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ABSTRACT

A large Saharan desert dust outbreak in May 2009 was
detected using a Raman lidar, deployed in Leipzig, Ger-
many. The optical data showed three distinct vertical lay-
ers, two with little spectral variation in the extinction,
and one with a large spectral variation in both the scat-
tering ratio and extinction measurements. Furthermore,
the layer with the large spectral variation showed much
larger particle depolarisation ratios and lidar ratios than
the two other layers, which is typical for Saharan desert
dust. Backtrajectory and dust distribution forecast and
hindcast models showed that the different layers all orig-
inated over the Sahara, but had different transport histo-
ries. The measurements were inverted to derive micro-
physical properties of the particles in the layers. The
method derives integral properties of the aerosols using
principle component analysis, adapted for use in the tro-
posphere. It accounts for varying refractive indices of the
ambient aerosols, as shown in this paper.

1. SAHARAN DUST OUTBREAK

In May 2009 a large outbreak of Saharan desert dust was
advected over Europe and detected using a Raman lidar.
Figure 1 shows the dust optical depth at 550 nm and the
3000 m wind analysis on 23 May 2009, 12 UTC, over
northern Africa and western Europe, and the 6 h fore-
cast for 25 May 2009, 18 UTC, from the BSC/DREAM
model [Nickovic etal., 2001]. It shows the origin of a
dust plume over Algeria on the 23rd, which caused rela-
tively high aerosol optical thicknesses (AOT) over west-
ern Europe in subsequent days. On 25 May 2009 layers
of Saharan dust were observed over Leipzig, Germany,
(51.35°N, 12.43°E, indicated by a black star in Fig. 1), by
the Raman lidar ‘Caeli’. According to Fig. 1 the Aerosol
Optical Thickness (AOT) over Leipzig on 25 May 2009
around 18 UTC is about 0.75.

Backtrajectories were computed using NOAA’s Hybrid
Single Particle Lagrangian Integrated Trajectory (Hys-
plit) model [Draxler, 2003] to three days before 25 May
2009. The results are shown in Fig. 2. The dust plume
is indeed advected from Morocco and Algeria to Leipzig.
However, the top air parcel, ending at around 4 km alti-
tude clearly has a different origin and history than the two
air parcels arriving at 1.5 and 3 km altitude.
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Figure 1: a) Dust optical depth at 550 nm and 3000 m wind
analysis at 23 May 2009 12 UTC, and b) dust optical depth at
550 nm and 3000 m wind 6 h forecast for 25 May 2009 18 UTC,
from the BSC/DREAM maodel.
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Figure 2: Three day backtrajectories ending at 25 May 2009
19 UTC at Leipzig (51.35°N, 12.43°E, indicated by the black
star) from NOAA’s HYSPLIT model. Package 1 (blue) ended at
1500 m asl, package 2 (green) ended at 3000 m asl and package
3 (red) ended at 4000 m asl.



Caeli — Measurement Overview
25/5/2009 16:00:33 - 19:44:41

Altitude [km]

16:00:33 16:56:35

utc

17:52:37

18:48:39 19:44:41

(‘n"0) joubis payosiiod sbuoy

Figure 3: Caeli range-corrected returned signal at 1064 nm (arbitrary units) from 0 to 10 km on 25 May 2009, from 16:00 to 19:45

UTC.

2. RAMAN MEASUREMENTS

Caeli (CESAR Water Vapour, Aerosol and Cloud Lidar) *
is a Raman lidar built by the National Institute for Public
Health and the Environment (RIVM) and normally de-
ployed at the Cabauw Experimental Site for Atmospheric
Research (CESAR) in the Netherlands [Apituley etal.,
2009]. In May 2009 it was deployed in Leipzig for an
intercomparisons campaign in the framework of the Eu-
ropean Aerosol Research Lidar NETwork (EARLINET),
in which Caeli participates. Caeli uses an Nd:YAG laser
to transmit light at 355, 532 and 1064 nm. The pri-
mary measurements are profiles of aerosol extinction and
backscatter, relative humidity and atmospheric polarisa-
tion properties.

Figure 3 shows a Caeli measurement overview of 25 May
2009, from 16:00 to 19:45 UTC from 0 to 10 km alti-
tude. It shows a cloud-free atmosphere, a well developed
boundary layer up to almost 4 km altitude, with a lay-
ered structure, and a developing layer above the boundary
layer at around 4 km altitude.

The measurements from Caeli were averaged from 16:00
to 19:45 UTC, to retrieve the average scattering ratios at
355, 532 and 1064 nm and extinction coefficients at 355
and 532 nm (Fig. 4). The scattering ratio is defined as
R = (8p+0Bm)/Bm, Where 3, refers to particle backscat-
ter and (3,,, to molecular backscatter. Furthermore, the
profiles were smoothed in the vertical using a variable
sliding window. The error bars show the resolution of the
sliding window in the sense that the error bars are given
for each independent vertical point. The scattering ra-
tios clearly show three distinct layers between 1 km and
about 4.5 km: two layers within the boundary layer up till
about 3.5 km and one layer around 4 km altitude. Note

ILatin: ceelum (1) -i n. [the heavens , sky, air, climate]. Esp.
[heaven] as the home of the gods; fig., [heaven] as the height of joy,
renown, etc., czelum (2) -i n. [the burin or engraving tool]

that the top layer has a different ratio of both the 355 and
532 nm scattering ratio and the 355 and 532 nm extinc-
tion, compared to those in the two lower layers. This is
an indication of different refractive behaviour of the scat-
terer, i.e. the refractive index of the scatterers in the top
layer is different from that of the lower layers, presum-
ably caused by different types of particles.

This is shown in a different way in Figure 5, which shows
the profiles of the volume depolarisation ratio, the parti-
cle depolarisation ratio and lidar ratio. The volume or
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Figure 4: Scattering ratios at 355, 532 and 1064 nm and ex-
tinction at 355 and 532 nm from Caeli at Leipzig (51.35°N,
12.43°E), on 25 May 2009, averaged from 16:00 to 19:45 UTC.
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Figure 5: Total and particle depolarisation ratios and lidar ratio
at 532 nm from the Caeli measurements shown in Fig. 4

total depolarisation ratio (6t) is defined as the ratio of the
perpendicular (3, ) and the parallel (3, ) part of the polar-
isation of the reflected light (0t = 3/3.). £ and 3y,
measured by Caeli at 532 nm, consist of both the molec-
ular and the particle backscatter. The molecular depolari-
sation ratio (6m = B, /Bm, ) can be separated from the
particle depolarisation ratio (6p = 3,,/,,) using the
scattering ratio R defined above. The particle depolarisa-
tion can then be written as [e.g. Kobayashi etal., 1987]:

_ [(R—=1)0m + R] 0t — 0m
 SmR-6§t+R-1

@

The lidar ratio shown in Fig. 5 is the extinction-to-
backscatter ratio at 532 nm.

The particle depolarisation ratio from 1 to 3 km altitude is
about 0.15-0.18, which is rather large and typical for de-
polarising particles. However, the layer at 4 km altitude
has an even larger particle depolarisation ratio of up to
about 0.25. These large depolarisation ratios are typical
for transported Saharan desert dust Miiller etal. [2007].
The lower layers show lidar ratio at 532 nm of about
20-22, which are values typically observed for marine
aerosols in the boundary layer. The layer around 4 km
altitude shows lidar ratios of up to 80 sr, which is very
large. This is again indicative of desert dust, although
80 sris larger than typical values of around 60 sr.

3. INVERSION

The measurements were inverted to retrieve integral mi-
crophysical aerosol properties to test a fast and robust
principle component analysis (PCA) method [Thoma-
son and Osborn, 1992; Donovan and Carswell, 1997],
adapted for use in troposphere. Due to the limited num-
ber of extinction and backscatter measurements it is gen-
erally not feasible to retrieve the entire aerosol size distri-
bution. The problem is mathematically under-determined
and ill-posed, and inferred size distribution can have large

errors. Integral properties of the aerosol size distribution
on the other hand, like aerosol total volume and surface
area density, are much less dependent on the employed
retrieval method and measurement errors [Donovan and
Carswell, 1997]. However, the refractive index of the
particles must still be assumed, which makes it imprac-
ticable for use in the troposphere. Therefore, the method
was extended to account for varying refractive indices.

For spherical scatterers at a given altitude and wavelength
we have

a(N) = /WTQQQ,A (r) dr;(rr) dr, 2)
0
and -

80 = [ Qa i (1

0

dr. 3)

where r is the particle radius, Qs A(r) is the backscat-
ter efficiency, Qa,A(r) is the extinction efficiency, and
dn(r)/dr is the aerosol size distribution. Equations (2)
and (3) can be rewritten as:

T v (r)
i = K’L )\7 )
g / (A, rym) I
0

dr, 4)

where dV (r)/dr is the aerosol volume size distribution,
g; is either the backscatter or extinction measurement and
K is the appropriate extinction or backscatter volume
kernel for wavelength )\;. Equation 4 can also be ex-
pressed in terms of extinction or backscatter surface ker-
nels and the aerosol surface size distribution d.S(r)/dr.

The kernel functions K; are dependent on the refractive
index of the used aerosol model. Using a set of kernel
functions of different aerosol refractive indices, that are
distinct and complete enough to contain the refractive in-
dex of ambient aerosols, one can use the PCA method to
retrieve integral aerosol microphysical properties for tro-
pospheric aerosols. To select the optimum kernel func-
tion from the set, a selection criterion was defined that
uses the ability of the PCA method to reconstruct the
extinction and backscatter measurements at the various
wavelengths from a combination of the retrieved extinc-
tion and backscatter coefficients at other wavelengths.
The kernel set that reconstructs the coefficients the best,
also indicates the refractive index of the ambient aerosols.
However, to retrieve accurate refractive indices in this
way, a large set of volume Kkernels are needed and the
results are very sensitive to measurements errors.

On the other hand, aerosol total volume and surface area
density retrievals are much less sensitive to the differ-
ences in refractive indices of the ambient aerosols and
those used in the kernel sets, if the kernel sets are distinct
enough. We used four sets, two representing scattering



Caeli 25/05/2009 16:00:33 — 19:44:41
Selected

model Volume Surface area Eff. Radius
ST T T T uuw R e e o N (REBALL nmm s i
1
il
i
e I
4 ) 3 Y
¥ ‘l‘ {<‘
\

W
i
A TN

Altitude [km)]

-

Soot
—--- Mineral

—-—- water (ss 95%)

oLl Lt T o v cowd ol vl Bl vl
3 ° :NN’ h‘N’ 0.1 1.0 10.0 100.0 100 0.01 0.10 1.00 10.00
50 23
V [um®/em’] S, [um?/cm’] r [um]

3 s L8 g
w g 3” 3%

s g =y

w

Figure 6: PCA results from the Caeli signals in Fig. 4. The
left panel shows the selected model at every height. The second
panel shows the total volume retrievals. The thick solid line is
the selected total volume profile using the optimum kernel set
at every height shown in the left panel, while the thin line show
the individual profiles for the different kernel sets. The third
panel shows the selected retrieved surface area profile, which
was retrieved using surface kernels. The right panel shows the
effective radius retrieval, derived from the retrieved volume and
surface profiles shown in the second and third panels.

marine aerosols, one representing UV-absorbing desert
dust aerosols, and one representing soot, absorbing at all
wavelengths. Increasing the number of kernels sets does
not significantly improve the results of the retrieved vol-
ume and surface parameters.

The PCA method was applied to the data shown in
Figs. 4, the result is shown in Fig. 6. The left most panel
shows the selected optimal kernel profile. The two lay-
ers between 1 and 2 km and 2 and about 3.5 km are re-
trieved as water-like aerosols, with some parts classified
as mineral aerosols. Note that the total volume retrieval
for water-like particles and mineral dust particles is al-
most equal, as shown in the next panel. The layer from
about 3.5t0 4.5 km is classified as mineral aerosol for the
most part. Here, the results from all kernel sets are close
in terms of retrieved total volume.

4. DISCUSSION

The results in terms of refractive index for the lowest lay-
ers are very similar, while the top layer shows clearly dif-
ferent results, which is consistent with Figs. 4 and 5. The
PCA inversion implicitly uses the differences in the 355
and 532 nm extinction ratio and the ratio of the 355 and
532 nm scattering ratio to indicate particle type quantita-

tively. However, even if the refractive index results are
not so good, the integral size distribution results can still
be good, since the kernels span a large range of refractive
index.

The results from the PCA inversion show little variation
in the effective particle radius for the aerosol in all layers.
The backtrajectories (Fig.2) show that the air from the top
layer has a distinct different history than that from the
two layers beneath. This suggests that the aerosol lay-
ers found in the measurements are desert dust aerosols
advected from northern Africa, with the mineral aerosols
in the lowest layers possibly moistened in the boundary
layer, increasing their sphericity and changing the refrac-
tive index, while the aerosols in the top layer, outside the
boundary layer, retain their typical ‘desert dust’ signa-
ture. However, this should be confirmed by independent
observations.
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