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ABSTRACT

The inversion of optical Raman lidar data, to retrieve
microphysical aerosol properties, is challenging, since
solutions depend non-linearly on measurement errors.
However, the retrieval of integral properties of the
aerosol size distribution, such as total volume or sur-
face area density, depend much less on measurement
errors than the size distribution itself, and can be pre-
dicted with useful accuracy using a Principle Compo-
nent Analysis (PCA) based inversion technique.

The PCA kernels are sensitive to complex refractive in-
dex, which can be used to account for aerosol type vari-
ation in the optical data. This is especially important
in the troposphere, where the refractive indices of the
ambient aerosols are usually unknown. We show the
accuracy that can be expected from this type of analy-
sis.

PCA is a stable method, easy to implement and fast. It
is therefore a useful complement to existing inversions.
It can also be used as an extra constraint for other, more
involved inversion techniques using regularisation and
constraints.

1. INTRODUCTION

To obtain accurate detailed information about an
aerosol size distribution,a finite number of extinction
and backscatter measurements from multi-wavelength
Raman backscatter lidars is generally not enough How-
ever, various integral properties of the aerosol size dis-
tribution such as aerosol total volume, surface area
density and aerosol extinction and backscatter at var-
ious wavelengths can be predicted with useful accu-
racy using PCA. In general, PCA allows the predic-
tion of aerosol physical properties without any restric-
tive assumption about the size distribution. However,
the shape and refractive index of the particles in ques-
tion must still be assumed. PCA has been successfully
applied to stratospheric sulfate aerosol lidar measure-
ments to retrieve aerosol effective radius, surface area,
and volume profiles [1]. The method is here extended
to include various tropospheric aerosol models, includ-
ing water soluble aerosol, soot, and mineral dust, using
the sensitivity of the PCA kernels to varying refractive

index. The method is presented and applied to mea-
surements from the ground-based Raman Lidar named
’Caeli’.

2. PRINCIPLE COMPONENT ANALYSIS

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

α(λ) =

∞
Z

0

πr2Qα,λ (r)
dn(r)

dr
dr, (1)

and

βπ(λ) =

∞
Z

0

πr2Qβπ,λ (r)
dn(r)

dr
dr, (2)

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

gi =

∞
Z

0

KV
i (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 KV

i is the appropriate extinction or backscatter vol-
ume kernel for wavelength λi. Similarly, the problem
can be written in terms of the aerosol surface area dis-
tribution dS(r)/dr using surface kernels KS

i :

gi =

∞
Z

0

KS
i (λ, r, m)

dS(r)

dr
dr. (4)

Using an appropriate numerical quadrature rule eq. 3
can be discretised and inverted using a standard prin-
ciple component analysis. The total volume vector then
becomes

v̄ ' KtUL−1Utḡ, (5)

where K is the discretised volume kernel, L is a diago-
nal matrix containing the eigenvalues of a matrix C (so
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defined that Cij =
P

k

KikKkj ) and U is the matrix con-

taining the corresponding eigenvectors as its columns.
Details can be found in [1]. Any other integral property
of the aerosol can now be estimated using

P' w̄
t
K

t
UL

−1
U

t · ḡ (6)

and weighting functions w̄ (e.g. wj = 1 for volume
and wj = 3/rj for surface). The solutions can also be
expressed in terms of surface kernels and appropriate
weighting functions.

2.1. Kernel dependence on Refractive index

In general, the results will depend on the complex re-
fractive index m of the measured aerosol. The ker-
nels of eq. 3 contain information on the refractive in-
dex, which can be used in the PCA, see Fig. 1. Kernels
for four different types of aerosols are shown, which
span a large range in refractive index. The kernels
were smoothed by choosing a lognormal aerosol size
distribution with a small mode width σ = 1.1 to reduce
the small scale oscillations of the kernels, while retain-
ing the sensitivity of the PCA. Soot has a large real
part of refractive index and is highly absorbing, mineral
dust aerosol is also, but less, absorbing, while the other
aerosol types, water soluble and sea salt at 95% humid-
ity, have refractive indices near that of water. The latter
two types have very similar kernels, due to their similar
refractive indices, and can’t be distinguished. However,
Fig. 1 shows clearly that three types of aerosols have
very different kernels and this information can be used
in the retrieval algorithm.
The refractive index sensitive kernels are used to re-
trieve integral microphysical properties of tropospheric
aerosol, like total volume, irrespective of the refractive
index of the ambient aerosol.

2.2. Kernel selection

In order to find the optimum kernel for the retrieval of to-
tal volume, the extinction and backscatter coefficients
are retrieved first, which can be done using weights
wj = 3Qα,λ(rj)/4rj for aerosol extinction and wj =
3Qβπ,λ(rj)/4rj for aerosol backscatter, and compared
to the input extinction and backscatter coefficients. Do-
ing so using all five wavelengths is trivial, because in
that case in eq. 6

w̄
t
K

t
UL

−1
U

t = I, (7)

the identity matrix, simply returning the measurements.
The extinction and backscatter coefficients at each
wavelength can also be estimated from the solutions at
other wavelengths. So, instead of using the kernels at
all wavelengths, one is omitted and the extinction and
backscatter at that wavelength are estimated using the
remaining kernels:

{ᾱ, β̄}t = w̄
t

rKr

t
UrLr

−1
Ur

t · ḡr, (8)

where ḡr is the input measurement vector reduced with
one measurement. The subscript r indicates the reduc-
tion of the corresponding vectors and matrices with one

Figure 1. Kernel functions for four different types
of aerosols: soot, mineral dust, water soluble at
95% humidity and sea salt at 95% humidity. Opti-
cal properties were taken from [2] .

dimension. Then the kernel is selected which has the
smallest difference ε between the α or β retrieved in
this way and the measurement ḡ

ε = |ḡ − {ᾱ, β̄}t|, (9)

Once the optimum kernel is selected this is then used
to predict the aerosol physical properties.

3. RESULTS

The extinction and backscatter coefficients of the
aerosol models described above were used as input
for the PCA method, to show the kernel sensitivities as
a function of particle radius (Fig. 2). The relative vol-
ume error ((Vtrue − Vretrieved)/(Vtrue + Vretrieved)), which
is the total volume retrieved compared to the true vol-
ume, is shown as a function of particle radius for all
aerosol types. The results from the various kernels
are shown by lines, while the optimum retrieval is in-
dicated by symbols. Near perfect retrievals can only
be expected for those particle radii where the kernels
are distinct enough (see Fig. 1). For example, the top
panel shows that good soot aerosol volume retrievals
can only be expected for particle radii below about 0.3
µm, while retrievals for mineral dust and water soluble
aerosols have the best results for particle radii between
about 0.1 and 1.0 µm.

Figure 2 also shows that the selected optimum ker-
nel is based on the same refractive index as the input
aerosol model for those particle radii mentioned above.
Only water soluble and sea salt aerosols are some-
times interchanged, but those refractive indices are al-
most equal. Note that the refractive indices used in the
input and those used in the retrievals are exactly the
same, so Fig. 2 shows the maximum achievable results
for the method. However, the results of the volume re-
trievals and other bulk quantities are not so dependent

S06 - O08  - 2



Figure 2. Relative error of total volume retrievals
as a function of particle radius, for the four different
aerosols types (as input). The coloured lines show
the retrievals using the different kernels and the
symbols indicate the selected optimal retrieval.

on the exact refractive index of the aerosols in ques-
tion, if the aerosol models in the retrieval span a large
enough space in refractive index. Increasing the num-
ber of aerosol models in the retrieval with different re-
fractive index will increase the accuracy of the retrieved
refractive index only marginally, while the retrieval of to-
tal volume or other bulk properties are also almost not
affected. Outside the particle radius interval where the
kernels are sensitive, both the refractive index retrieval
and any other retrieval is useless.

3.1. Errors

The results are rather stable for errors in the input sig-
nals, i.e. the measured extinction and backscatter mea-
surements. Figure 3 shows the results for total volume
retrievals, again as a function of particle radius, for vari-
ous amounts of error in the input signals. The solid line
connects the selected optimum kernels in Fig. 2, i.e. no
error on the input signals, while the other curves shows
the change of the selected kernels and the relative er-
ror in the retrieved total volume for different error lev-
els. The optimum kernel selected in the PCA retrieval
becomes unrelated to the refractive index of the input
aerosols as the error becomes larger. However, the er-
ror of the total volume retrieval is much less affected,
and the error in the retrieval is of the same order as the
error in the measured signal.

3.2. Application to lidar profiles

The PCA method described above is applied to lidar
profiles from Caeli (Cesar water vapor, AErosol and

Figure 3. Relative error of total volume retrievals
for different levels of error in the input ’signals’.
Shown are the selected optimal retrievals as a
function particle radius. The solid line (error=0)
equals the selected optimal retrievals of Fig. 2.

cloud LIdar)[3], a multi-wavelength Raman lidar, built by
RIVM in The Netherlands. The data used in this paper
were collected in Leipzig, Germany, during an intercom-
parison campaign in the framework of Earlinet [4].
The data are presented in Fig. 4. The left panel shows
the development of the boundary layer in time, which is
slowly decaying between 16:00 and 20:00 h on 25 May
2009, from 3.5 to about 3 km in height. The right
panel shows the aerosol scattering ratio profiles R (the
aerosol backscatter relative to the molecular backscat-
ter R = (βπ,A + βπ,M )/βπ,M ) and extinction coeffi-
cient profiles from the same period. The lowest 1 km
is not used in the retrieval due to overlap problems be-
tween the laser and the receiver. Both the overview and
the backscatter and extinction profiles suggest the exis-
tence of two separate layers in the boundary layer, from
1 to 2 km altitude, and 2 to 3.5 km altitude.
The backscatter and extinction profiles shown in the
right panel of Fig. 4 were used as input for the PCA
retrieval (see Fig. 5). The left panel of Fig. 5 shows the
chosen aerosol model in the PCA retrieval as a func-
tion of height. The next panel shows the result of the
retrieval for total volume. The dotted lines show the
results for every aerosol model separately, while the
thick purple line is the result from the selected mod-
els, which is the final result. The total volume is about
3 − 5 µm/cm3 over the entire layer, while the selected
kernels are mostly soot and sea salt. This might re-
sult from a polluted humid aerosol layer, but this has not
been verified.
The next panel shows the retrieval of the total surface
area. The result using volume kernels is shown in
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Figure 4. Measurements from the Raman lidar Caeli, made on 25 March 2009 in Leipzig, from 16:00
to 20.00h. Left panel shows the range corrected signal of the 1064 channel as a function of time in
arbitrary units. The right panel shows the time-integrated aerosol scattering ratios R for the three elastic
channels and the extinction coefficients for the visible and UV channels for the same period.

purple, while the result from surface kernels is shown
in pink. Clearly, the use of surface kernels produces
much more consistent results for the total surface area,
as was found before [1]. A vague two-layer structure
is visible, with total surface areas ranging from about
20 − 100 µm/cm2. The right panel shows the retrieved
effective radius, which is a function of the retrieved total
volume and the retrieved surface area of the aerosols.

4. CONCLUSIONS

PCA is a very useful method to determine microphysical
quantities from lidar optical data. The method can also
be used in the troposphere, using the dependence of
the kernels on refractive index. Only a few, sufficiently
distinct kernels are necessary to achieve useful results
of integral microphysical quantities. However, the re-
trieval of accurate refractive index information using this
few kernels is not possible.
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Figure 5. PCA results for the signals shown in
Fig.4. The left panel shows the selected aerosol
kernels. The next panel shows the total aerosol
volume as the thick purple line, while the retrievals
from all four different kernel sets are shown as
dotted lines in the colors as indicated by the leg-
end. The next panel shows the total aerosol sur-
face area retrieval in purple when volume kernels
are used, and in pink the result when surface ker-
nels are used instead. The right panel shows the
retrieved particle radius, which is a function of to-
tal volume retrieved with volume kernels and total
surface area retrieved with surface kernels.
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