)C, (35) no smoke plumes are included. Figure 3 shows the measure-

ments on 15 March 2006 from HSRL-1 of three intensive

WherePa andPx represent the vector mixing coefficients for variables for all data points below 4 km having extinction in
A B rep 9 excess of 0.05kmt. Here, the aerosol depolarization ratio

type A and B, respectively. Expanded for each lidar ObserV_has been converted to depolarization potential, since this is

able as in Eq. (31), the quantity that mixes linearly, according to Eg7), Note
that the intensive variables are spread over a continuum in all

i Oa 0 three measurement dimensions, supporting the inference of
Pa=1{ 0 p; Oa (36)  an external mixture between two types.
0 0 p3
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Fig. 2. HSRL-1 measurements of the aerosol backscattering coefficient at 532 nm (top), the aerosol extinction coefficient at 532 nm (middle)
and the aerosol depolarization ratipat 532 nm (bottom) are shown for a flight over Mexico City and surrounding regions on 15 March 2006
during the MILAGRO campaign. Black vertical lines indicate no data, usually due to shuttering the laser during aircraft turns or filtering data
that is attenuated by clouds.

Measurement samples of pure types are required for anvalues of 0.27—0.35 measured by Freudenthaler et al. (2009),
alyzing the mixture according to Eqs30)—(32). For this  suggesting this sample is indeed pure dust, though of a differ-
study, we define the distributions for the pure types usingent composition than Saharan dust. The very low backscatter
scene-specific measurements, rather than using generic modelor ratio (532 nm/1064 nm) of 0.200.07 indicates large
els. For pure dust, we take an HSRL-1 measurement sanparticles. Again, these values differ from other HSRL-1 mea-
ple of locally generated dust from a dust plume observed orsurements of pure dust which mostly correspond to trans-
the slope of Pico de Orizaba, 200 km east of Mexico City, ported Saharan dust (Burton et al., 2012). The smaller color
three days earlier on 12 March (de Foy et al., 2011). Theratios in this observation of dust in Mexico, directly at the
532 nm lidar ratio of this measurement samplet32sr, is  source, probably imply the presence of large particles that
smaller than typical values reported for Saharan dust close thave not yet deposited out of the plume. For this analysis, we
the source (Esselborn et al., 2009; Freudenthaler et al., 20093lso sample Mexico City urban pollution using the HSRL-1
but the high depolarization ratio, 0.32, is comparable to theaerosol classification mask (Burton et al., 2012) from an
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Table 1. The mean and standard deviation of the 532 nm aerosol lidar ratio, aerosol backscatter color ratio (532 nm/1064 nm) and 532 nm
aerosol depolarization potential are given for the six samples of pure aerosol types measured by the HSRL-1 airborne lidar that are discusse«
in this study. The mean aerosol depolarization ratio is also given, since this is a more familiar quantity. See Section 3 for definitions of aerosol
depolarization ratio and depolarization potential.

Aerosol Aerosol Aerosol Aerosol
lidar backscatter depolarization  depolarization
ratio (sr) color ratio potential ratio
(532nm)  (532nm/1064 nm) (532 nm) (532 nm)
Mexico dust 34t 2 0.70+0.07 0.24+0.01 0.32
Mexico City pollution 51+5 1.8+0.1 0.0670.009 0.072
Caribbean marine 2t 3 1.4+0.1 0.05+0.02 0.05
Transported Saharan dust 48 1.6+0.1 0.2414-0.005 0.32
Yucatan Peninsula smoke 666 1.7£0.1 0.025+0.001 0.026
Gulf of Mexico marine 242 1.1+0.1 0.01740.008 0.017
Dust plus Uroon Numerically calculating the variance-covariance matrices
g g7 25 for the pure-type measurement samples is straightforward.
g ¢ g ¢ The ellipses representing the two-sigma covariance contours
% 50 % 50 N of the samples of pure dust and pure urban aerosol are shown
2 w0 2 w0 S o in red in Fig. 3. Also shown, in orange, are ellipses represent-
T 30 T 2 Q ing covariance matrices for mixtures built using Eq0)¢
o e 452 (32) with backscatter partitiongssp, of 10, 20, 30...90 %.
065 10 15 20 25 0000050.100.150.200.250.30 § The agreement between the measured data and the envelope
Backscatter color ratio Aerosol depol potential (632 nm) i . . . .
(532/1062nm) o5 05 of the string of ellipses can be taken as confirmation of the

& . derivations in Sects. 3 and 4 and an indicator that the aerosol

in this case is well represented as an external mixture.
The next step is to estimate the partitioning between the
two aerosol types, in terms of the 532 nm extinction parti-

2.0

Backscatter color ratio
(532/1064nm)
o

Q 0 tion (or “extinction mixing ratio”) for the entire flight at all
0.5 : altitudes. Given measured values of three aerosol intensive
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Aerosol depol potential (532 nm) parameters, we could use any of the scalar B, (19), or

_ _ ] (27) in Sect. 3 to estimate the extinction mixing ratio at each
Fig. 3. Aerosol intensive parameters measured by HSRL-1 onpgint But to infer an extinction mixing ratio simultaneously
15 March 2006 in Mexico City and surrounding areas. All data ., qiqtent with all three measured variables, we instead use
below 4kma.s.l. having 532nm aerosol extinction greater than L A . L

the calculated multivariate distributions illustrated in Fig. 3.

0.05knT 1 are shown. The three panels illustrate three differentA | fth tincti .. tioi iated ¢
combinations of two of the intensive parameters: 532 nm aerosol li- ny vaiue ot the extincion mixing ratio IS associated one-to-

dar ratio, backscatter color ratio (58064 nm) and 532 nm aerosol ON€ With a backscatter mixing ratio using Exfiand with a
depolarization potential (see text for definition). The measurementdnultivariate distribution given by a vector mean and covari-
are shown as individual points, color coded by point density in the@nce matrix as described in Eq30(-(32). A given measure-
2-D space with warmer colors indicating higher point density (in ar- ment will be consistent with a range of overlapping multi-
bitrary units). The red ellipses represent two-sigma covariance fomormal distributions, but by minimizing the Mahalanobis dis-
pure dust and urban pollution (see text) and the orange ellipses intance as a function of mixing ratio, we choose the distribu-
dicate mixtures of the two with a range of mixing ratios. tion that is the best match to a given measurement. The Ma-
halanobis distance (Mahalanobis, 1936), discussed in detail

. . . . by Burton et al. (2012), is a generalized unitless metric that
overpass directly over Mexico City where the backscatterlngdescribes the “distance” between a measurement point and a

and extinction are at amaximum. In contrast to the dust, thlsmultivariate normal distribution. This calculation, choosing
sample has a higher lidar ratio, 5:155r,_ Iarger bapkscatter the extinction mixing ratio that best fits a given observation,
color. ratio, 1'.& 0.1, an_d small depolarization ratio of 0.07, is exactly analogous to the aerosol classification methodol-
consistent with other lidar measurements of urban aerosoJ)gy described by Burton et al. (2012). However, instead of
(Burton et al., 2012, 2013;.Gr08 et al,, 2013a). These meaéight aerosol types described by multi-normal distributions,
surements are also shown in Table 1. here we have a continuum of multi-normal distributions
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Mixing Ratio (partition of extinction)

Altitude (km)

Time UTC (hn)

20% 40% 60% 80% 100%

Fig. 4. lllustrates the extinction mixing ratio (percentage of 532 nm extinction due to dust) for the dust plus urban mixtures observed by
HSRL-1 on 15 March 2006 during the MILAGRO field campaign. The extinction mixing ratio is inferred from the lidar measurements and
Egs. B0)—(32) as described in the text. The blue end of the color scale indicates more urban and the red end indicates more dust. Vertical
lines indicate the closest approach to the three campaign ground sites, TO, T1 and T2.

Alfitude (km) Altitude (km)

Alfitude (km)

Time UTC (hr)

0.02 0.05 0.1 0.2 0.5 1

Fig. 5. Partition of extinction into contributions by the two pure types, dust and urban, for the HSRL-1 measurements on 15 March 2006.
The top panel shows the total aerosol extinction; the middle panel shows the aerosol extinction attributed to dust; the lower panel shows the
aerosol extinction attributed to urban pollution.

which sample the range of possible extinction mixing ratios This procedure gives a best estimate of the extinction mix-
from 0% to 100 %. We choose the single multi-normal distri- ing ratio, but a given measurement point can be consistent
bution which minimizes the Mahalanobis distance metric andwith a range of overlapping mixture distributions. We there-
therefore maximizes the probability that the measurement igore also calculate an uncertainty in the extinction mixing
consistent with the distribution. Figure 4 shows a time-heightratio estimate. The error in the extinction mixing ratio is af-
cross-section of the inferred extinction mixing ratjggz, for fected by several factors. Errors in selecting or characterizing
this flight. the pure type distributions would have a significant effect on
the mixing ratio. A large error in the pure type distributions
would be noticeable as a significant mismatch between the
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Fig. 6. HSRL-1 measurements (left three panels) of aerosol backscatter coefficient, aerosol extinction coefficient and aerosol depolarization
ratio, §, on 22 August 2010 in the Caribbean Sea. High values of depolarization indicate a layer of transported Saharan dust, which is
mixing with the marine boundary layer. On the right is a set of NOAA HYSPLIT back-trajectories ending within the observed dust layer; the
trajectories lead back to Saharan Africa.

curvature of the data and the ellipses in Fig. 3; however, ausing the AERONET-reported total and fine-mode Angstrgm
smaller systematic error of this type may not be obvious andexponents, were 4 % 26 %, 30 %t 10 %, and 40 %6 %
would be difficult to characterize. Measurement error in thefor TO, T1, and T2, respectively (uncertainties are root mean
pure type samples affects the size and shape of the ellipsexjuare error in units of percentage points). Assuming the dust
but not the curves that link them, and so does not have a sigin this scene is predominantly coarse mode, then the inferred
nificant effect on the extinction mixing ratio. However, mea- dust extinction mixing ratio in Fig. 4 for these three loca-
surement uncertainty also affects the placement of the pointions is in good agreement with these column values. For TO,
to be characterized and will therefore lead to random erroithe dust extinction mixing ratio inferred for every point in
in the extinction mixing ratio. To estimate this error, we note the column was 0% 8 %. At T1, the inferred dust extinc-
that the minimized Mahalanobis distance is essentially a fit-tion mixing ratio varies from 18 %5 % to 23 %t 4 %, with
ting residual. In order to convert the unitless Mahalanobismost of the column having values at the higher end of the
distance to mixing ratio units, we estimate a local scalingrange. At T2, most of the column has calculated dust extinc-
factor, using the Mahalanobis distance between the mixturgion mixing ratios of 30 %t 4 % to 36 %+t 3 %, with a drop-
distribution and the center of a neighboring distribution with off to 27 %+ 5 % in the top 150 m of the aerosol column. For
a slightly different extinction mixing ratio. Extinction mix- these locations and times, the HSRL-derived dust extinction
ing ratio uncertainties for this example are approximately 3—mixing ratio is relatively constant throughout the column.
10 % mixing ratio (percentage points). However, Fig. 4 clearly shows in other parts of the scene,
Vertical lines in Fig. 4 indicate the point of closest ap- for example around 16:45UT, 18:00 UT and again around
proach to the MILAGRO campaign’s three measurement18:30 UT, that there is significant vertical variability in the
ground sites, TO, T1, and T2. In each case, the closest aperosol extinction mixing ratio. These vertical gradients can-
proach was within 10 km and 15 min of an Aerosol Robotic not be captured by a passive instrument that retrieves only
Network (AERONET) (Holben et al., 1998) observation. column-equivalent values.
AERONET retrievals of coarse mode fraction (O’Neill et
al., 2003) at these locations and times, converted to 532 nm
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Figure 5 shows the contribution of each of the two pure Dust and Marine
types, dust and urban pollution, to the total measured aerosat *° T g ® 125
. . . .. [« C
extinction at 532 nm, calculated by applying the mixing ra- g *° . g &
tios from Fig. 4. 5P = 50
2 30 () 2 30 1%
5 20 %‘ 5 20
. . . . - >
6 HSRL-1 observations of dust and marine mixturesin = 1 S 10 55
: 0.5 1.0 1.5 20 25 0.00 0.050.10 0.15 0.20 0.25 0.30 9]
the Carlbbean Sea Bocksf)%%ﬁ%&olor ratio Aerosol depol potential (632 nm) g
532/ nm) 25 50 9

Another case of HSRL-1 observations of mixtures is shown
in Fig. 6. On six days between 18 August and 27 Au-
gust 2010, HSRL-1 observed dust in the Caribbean trans-
ported from Africa. Some of these cases are discussed by
Burton et al. (2012, 2013). The observations shown in Fig. 6

25

1.0}

Backscatter color ratio
(5632/1064nm)

occurred on 22 August south of Puerto Rico at-413° N 0-5,00 ST O 090 595 0,40
latitude, 65—69 W longitude. Back-trajectories calculated Asrosol depol potential (532 nm)

using the online Hybrid Single Particle Lagrangian Inte- Fig. 7. Aerosol intensive parameters measured by HSRL-1 on

grated Trajectory (HYSPLIT) tool frlom the NOAA Air Re- 22 August 2010 in the Caribbean Sea south of Puerto Rico. The
sources Laboratory READY websitéit{p:/ready.arl.noaa. hree panels show three different combinations of two of the in-
gov/HYSPLIT.php Draxler and Rolph, 2013) lead back to  tensive parameters, 532 nm aerosol lidar ratio, backscatter color ra-
Saharan Africa approximately 10 days earlier. In this scenetio (532/1064 nm) and 532 nm aerosol depolarization potential (see
the main part of the dust layer is at relatively low altitude, text for definition). Measurements having 532 nm aerosol extinction
in contact with the marine boundary layer and mixing with greater than 0.05 kmt are shown. The measurements are shown as
it. This is evidenced by the depolarization-ratio curtain in individual points, color coded by point density in the 2-D space with
Fig. 6, where the aerosol depolarization ratio exceeds 0.1@armer colors indicati_ng higher point dens_ity (in arbit_rary units).
even in the marine boundary layer. The aerosol intensive pa'_rhe red and orange ellipses represent two-sigma covariance for pure
rameters are shown in Fig. 7 for all measurements with ex-dqs.t and marine (see text) and mixtures of the two with a range of
tinction above 0.05 km! (again, aerosol depolarization ratio mixing ratios.

is converted to aerosol depolarization potential for Fig. 7).

To analyze these measurements in terms of mixtures of dust

plus marine aerosol, a pure dust sample was selected ug6 August, four days later, in the same region. The aerosol
ing the HSRL classification (Burton et al., 2012) from the intensive parameters for the pure marine sample are given in
part of this scene with the highest depolarization ratio, be-Table 1. The covariance matrices derived from the two sam-
tween 05:24UT (5.4UT) and 05:48UT (5.8UT) and be- ples of pure types are shown as red ellipses (two-sigma co-
tween 1.4 and 2.4kma.s.l. The measured depolarization rasariance) in Fig. 7.

tio of this sample is again approximately 0.32 (which is 0.24 Once again, the HSRL-1 measurements lie on a continuum
depolarization potential), the lidar ratio is 483 sr and the  between the two pure types and are in good agreement with
backscatter color ratio is 1:60.1 (see Table 1). David et the ellipses representing mixture multi-normal distributions
al. (2013) claim that the maximum measured value of de-from Egs. B0)—(32). This alignment indicates that the obser-
polarization should not be used as a proxy for the depolarvations are well described as a mixture between these two
ization of pure dust in cases of transport, since mixing with pure types. Note however that the pure types have been spec-
spherical particles will invariably occur, decreasing the de-ified explicitly for each scene. In particular, there is a signif-
polarization value from that of pure dust. However, the peakicant difference in lidar ratio and backscatter color ratio be-
depolarization ratio measurement is consistent with pure dustween the pure dust samples from the Mexico scene and the
depolarization measurements in literature (Freudenthaler eCaribbean scene. This should not be surprising since other
al., 2009) and supports the use of this portion of the airresearchers (Esselborn et al., 2009; Schuster et al., 2012;
mass being considered pure dust. On the other hand, thilamouri et al., 2013) have found that the lidar ratio for dust
larger backscatter color ratio indicates a smaller mean partidepends on source region, and that the size distribution and
cle size, smaller than the locally generated Mexican dust disAngstram exponents change as large particles are removed
cussed in Sect. 5. This suggests that the largest particles hadkiring transport (Maring et al., 2003; Weinzierl et al., 2011;
been lost to deposition during transport (Maring et al., 2003;Preiller et al., 2013). If generic aerosol models were used
PreiRler et al., 2013). Aerosol depolarization ratio measurein the mixture calculations, the results for the mixed state
ments greater than 0.10 throughout this scene suggest thatould be more approximate. The accuracy of the partition-
there is no pure marine aerosol here. Therefore, the puréng results depends on the accuracy of the models used. If
marine sample for this case was obtained from a flight onthe pure dust sample from Mexico City were used in place

www.atmos-meas-tech.net/7/419/2014/ Atmos. Meas. Tech., 7, 443%6-2014


http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php

430 S. P. Burton et al.: Aerosol mixtures in HSRL data
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Fig. 8. Top panel illustrates the extinction mixing ratio (percentage of 532 nm extinction due to dust) for the mixtures of marine aerosol and
transported Saharan dust observed by HSRL-1 on 22 August 2010 in the Caribbean Sea. The extinction mixing ratio is inferred from the lidar
measurements and Eq80f—(32) as described in the text. In this case, blue colors indicate more marine aerosol and red indicates more dust.
Bottom three panels show aerosol extinction measurements and aerosol extinction apportioned to the dust and marine components separate!

of the Caribbean dust model in this scene, the ellipses wouldhe aerosol extinction due to dust is in a lofted layer, there is a
not line up well with the data, which would serve as an indi- significant amount of dust aerosol also in the marine bound-
cation that the Mexico City dust model is not a good model ary layer, as expected.

for this scene of transported Saharan dust. For some appli-

cations, generic aerosol models may be unavoidable. Further

study is required to determine how to best use generic mod7 HSRL-1 observations of mixed smoke and marine

els for specific applications, and how much effect they would  aerosol in the Gulf of Mexico

have on the accuracy of the results.

Figure 8 shows the inferred extinction mixing ratio for this Our final case study occurred in the Gulf of Mexico near Ve-
scene as a percentage of 532 nm extinction due to dust ancruz on 28 March 2006, also during the MILAGRO field
shows the partitioning of extinction for this scene. The ma-campaign. Figure 9 shows HSRL-1 measurement curtains
rine aerosol is confined to the boundary layer. While most ofand NOAA Hysplit 10-day back-trajectories for this scene.

The aerosol in the boundary layer consists of two layers.
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Fig. 9. Overview of observations on the 28 March 2006 flight off the coast of Mexico near Veracruz (®estedws a map of the HSRL flight

track, color coded by total column AOT. Par{b) shows 10-day back-trajectories for two points in the boundary layer (1600 ma.s.l. and
300 ma.s.l.) at 15:00 UT. Pandty—(e) show HSRL observations of aerosol backscatter, aerosol extinction and aerosol lidar ratio at 532 nm.
The stratification in the lidar ratio with higher values in the upper part of the boundary layer and lower values in the lower part is indicative
of a smoke or pollution layer on top of a layer of marine air. The two layers are in contact and show intermediate values of lidar ratio at

altitudes in the middle of the boundary layer.

The lower layer has the properties of marine aerosol (Bur-color ratio take on intermediate values. This suggests that
ton et al., 2012, 2013) with low lidar ratios near 24 sr. The there is mixing between the two types.

upper layer, from an air mass which crossed the Yucatan There is no dust in this scene and insignificant aerosol
peninsula 24-48 h before the time of observation, has highedepolarization. Therefore the technique of Sugimoto and
lidar ratios of 60—70 sr consistent with pollution or smoke Lee (2006), Tesche et al. (2009, 2011) and Grol3 et al. (2011)
(e.g., Tesche et al., 2011; Burton et al., 2012, 2013). Figfor separating aerosol into dust and non-dust components
ure 10 shows the aerosol lidar ratio and backscatter colowould not be applicable in this case. In contrast, the general-
ratio for measurements below 2500 ma.s.l. and having exized technique presented in this study uses multiple aerosol
tinction greater than 0.05knd. The backscatter color ratio intensive parameters and does not require measurable depo-
increases with lidar ratio such that larger particles are associlarization. We therefore performed our separation technique
ated with the lower lidar ratios (marine) and smaller particlesfor this case using only the lidar ratio and backscatter color
are associated with higher lidar ratios (smoke or pollution).ratio shown in Fig. 10.

Considering the prevalence of small fires in the region (Fast As with dust, smoke aerosol properties are known to vary
etal., 2007), the air mass is probably best described as smolaccording to the source region, age and transport (Alados-
aerosol. Both Figs. 9 and 10 show that the marine and smokdérboledas et al., 2011; Nicolae et al., 2013), including dra-
aerosol types are not cleanly separated. At altitudes in thenatic variability in the lidar ratio. Again, this variability mo-
middle of the boundary layer, the lidar ratio and backscattertivates our decision to use aerosol models specific to this
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Marine and Smoke It is important to acknowledge that not all variability in
1 o aerosol is due to external mixing. Humidification of aerosol
_ (Su et al., 2008; Ferrare et al., 2001; Howell et al., 2006),
E 50 aging and deposition during transport (Maring et al., 2003;

Weinzierl et al., 2011), and internal mixing (Lesins et al.,
2002; Mishchenko et al., 2012) are other mechanisms that
affect aerosol intensive parameters, in ways which may not
conform to the relationships presented here. However, we
show three example flights where good agreement between
the lidar measurements and the analytical relationships sup-
port the assumption of external mixing: of pollution plus
dust, dust plus marine, and smoke plus marine. We also ap-
2 : 3 ply the equations to infer time-height cross-sections of ex-
Backscgter color ratio tinction mixing ratio and partitions of extinction, which is
possible even for cases which do not include dust (and there-
Fig. 10. Aerosol lidar ratio (532 nm) and backscatter color ratio fore which have insignificant depolarization).
(532/1064 nm) measured by HSRL-1 on 28 March 2006 in the Gulf  Unlike most passive instruments which give only total col-
of Mexico. All measurements on this ﬂlght below 2500 ma.s.l. and umn amounts of aerosol-relevant measurementsl lidar mea-
having extinction greater than 0.05krhare shown in this figure. g ;rements are fully resolved vertically. The ability to quanti-
The measurements are shown as individual points, color coded bYativer apportion aerosol extinction to type in a vertically re-

point densn.y with warmer colors '“d'c?‘““g higher point den§|ty (in solved measurement has the potential to greatly increase the
arbitrary units). The red and orange ellipses represent two-sigma co-

variance for pure smoke and pure marine (see text) and for mixtureénfo_rmatlon content that gan be used for comparison and yal—
of the two with a range of mixing ratios. idation of global and regional aerosol models and chemical

transport models. Models are the usual means of assessing
the impact of aerosol on climate and air quality, but there is
region. The covariance matrices for the pure types were botigignificant disagreement in how models represent the verti-
taken from measurement samples in this flight. The smokesal distribution of aerosols (Textor et al., 2006; Koffi et al.,
sample is taken from between 1.5 and 2.0 kma.s.l. from the2012) and aerosol composition (Kinne et al., 2006; Shin-
start of the flight before 14:28 UT (14.46 UT) where ele- dell et al., 2012) even when similar emission functions are
vated aerosol extinction levels indicate higher aerosol loadused (Textor et al., 2007). The aerosol classification from the
ing. The marine sample was obtained below 0.7 kma.s.l. beNASA Langley airborne HSRL has previously been used to
tween 14:48 UT (14.8UT) and 15:12UT (15.2UT) where help evaluate and interpret aerosol models (e.g., de Foy et
the lidar ratio is low and has relatively little variability. The al., 2011). The ability to handle mixtures of aerosol types
inferred extinction mixing ratio and partition of extinction can potentially increase the usefulness of such comparisons,
are shown in Fig. 11. As expected, most of the extinctionby providing more precise information on the vertical appor-
in the lower part of the layer is attributed to marine aerosoltionment of aerosol by type. For example, using the standard
and most of the extinction in the upper part of the layer is HSRL-1 aerosol classification (Burton et al., 2012), most of
attributed to smoke aerosol, but with some portions of thethe Caribbean scene illustrated in Figs. 6-8 is classified qual-
curtains having partial contributions from both types. itatively as “dusty mix”. The ability to quantify the amount of
extinction in the marine boundary layer which is due to dust
can give information on the deposition of aerosol which can
8 Summary and outlook improve our understanding of aerosol transformation during

) , transport and relates to measurements of primary productiv-
In summary, we show that lidar observable aerosol |nten~Ity in the ocean

sive parameters frequently reflect mixtures between different Applications relating to climate science can be challeng-

aerosol_types. We expand the derlvatlons of equations usefﬁg for aircraft measurements, which are necessarily limited
by previous researchers to describe external mixtures. Thfh time and space. However, the work presented suggests that
equations for each observable can be written in the form ofa 28 + 1o + 25 HSRL instrument (that is, an instrument with
a_llmear comb_mafuon of pure types, frc_)m which follow equa- backscatter, extinction, and depolarization channels similar
tions for multivariate covariance matrices. Therefore we can, o airborne HSRL-1) on a space platform could be used
premsekIJy delscrlbe mixing rulesap Ot.k? nly for S\/'\?glel mea}sureh-to guantitatively partition extinction by type in cases of exter-
ments but also measurement distributions. We also give the 5| iying on a global basis. Such an instrument is possible
relat_lonshlps l_:)gtween_the mixing coefficients for different in- with today’s technology, and could have significant potential
tensive quantities at different wavelengths. for furthering our current understanding of climate through
improvements to and validation of global models.

Lidar Ratio (s(532 nm)
w o
o o
Point density

1
[N)
o

1
5]

o

Atmos. Meas. Tech., 7, 419436, 2014 www.atmos-meas-tech.net/7/419/2014/



S. P. Burton et al.: Aerosol mixtures in HSRL data 433

Mixing Ratio (partition of extinction)

Altitude (km)

14.5 15.0 165 16.0 16.5 170
Time UTC (hr)

0% 20% 40% 60% 80% 100%

Total Aerosol Extinction (km™)

Altitude (km)

Iy

Alfitude (km)

Aerosol Extinction from Marine (km™)

£
8
3
:%(zz
W dlaldls
14.5 15.0 55 16.0 16.5 17.0
Time UTC (hr)
B 20

0.02 0.05 0.1 02 05

Fig. 11. Top shows extinction mixing ratio (percentage of 532 nm extinction due to smoke) for the mixtures of marine and smoke aerosol
observed by HSRL-1 on 28 March 2006 in the Gulf of Mexico. The extinction mixing ratio is inferred from the measurements a3@-Eqgs. (

(32 as described in the text. Blue indicates marine and red is smoke. Bottom three panels show the partition of aerosol extinction at 532 nm
into separate contributions by marine and smoke.

The CALIPSO satellite lidar has provided global, verti- the need to infer a lidar ratio but does still require the assump-
cally resolved measurements of aerosol from space sincgon of a uniform aerosol mixture throughout the column.
2006. However, due to its smaller number of measuremen€Calculations of mixtures from coincident HSRL-1 measure-
channels, aerosol extinction cannot be calculated without exments on validation flights could potentially be used to help
ternal information or assumptions. Some methods for provid-assess where and when this assumption is valid.
ing more accurate aerosol extinction profiles from CALIPSO The current technique can be readily extended to
use column aerosol optical thickness as a constraint (e.gaccommodate additional measurements. NASA Langley
Josset et al., 2010; Burton et al., 2010). This technique avoidbas recently built and deployed a8 320 +35 HSRL
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instrument, HSRL-2, which makes measurements of extinc- resolution lidar data to evaluate combined active plus passive re-
tion, backscatter, and depolarization at 355 nm in addition trievals of aerosol extinction profiles, J. Geophys. Res.-Atmos.,
to the measurements made by HSRL-1. The extra aerosol 115, DOOH15, dot0.1029/2009jd01213@010.

parameters from the airborne or a future spaceborne lidaBurton, S. P., Ferrare, R. A., Hostetler, C. A., Hair, J. W., Rogers,
with this capability are expected to improve the accuracy of R R. Obland, M. D., Butler, C. F., Cook, A. L., Harper, D. B.,
aerosol mixing ratio estimates. Moreover, the second wave- 21d Froyd, K. D.: Aerosol Classification of Airborne High Spec-
length of ext.inction a}nd backscatter rpeasurements enables gla; s'?ztsr?‘t’g_o&el‘;(ié;xi"ig’;r??fgn;’s dh%ig;iﬂ?gf;go?zam'
advanced microphysical retrievals (Muller et al., 1999), and 5,5

the methods described here can improve those retrievals. Thgyiton, s. P Ferrare, R. A., Vaughan, M. A., Omar, A. H.,
large search space of these microphysical retrievals can be Rogers, R. R., Hostetler, C. A., and Hair, J. W.: Aerosol
constrained by quantitative calculations of aerosol partition- classification from airborne HSRL and comparisons with the
ing from the much simpler calculations presented in this pa- CALIPSO vertical feature mask, Atmos. Meas. Tech., 6, 1397—
per, potentially making them both faster and more accurate 1412, doi10.5194/amt-6-1397-2012013.

(Veselovskii et al., 2013). We plan to explore this combina- Cairo, F., Di Donfrancesco, G., Adriani, A., Pulvirenti, L., and

tion of techniques using data from the HSRL-2 instrument Fierli, F.: Comparison of Various Linear Depolarization Parame-
from past and future campaigns. ters Measured by Lidar, Appl. Optics, 38, 4425-4432, 1999.

Finally, we note that altitude-resolved aerosol mixing ratio 2!l ., Reagan, J., Thome, K., and Dubovik, O.: Variability

. L of aerosol and spectral lidar and backscatter and extinction ra-
from a spaceborne lidar similar to HSRL-1 or HSRL-2 could tios of key aerosol types derived from selected Aerosol Robotic

prove useful as a constraint for retrievals from coincident ra-  \atwork locations, J. Geophys. Res.-Atmos., 110, D10S11,
diometer or, in particular, multi-angle polarimeter measure-  (4i:10.1029/2004jd005122005.

ments. Such a combination of instruments is indeed callethayid, G., Thomas, B., Nousiainen, T., Miffre, A., and Rairoux,
for on NASA's ACE mission, and we anticipate exploring  P.: Retrieving simulated volcanic, desert dust and sea-salt parti-
joint lidar—polarimeter retrieval approaches using data from cle properties from two/three-component particle mixtures using
the airborne HSRL instruments and coincidentally acquired UV-VIS polarization lidar and T matrix, Atmos. Chem. Phys.,

polarimeter data from past and future field campaigns. 13, 6757-6776, dal0.5194/acp-13-6757-2012013.
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