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ABSTRACT

Principle Component Analysis (PCA) is applied to in-
vert multiwavelength Raman lidar aerosol extinction and
backscatter data. Integral properties of the aerosol size
distribution, like total volume, are approximated as linear
combinations of the aerosol extinction and backscatter
measurements. Furthermore, PCA kernels are sensitive
to complex refractive index and aerosol type information
can be derived from the measurement of optical data. The
refractive index information content of the kernel sets
is investigated, which can be used for routine retrievals
of physical aerosol parameters from ground-based and
space-based lidar measurements.

1. INTRODUCTION

Raman lidar measurements have become an powerful and
frequently used tool for the determination of quantitative
estimates of profile of aerosol extinction and backscatter.
The Raman lidar technique allows separation of aerosol
and pure molecular backscatter and extinction. Inver-
sion of the aerosol optical data, to derive microphysical
aerosol quantities, has been hampered by the fact that
the inversion problem is ill-posed and solutions depend
non-linearly on measurement errors [1; 2]. A finite num-
ber of extinction and backscatter measurements is gener-
ally not enough to obtain accurate detailed information
about the entire aerosol size distribution. Nevertheless,
various integral properties of the aerosol size distribution
such as aerosol total volume, surface area density and
aerosol extinction and backscatter at various wavelengths
can be predicted with useful accuracy, and the predic-
tions are much less sensitive to the retrieval method em-
ployed. PCA is particularly well suited to asses the infor-
mation content of multiwavelength lidar data and retrieve
aerosol bulk physical and optical properties. More im-
portantly, the sensitivity of the retrieved aerosol parame-
ters to measurement errors can be assessed. In general,
PCA allows the prediction of aerosol physical properties
without any restrictive assumption about the size distri-
bution. However, the shape and refractive index of the
particles in question must still be assumed. PCA has been
successfully applied to stratospheric sulfate aerosol lidar
measurements to retrieve aerosol effective radius, surface
area, and volume profiles [3]. This method is here ex-
tended to include various tropospheric aerosol models,
including sea salt, soot, and mineral aerosol, using the
sensitivity of the PCA kernels to varying refractive index

A test case for this method is presented to investigate the
information content of the complex refractive index in the
kernel sets.

2. METHODS

2.1. Principle Component Analysis

The Mie solutions of Maxwell’s equations in the far field
give the extinction and backscatter of a spherical scatterer
at a given height and wavelength:

α(λ) =

∞∫

0

πr2Qα,λ (r)
dn(r)

dr
dr, (1)

and

βπ(λ) =

∞∫

0

πr2Qβπ,λ (r)
dn(r)

dr
dr, (2)

respectively, where r is the particle radius, Qβπ,λ(r) is
the backscatter efficiency, Qα,λ(r) is the extinction ef-
ficiency, and dn(r)/dr is the aerosol size distribution.
Equations (1) and (2) can be rewritten as

gi =

∞∫

0

Ki (λ, r,m)
dV (r)

dr
dr, (3)

where dV (r)/dr is the aerosol volume size distribution,
gi is either the backscatter or extinction measurement and
Ki is the appropriate extinction or backscatter volume
kernel for wavelength λi:

Ki = 3Qα,λi
(r)/4r (extinction)

= 3Qβπ,λi
(r)/4r (backscatter)

The volume size distribution dV (r)/dr can be written as

dV (r)

dr
=

N∑
i=1

yiKi(r) + ψ(r) (4)

where ψ(r)is that part of dV (r)/dr that is orthogonal to
Ki and thus inaccessible with the given set of measure-
ments. Substitution of (3) yields



gi =

∞∫

0

j=N∑
j=1

Ki(r)Kj(r)yj(r)dr +

∞∫

0

Ki(r)ψ(r)dr

(5)

which can be written as (since
∞∫
0

Ki (r)ψ(r)dr = 0 for

i = 1,.., N ):

ḡ = Cȳ (6)

Here, the elements of the N ×N matrix C are defined so
that Cij =

∑
k

KikKjk and g and y are column vectors.

Since C is real, symmetric and positive, its eigenvalues
are all real and positive and C can be expanded in terms
of its eigenvalues and eigenvectors

C= ULUt, (7)

where L is the diagonal matrix containing the eigenvalues
of C in descending order and U is the matrix containing
the corresponding eigenvectors as its columns. This can
now easily be inverted to give

ȳ = C−1ḡ= UL−1Utḡ. (8)

If the volume size distribution (equation 4) is discretised,
equation 8 can be inserted to give

v̄ = Ktȳ

= KtUL−1Utḡ.
(9)

Any other integral property of the aerosol can now be
retrieved using

P= w̄tKtUL−1Ut · ḡ + w̄tψ̄ (10)

and appropriate weighting functions w̄. For volume ker-
nels these are given by:

wj = 1 (volume)
wj = 3/rj (surface)
wj = 3/4πr3j (number density)
wj = 3Qα,λ(rj)/4rj (aerosol extinction)
wj = 3Qβπ,λ(rj)/4rj . (aerosol backscatter)

(11)

ψ̄ contains the error in the solution due to the incomplete-
ness of the kernels.

Figure 1: Normalized volume kernels (extinction and backscat-
ter coefficients) for four aerosol types, soot (black), mineral dust
aerosol (red), water soluble aerosol (green) and sea salt (blue).
The top two panels show the extinction kernels averaged over
the emitted and Raman shifted wavelength, the bottom three
panels show the backscatter kernels at the emitted wavelengths.

2.2. Refractive index sensitivity of kernels

Since the kernels are sensitive to the refractive index of
the aerosol model, this can be used to retrieve informa-
tion about the refractive index of the aerosols. A sensi-
tivity study was performed to asses the possibility of re-
fractive index retrieval from Raman lidar measurements.
At RIVM in Bilthoven a Raman lidar is deployed using
a Nd:YAG laser emitting at a wavelength of 1064 nm
and its doubled (532 nm) and tripled harmonics (355 nm)
[5]. Therefore, in the study the backscatter coefficients
at these wavelengths were considered. For the extinction
coefficients the average of the extinction at the emitted
and the Raman shifted wavelength is considered. This
configuration is now becoming more and more popular
in the aerosol lidar community, e.g. EARLINET.

Figure 1 shows an example of volume kernels (nor-
malized extinction and backscatter coefficients) for four
aerosol types: sea salt (at 95% humidity) and general wa-
ter soluble aerosols (at 95% humidity), mineral aerosols,
and soot. These aerosol models represent a large range
in complex refractive index [4], pure soot being highly
absorbing at all wavelengths and having a very large real
part of the refractive index of 1.75, mineral aerosols be-
ing absorbing in the UV and having a moderate value of
the real part of the refractive index of around 1.5, while
sea salt and water soluble aerosols are highly scattering
and have refractive indices near that of water.

Since the kernels are different at different parts of the par-



Figure 2: Retrieval of volume and refractive index for 15 mixtures of kernels: Each mixture is indicated by color and a case number,
which relates the (bitwise) added kernels; 1 is soot, 2 is mineral aerosol, 4 is water soluble and 8 is sea salt. The volume retrieval
for each mixture is given by the solid line in the corresponding color. The selected kernel mixture is indicated by an asterisk and the
corresponding case number in the plot. The top panel shows the results when soot was used as input (’measurement’), the second
panel shows the result for mineral aerosol, the third water soluble and the bottom panel sea salt.

ticle size interval, they can be used to distinguish between
aerosol type (or refractive index). Clearly, no distinc-
tion will be possible between sea salt and water soluble
aerosols, which have nearly the same kernel sensitivity,
due to their similar refractive index.

2.3. Refractive index retrieval

The refractive index sensitive kernels can be used to re-
trieve both the refractive index and integral properties of
the aerosol. In this case total volume is retrieved together
with refractive index. In order to deal with situations
where several types of aerosols may be simultaneously
present, fifteen mixtures of the four different kernel (per
wavelength) were constructed which consisted of aver-
ages of one or several of the original kernels:

Kj =

4∑
i=1

ai,jKi

4∑
i=1

(ai,j)

, j = 1, .., 15, (12)

where ai,j is either 0 or 1.

All these kernels are used for a volume retrieval (us-
ing a weight wj = 1) and a subsequent retrieval of

the aerosol extinction and aerosol backscatter (wj =
3Qγ,λ(rj)/4rj), see equation 11. For each wavelength,
the retrieval of aerosol extinction and backscatter is exact
if the extinction or backscatter at the wavelength is used,
i.e. the measurement of αλi

or βλi
is selected as the so-

lution of the inversion.

The extinction and backscatter coefficients at each wave-
length can also be estimated from the solutions at other
wavelengths. So, instead of using the kernels at all
five wavelengths, one is omitted and the extinction and
backscatter at that wavelength are estimated using the re-
maining kernels. Then, the mixture of kernels is selected
which has with the smallest difference ε between the α or
β retrieved in this way and the measurement ḡ

ε = |ḡ − {ᾱ, β̄}t|, (13)

with
{ᾱ, β̄}t = w̄tKtUL−1Ut · ḡ (14)

where UL−1Ut is a N−1 × N−1 matrix. Once the op-
timum mixture is selected this set is then used to predict
the aerosol physical properties.



3. RESULTS

Figure 2 shows the result of the refractive index retrieval
for four cases. The measurement sets in these cases are
Mie computations for aerosol types that are equal to the
four base mixtures, i.e. soot, mineral aerosol water sol-
uble aerosol and sea salt. Mie calculations were per-
formed with different particle size radii (x-axis) for all
four aerosol types, and the volume was retrieved with
PCA using all 15 mixtures. The relative volume error
|(VPCA − Vtrue)/Vtrue| was plotted as function of parti-
cle radius for each mixture in Figure 2 as colored lines.
The legend explains the color codes, which are linked
to a case number since the mixtures and colors are bit-
wise mixed. In addition α and β are also retrieved, as
explained above. To select ’the best’ volume estimate,
the kernel mixture with the lowest error in α and β is se-
lected. This selection is indicated with a asterisk in Fig-
ure 2 and the according case number printed above it.

For example, in the top panel of the figure, for particle
radius 0.007 to 0.1 µm, the smallest error in α and β are
produced when only soot is selected in the kernel (except
for a particle radius 0.02 µm, when a mixture of soot and
water soluble apparently produces a smaller error than
soot alone). For larger particle radii the smallest error is
produced by a mixture of soot and sea salt (case number
9). These choices of mixtures also produce the smallest
or close to the smallest error in volume, which is to be
expected, since the retrieved aerosol type is soot. Ac-
cording to Figure 1 the soot kernels are not sensitive for
particle radii larger than 1.0 µm, so no correct retrieval
of refractive index can be expected beyond this particle
radius. The same holds for the volume retrieval, which
error increases rapidly for larger particle radii.

For desert dust the retrieval is very good in the range of
particle radius where the mineral kernels are sensitive,
0.06 to 1 µm, and the selection of mineral kernels also
ensures the smallest error in volume.

The retrieval of water soluble aerosols and sea salt pro-
duce nearly similar results, since the kernels are more or
less the same. The kernels are sensitive to a large part of
the particle radius space (0.05 to 3 µm), but only distinc-
tive at a larger particle radius. Therefore, a fairly good
volume estimate can be obtained for a particle radii of
about 0.08 to 2 µm, but only at larger particle radius the
retrieval of refractive index is reasonable (although no
distinction can be made between the selection of sea salt
or water soluble aerosol). At intermediate particle radius
(0.08 to 2 µm) all kernels are sensitive and good volume
and α and β retrievals can be achieved with any mixture,
but no distinction can be made between the mixtures.

4. CONCLUSION

Microphysical quantities can be retrieved from inversion
of multiwavelength Raman lidar data using PCA, ac-
counting for aerosol extinction and backscatter, without
making a piori assumptions of the aerosol size distribu-
tion. Integral properties of the size distribution can be

retrieved in this way if the kernels are valid, which means
the aerosols are spherical. In previous studies in which
PCA was used to invert lidar data, also refractive index
needed to be assumed. Here, the sensitivity of the kernels
to complex refractive index is demonstrated and the pos-
sibility of retrieving the refractive index from inversion
of the data.

The sensitivity of the kernels to refractive index is de-
pendent on the size distribution and can only be retrieved
with useful accuracy in a part of the particle radius space.
For the wavelengths considered here, this implies that
only soot particles smaller smaller than about 1 µm can
be retrieved and mineral aerosols between 0.06 and 1
µm. Accurate results for total volume or other integral
properties can be retrieved for sea salt and water soluble
aerosols between 0.08 to 2 µm, but the refractive index is
only accurate at the largest particle radii.
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